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ABSTRACT 29 

We studied the impacts of an increasingly common anthropogenic change in land use from 30 

paddy field to jasmine fields on the emission of greenhouse gases (GHGs), which have 31 

supposed the transformation of more than 1200 ha only in the last decade in the surroundings 32 

of Fuzhou city in response to economic changes. The possible increases that this can suppose 33 

constitutes and environmental concern in China. We studied areas dedicated to rice crop that 34 

have been partially converted to jasmine cultivation with some parts still kept as rice fields. 35 

Emissions of CO2, CH4 and N2O varied significantly among the seasons. CO2 and CH4 36 

cumulative emissions and the global-warming potential (GWP) of these emissions were 37 

significantly lower in the jasmine than the paddy field. N2O emission, N2O cumulative 38 

emission, however, were higher in the jasmine than the paddy field, despite in some concrete 39 

studied periods the differences were not statistically significant. The total decrease in GHG 40 

emissions from the conversion from rice to jasmine production was strongly influenced by the 41 

indirect effects of various changes in soil conditions. The expected changes due to the great 42 

differences in water and fertilization use and management and organic matter input to soil 43 

between these two crops were in great part due to modified soil traits. According to structural 44 

equation models, the strong direct effects of the change from rice to Jasmine crop reducing 45 

the emissions of CO2 and N2O were partially decreased by the indirect effects of crop type 46 

change decreasing soil pH and soil [Fe2+] for CO2 emissions and by decreasing soil salinity 47 

and soil [Fe3+] for N2O emissions. The negative effects of the crop conversion on CH4 48 

emissions were mostly due to the globally negative indirect effects on soil conditions, by 49 

decreases in soil salinity, water content and [Fe2+]. Soil salinity, water content, pH, [Fe2+], 50 

[Fe3+] and [total Fe] were significantly lower in the jasmine than the paddy field, but 51 

temperature had the opposite pattern. CO2 emissions were generally correlated positively with 52 

salinity, temperature, and water content and negatively with [Fe3+] and [total Fe] in both fields. 53 

CH4 emissions were positively correlated with salinity, temperature, water content and pH in 54 

both fields. N2O emissions were positively correlated with temperature and were negatively 55 

correlated with water content, pH, [Fe2+], [Fe3+] and [total Fe] in both fields. CO2 was the 56 

most important GHG for the GWPs, and the total GWP was significantly lower for the 57 

jasmine than for the rice cropland field. The change in the land use in this area of paddy fields 58 
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will decreased the global GHG emission, and the effect on the GWPs was mostly due to 59 

changes in soil properties.  60 

 61 

Keywords: CO2, CH4, N2O, emission, GWP, paddy field, jasmine cultivation  62 

 63 

1. Introduction 64 

Rice is the most important cereal crop for more than half of the world’s population. The Food 65 

and Agricultural Organization of the United Nations (2009) estimated that rice production 66 

must increase by 40% by the end of 2030 to meet the rising demand from the increasing 67 

population. Rice cultivation, however, needs more water and labor and provides a lower 68 

income than other crops, such as groundnuts, sweet potatoes, and coffee (Bua and Ojirot, 69 

2014). Land-use conversion, particularly within cropland, is common and driven by the 70 

market’s economy (Houghton et al., 1999). Some paddy fields have been converted to 71 

vegetables in response to economic changes and the need for environmental conservation. The 72 

conversion of rice paddy fields to the production of other crop species frequently changes soil 73 

texture and microbial communities (Dai et al., 2016), soil aggregates and organic-carbon 74 

concentrations (Wang et al., 2014), methane emissions (Hu et al., 2016), plant diversity of 75 

rural herbs (Wu et al., 2016) soil bulk density and porosity (Li et al., 2017) and the soil carbon 76 

and nitrogen concentrations (Huang et al., 2009).. Paddy fields, though, are very important 77 

sources of greenhouse gases (GHGs), especially methane (CH4) and nitrous oxide (N2O) 78 

(Myhre et al., 2013), so minimizing the release of these very potent GHGs from paddies is a 79 

key aim for better management strategies to mitigate the adverse impacts on climate change 80 

by Chinese cropland activity as a whole. China has the second largest area of rice cultivation 81 

in the world, and the associated GHG emissions account for about 40% of the total 82 

agricultural sources of GHGs. Moreover, 90% of the paddies in China are in the subtropics, 83 

such as in Fujian, Jiangxi and Hunan Provinces. 84 

Jasmine tea is unique, and China is the only country that has mastered the critical 85 

scenting technologies. Protecting this production system is thus important for the protection 86 

and inheritance of Chinese culture and traditional technologies. More than half of the jasmine 87 
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tea in China is produced in Fuzhou Province (Xu et al., 2001; Yang et al., 2008; Xu, 2012). 88 

The system for culturing jasmine and other tea plants near the city of Fuzhou was added in 89 

2014 to the Globally Important Agricultural Heritage Systems due to its long historic, 90 

ecological and cultural function in this region (Lin et al., 2014; Ren et al., 2015). The land 91 

area devoted to jasmine production is currently increasing due to the great economic benefits, 92 

mainly by conversion from rice cropland, but little is known about the quantitative changes in 93 

emissions and the possible changes in soil properties underlying this change in cropland 94 

activity. We studied the impacts of an increasingly common change in land use from paddy 95 

field to jasmine fields on the emission of greenhouse gases (GHGs), which had supposed the 96 

transformation of more than 1200 ha only in the last decade in the surroundings of Fuzhou 97 

city in response to economic changes. The possible impacts constitute and environmental 98 

concern in China. 99 

To increase our understanding of the effects of land-use changes from rice to jasmine 100 

production on GHGs emissions, we: (1) identified the changes in soil properties associated 101 

with the conversion of rice to jasmine production, (2) measured GHG emissions and 102 

estimated global-warming potentials (GWPs) and (3) identified the mechanistic relationships 103 

among the shifts in GHG emissions and soil properties. 104 

 105 

2. Material and methods 106 

2.1. Study area and experimental fields 107 

This study was conducted in the Changshan district of Fuzhou, Fujian province (China, Fig. 1). 108 

The climate is subtropical, with mean annual temperatures and precipitation of 19.7 ºC and 109 

1348.8 mm, respectively (Wang et al., 2015a). The experimental period was from April 2015 110 

to March 2016. During this period there were two rice seasons, early paddy season (from 16 111 

April to 16 July), with transplantation at 16 April, and the late paddy season (from 25 July to 112 

6 November), with transplantation on 25 July. The experiment was conducted at two sites, one 113 

a paddy field, and the other a jasmine field, a field before and after conversion from rice to 114 

jasmine production.  115 

The soil of the rice paddy field was poorly drained, and the proportions of sand, silt and 116 

clay particles in the top soil (15 cm surface soil) were 28, 60 and 12%, respectively (Wang et 117 
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al., 2016a). Other surface-soil properties were: bulk density 1.1 g cm-3, pH (1:5 soil:H2O) 6.5, 118 

organic carbon 18.1 g kg−1, total nitrogen (N) 1.2 g kg-1 and total phosphorus (P) 1.1 g kg-1 119 

(Wang et al., 2015b, c). The water level was maintained at 5-7 cm above the soil surface from 120 

0 to 37 days after transplantation (DAT) by an automatic water-level controller, and the water 121 

was then drained between 37 and 44 DAT. The soils in paddy field were kept moist between 122 

44 and 77 DAT, and the paddy field was subsequently drained two weeks before harvest. The 123 

paddy field was plowed to a depth of 15 cm with a moldboard plow and leveled two days 124 

before rice transplantation. Mineral fertilizers were applied in three batches as complete 125 

(N-P2O5-K2O at 16-16-16%; Keda Fertilizer Co., Ltd. Jingzhou, China) and urea (46% N) 126 

fertilizers. Fertilizers were first applied one day before transplantation at rates of 42 kg N ha-1, 127 

40 kg P2O5 ha-1 and 40 kg K2O ha-1. A second application was done during the tiller-initiation 128 

stage (7 DAT) at rates of 35 kg N ha-1, 20 kg P2O5 ha-1 and 20 kg K2O ha-1 and a third 129 

application was done during the panicle-initiation stage (56 DAT) at rates of 18 kg N ha-1, 10 130 

kg P2O5 ha-1 and 10 kg K2O ha-1. 131 

A nearby paddy field, with the same rice crop history and soil traits was converted to 132 

jasmine production about seven years ago. The jasmine growing season is from April to 133 

October. Currently the soil in the jasmine field contained 25, 59 and 16% sand, silt and clay, 134 

respectively. The soil had a bulk density of 1.2 g cm-3, pH of 4.4, salinity of 0.15 mS cm-1 and 135 

concentrations of total carbon, total N, total P and total potassium of 11.7, 1.1, 0.5 and 13.3 g 136 

kg-1, respectively. The jasmine was cultivated using a ridge and ditch system, with a ridge 137 

height of 20 cm, ridge width of 100 cm and ditch width of 30 cm. Jasmine branches 10 cm 138 

long were transplanted by hand in the ridges at a spacing of 3(width)×20 (longth) cm in April 139 

2008 and have grown for seven years. The jasmine field was not plowed, but the soil was 140 

ridged each year after the jasmine was cut. Jasmine branches and leaves began to grow from 141 

early April to early May. Budding and infancy were from early May to the end of May. 142 

Flowering was from early June to the end of September, when the final growth period began. 143 

A complete fertilizer (N:P2O5:K2O=16:16:16%) was applied in two unequal splits. Fertilizers 144 

were first applied after the jasmine was cut at rates of 20 kg N ha-1, 20 kg P2O5 ha-1 and 20 kg 145 

K2O ha-1. The second application was done one day after the first jasmine flowers were 146 

collected, at rates of 16 kg N ha-1, 16 kg P2O5 ha-1 and 16 kg K2O ha-1. 147 
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  148 

2.2. Measurement of CO2, CH4 and N2O emissions 149 

Static closed chambers were used to measure soil CO2, CH4 and N2O emissions, as described 150 

by Wang et al. (2015b). The chambers were made of rigid PVC and consisted of two parts, an 151 

upper opaque compartment (100 cm height, 30 cm width, 30 cm length) placed on a 152 

permanently installed bottom collar (10 cm height, 30 cm width, 30 cm length). Each 153 

chamber had two battery-operated fans to mix the air inside the chamber headspace, an 154 

internal thermometer to monitor temperature changes during gas sampling, a gas-sampling 155 

port with a neoprene rubber septum at the top of the chamber for collecting gas samples from 156 

the headspace and a vent to prevent pressure buildup. Three replicate chambers were used in 157 

each crop type. In each sampling time we collected 6 samples for each variable (2 crop types 158 

x 3 plots = 6) 159 

Gas flux was measured for 30 min for all chambers once a week during the rice growing 160 

season, twice a week during the jasmine growing season and once a month during the other 161 

seasons. The temperature in the chamber did not vary significantly during the sampling. Gas 162 

samples were collected from the chamber headspace using a 100-ml plastic syringe with a 163 

three-way stopcock 0, 15 and 30 min after chamber deployment. The samples were 164 

immediately transferred to 100-ml air-evacuated aluminum-foil bags (Delin Gas Packaging 165 

Co., Ltd., Dalian, China), sealed with butyl rubber septa and transported immediately to the 166 

laboratory for the analysis of CO2, CH4 and N2O.  167 

CO2, CH4 and N2O concentrations in the headspace air samples were determined by gas 168 

chromatography (Shimadzu GC-2010 and Shimadzu GC-2014, Kyoto, Japan) using a 169 

stainless steel Porapak Q column (2 m length, 4 mm OD, 80/100 mesh). A 170 

methane-conversion furnace, flame ionization detector (FID) and electron-capture detector 171 

(ECD) were used for the determination of the CO2, CH4 and N2O concentrations, respectively. 172 

The operating temperatures of the column, injector and detector for the determination of the 173 

CO2, CH4 and N2O concentrations were adjusted to 45, 100 and 280 °C; to 70, 200 and 174 

200 °C and to 70, 200 and 320 °C, respectively. Helium (99.999% purity) was used as a 175 

carrier gas (30 ml min-1), and a make-up gas (95% argon and 5% CH4) was used for the ECD. 176 

The gas chromatograph was calibrated before and after each set of measurements using 503, 177 
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1030 and 2980 μl CO2 l-1 in He; 1.01, 7.99 and 50.5 μl CH4 l-1 in He and 0.2, 0.6 and 1.0 μl 178 

N2O l-1 in He (CRM/RM Information Center of China) as standards. Three injections were 179 

used for each analysis. One sample was injected into the gas chromatograph for each analysis. 180 

The detection limits of the instrument for CO2, CH4 and N2O were 1, 0.1 and 0.05 ppm, 181 

respectively. CO2, CH4 and N2O fluxes were then calculated as the rate of change in the mass 182 

of CO2, CH4 and N2O per unit of surface area and per unit of time. The cumulative emissions 183 

were calculated by multiplying the measured emissions in one hour in each sampling day by 184 

24 hours and then the obtained value multiplied by the half of the days from the previous 185 

measurement day plus the half of the days until the next measurement day. 186 

 187 

2.3. GWP 188 

GWP is typically estimated using CO2 as the reference gas, and a change in the emission of 189 

CH4 or N2O is converted to “CO2-equivalents”. The GWP for CH4 is 34 (based on a 100-year 190 

time horizon and a GWP for CO2 of 1), and the GWP for N2O is 298 (Myhre et al., 2013). The 191 

GWP of the combined emission of CH4 and N2O was calculated as:  192 

GWP = (cumulative CO2 emission × 1) + (cumulative CH4 emission × 34) + (cumulative 193 

N2O emission × 298) 194 

2.4. Measurement of soil properties 195 

Three replicate soil samples were collected from the paddy and jasmine fields in each 196 

sampling moment. The samples were transported to the laboratory and stored at 4 °C until 197 

analysis. The temperature, pH, salinity and water content of the top 15 cm of soil were 198 

measured in situ at each plot on each sampling day. Temperature and pH were measured with a 199 

pH/temperature meter (IQ Scientific Instruments, Carlsbad, USA), salinity was measured using 200 

a 2265FS EC meter (Spectrum Technologies Inc., Paxinos, USA) and water content was 201 

measured using a TDR 300 meter (Spectrum Field Scout Inc., Aurora, USA). Soil samples were 202 

collected from the 0-15 cm layer from each plot for the determination of ferric, ferrous and total 203 

Fe concentrations. Total Fe concentration was determined by digesting fresh soil samples with 204 

1M HCl. Ferrous ions were extracted using 1,10-phenanthroline and measured 205 

spectrometrically (Lu, 1999; Wang et al., 2014b). Ferric concentration was calculated by 206 

subtracting the ferrous concentration from the total Fe concentration.  207 
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 208 

2.5. Statistical analysis 209 

Differences in soil properties and CO2, CH4 and N2O emissions between the land uses were 210 

tested for statistical significance by general mixed models and by generalized mixed models if 211 

a variable was non-normally distributed, using plot as a random factor and time as nested 212 

factor within plot as random independent factors when time was included in the analysis. We 213 

used the “nlme” (Pinheiro et al., 2016) R package with the “lme” function. We chose the best 214 

model for each dependent variable using Akaike information criteria. We used the MuMIn 215 

(Barton, 2012) R package in the mixed models to estimate the percentage of the variance 216 

explained by the model.  217 

The averaged soil properties and CO2, CH4 and N2O cumulative emissions, each GWP 218 

and total GWP were tested for statistical significance as described above, with plot as a 219 

random factor. Statistical significance of the differences among emissions and soil variables 220 

throughout time were tested by repeated-measures analyses of variance. The relationships 221 

between mean GHG emissions and soil properties were determined by Pearson correlation 222 

analysis. These statistical analyses were performed using SPSS Statistics 18.0 (SPSS Inc., 223 

Chicago, USA).  224 

We used structural modelling to analyse the factors explaining the maximum variance of 225 

the CO2, CH4 and N2O emissions throughout the study period as a function of cultivation type 226 

and soil traits. This analysis provided information on how in this case the change in crop type 227 

and the related changes in soil types were related among them in the form that explained most 228 

variance of each studied gas emissions. In other words, we thus analysed how total effects of 229 

crop type change on gas emissions are mediated throughout the indirect effects of crop type 230 

on related soil traits shifts. This method elucidates the part of the relationships of the change 231 

of crop with the shifts of soil gas emissions due to the corresponding shifts in the studied soil 232 

variables. We fit the models using the sem R package (Fox et al., 2013) and acquired the most 233 

parsimonious model using the Akaike information criterion. 234 

 235 

3. Results 236 

3.1. CO2 emissions from the paddy and jasmine fields 237 
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CO2 emission generally varied significantly among sampling dates and between fields 238 

(P<0.01, Table 1, Fig. 2). CO2 flux in the paddy field was generally higher from April to 239 

December (rice growth period, and the beginning of straw return for December, >264 mg m-2 240 

h-1) and lower from January to March (fallow period, <100 mg m-2 h-1). CO2 flux in the 241 

jasmine field was generally higher from April to August (jasmine rapid-growth period, >770 242 

mg m-2 h-1) and lower from September to March of the next year (jasmine slow-growth period, 243 

<300 mg m-2 h-1) (Fig. 2). Cumulative CO2 emission was lower in the jasmine than the paddy 244 

field (P<0.05, Table 2). CO2 was the most important GHG for the GWPs, and total GWP was 245 

significantly lower in the paddy than the jasmine field (P<0.05).  246 

 247 

3.2. CH4 emissions from the paddy and jasmine fields 248 

CH4 emission generally varied significantly among sampling dates and between fields 249 

(P<0.01, Table 1, Fig. 2). CH4 flux in the paddy field was generally higher from April to 250 

August (early growth period and the beginning of late growth period, >0.9 mg m-2 h-1) than 251 

later (<0.7 mg m-2 h-1). CH4 flux was generally lower (<0.5 mg m-2 h-1) in the jasmine field 252 

(Fig. 2). Cumulative CH4 emissions were lower in the jasmine than the paddy field (P<0.05). 253 

 254 

3.3. N2O emissions from the paddy and jasmine fields 255 

N2O emission generally varied significantly among sampling dates and between fields 256 

(P<0.01, Table 1, Fig. 2). N2O flux was generally lower (<200 μg m-2 h-1) in the paddy field. 257 

N2O flux in the jasmine field was generally higher from April to August (jasmine 258 

rapid-growth period, >300 μg m-2 h-1) and lower from September to March of the next year 259 

(jasmine slow-growth period, <105 μg m-2 h-1) (Fig. 2). Cumulative N2O emissions were 260 

higher in the jasmine field (P<0.05, Table 2). 261 

 262 

3.4. Differences in soil properties between the paddy and jasmine fields 263 

Soil salinity, temperature, water content, pH and ferrous, ferric and total Fe concentrations 264 

varied among the sampling dates, fields and interactions of sampling dates and fields (P<0.05; 265 

Table 3, Fig. 3). Soil salinity, water content, pH, [Fe2+], [Fe3+] and [total Fe] were lower in the 266 
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jasmine than the paddy field (P<0.05), but temperature was significantly higher in the jasmine 267 

than in the paddy field (P<0.05, Table 4).  268 

 269 

3.5. Relationships between CO2, CH4 and N2O emissions and soil properties 270 

The seasonal variation of CO2 emissions in the soils of the paddy fields was generally 271 

correlated positively with salinity, water content (P<0.05; Table 5), and temperature (P<0.01), 272 

and negatively correlated with soil pH (P<0.05; Table 5), and [Fe2+], [Fe3+], [total Fe] 273 

(P<0.01). CH4 emissions were positively correlated with salinity, temperature, water content 274 

(P<0.01), negatively correlated with [Fe2+] (P<0.05), and [Fe3+], [total Fe] (P<0.01). N2O 275 

emissions were positively correlated with [Fe2+], [Fe3+], [total Fe] (P<0.05), and negatively 276 

correlated with salinity, and water content (P<0.05).  277 

    In Jasmine cropland soils the seasonal variation of CO2 emissions in the soils of the 278 

jasmine cropland was generally positively correlated with water content (P<0.05; Table 5), 279 

and salinity, temperature (P<0.01), and negatively correlated with soil pH, [Fe3+], [total Fe] 280 

(P<0.01). CH4 emissions were not significantly correlated with the environmental factors. 281 

N2O emissions were positively correlated with salinity, and temperature (P<0.01), and 282 

negatively correlated with pH, [Fe3+], and [total Fe] (P<0.01).  283 

 284 

3.6. SEM analyses 285 

The total decrease in GHG emissions in the conversion from rice to jasmine production was 286 

strongly influenced by the indirect effects of changing soil conditions. The strong indirect 287 

effects of the change in crop type came from the decrease in soil pH for CO2 and N2O, from 288 

the decrease in soil [Fe2+] for CO2 and from the decrease in soil salinity and [Fe3+] for N2O 289 

(Figures 4 and 5). These indirect effects were only partially counteracted by a positive direct 290 

effect of the change of crop type. The increases in cumulative N2O emissions due to indirect 291 
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effects, that were higher in magnitude than their direct negative effects resulted in increased 292 

emissions after the transition (Figures 4 and 5). The negative indirect effects of crop type on 293 

CH4 emissions by lowering soil salinity, water content and [Fe2+] in the jasmine field were 294 

only partially balanced by a positive direct effect, so the global effect was a decrease in CH4 295 

emissions (Figures 4 and 5). 296 

 297 

4. Discussion 298 

4.1. Effects of changing from rice to jasmine production on soil properties 299 

The soil properties of paddies were significantly different from those in jasmine crops. Rice 300 

crops have a period of flooding that jasmine crops do not have. Soil salinity and pH were 301 

lower in the jasmine than the paddy field, consistent with previous results (Yang and Zhang, 302 

2014; Gaddanakeri et al., 2008). The higher salinity and pH in paddy resulted because about 303 

half year was flooded. Thus, many ions, such as K+, Ca2+, Na+, Cl- are then dissolved in the 304 

water, thereby incrementing the soil salinity and pH due to Fe3+ reduction consuming H+ 305 

(Gribsholt et al., 2003). Moreover, the paddy receives higher fertilizer amounts, and the 306 

chemical fertilizer rich in K+, which will also increase the soil salinity and pH. Furthermore, 307 

irrigation water in paddy field is from rivers rich in ions such as K+, Ca2+, Na+, and Cl- 308 

coming from seawater by tide, thereby increasing the soil salinity and pH (Sharma et al., 309 

2012), whereas Jasmine crops in Fujian are only irrigated in very dry years, very infrequently. 310 

Temperature, however, was significantly higher in the jasmine than in the paddy field, 311 

specially for the paddy field flood period, likely due to the buffering effect of flooding on 312 

temperature in the paddy field. Soil active [Fe2+], [Fe3+] and [total Fe] were lower in the 313 

jasmine than in the paddy field, very probably as a result of the lower fertilizer application in 314 

the jasmine field with respect to rice crop. There are two reasons: fertilizer increases the iron 315 

reduction and oxidation by microbes (Gudzic et al., 2015) and alternation of wet and dry 316 

periods in the paddy drives the non-active Fe change to active Fe, thereby increasing the 317 

active Fe concentration (Fimmen et al., 2008). 318 

. 319 
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 320 

4.2. Effects of changing from rice to jasmine production on CO2 emissions 321 

CO2 emissions varied significantly among the seasons. CO2 emission varied seasonally, 322 

increasing with crop growth and temperature. This pattern has already been reported by Liu 323 

et al. (2011). Temperature controls CO2 production and emission (Emmett et al., 2004; 324 

Asensio et al., 2007; Inglett et al., 2012; Treat et al., 2014) by not only increasing soil 325 

microbial activity (Vogel et al., 2014), but also by altering plant respiration (Atkin and 326 

Tjoelker, 2003; Slot et al., 2013). Besides temperature and crop growth, CO2 emissions were 327 

correlated positively with salinity and water content and negatively with [Fe3+] and [total Fe] 328 

in both fields. In both croplands, the salinity is very low, but the salinity increases can provide 329 

nutrients, thereby promoting the CO2 production and emissions. The jasmine field or the non 330 

rice growth period of the paddy are dry, and when the water content increases there is an 331 

increase in the CO2 production and emissions (Linn and Doran 1984). The CO2 emission was 332 

negatively correlated with [Fe3+] and [total Fe] in both fields. Soil Fe3+ concentration 333 

increment enhances the formation of iron plaque on the crop roots and thus limits the CO2 334 

transport to the atmosphere (Butterbach-Bahl et al., 1997; Wassmann and Aulak, 2000).       335 

     Moreover, when soil Fe, Fe3+ concentrations increase, the rate of Fe3+ reduction also 336 

increases, and reduced Fe2+ accumulates in the soil (Wang et al., 2015c), which could 337 

inhibit microbial activity (Wu et al., 2012) and thus lower soil CO2 emissions (Tavares et 338 

al., 2015). CO2 cumulative emissions were significantly lower in the jasmine than in the 339 

paddy field, consistently with the fact that the soil carbon concentration was higher in the 340 

paddy than the jasmine field (Wang et al., 2015a). Soil carbon is the substrate for the 341 

microbial growth, and thereby its consumption increases the respiration and CO2 emissions 342 

(Dias et al., 2010; Carbone et al., 2011; De Deyn et al., 2011). Moreover, the observed lower 343 

rice root C:P, N:P ratios, and higher P concentration than in jasmine roots (Wang et al., 344 

2015d; Wang et al., 2016b; Wang et al., 2017a), potentially linked to higher growth rates and 345 

general activity, could also influence in the higher CO2 emitted from soil in rice than in 346 

jasmine crops. 347 

 348 
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 349 

4.3. Effects of changing from rice to jasmine production on CH4 emissions 350 

CH4 emissions were positively correlated with salinity, temperature, water content and pH in 351 

paddy field whereas in jasmine soils, CH4 emissions were not correlated with these soil 352 

variables. In paddy soils, the higher salinity can provide the nutrients that promote the CH4 353 

production and emission. Temperature is the limited factors, when the temperature increment, 354 

the soil production also increased (Wang et al., 2017b). Moreover, CH4 production needs 355 

anaerobic environments (Minamikawa et al., 2014), such as those generated during water 356 

flooding periods in paddy fields.  357 

    Soil pH is also another factor that controls CH4 production. Our study areas have a 358 

relatively acid soil, whereas the maximum CH4 production occurs at neutral pH (Wang et al., 359 

2017b). Despite of this, we did not observe correlations between soil pH and CH4 in both 360 

studied crops. The CH4 emissions varied among the seasons but not consistently for both crop 361 

fields. In paddies, CH4 emissions were lower soon after rice transplantation when the soil 362 

was not strictly anaerobic, and also during the final ripening and drainage periods, specially 363 

for early paddy. These results agreed with those observed by Minamikawa et al. (2014). But 364 

the CH4 emissions in jasmine field did not change significantly in total (accumulative) and in 365 

most sampling days. Jasmine fields are in dryland soils with scarce anaerobic conditions not 366 

favourable for methane production (Minamikawa et al., 2014), although some production can 367 

exist in anaerobic microsites of soils that supported methanogenesis even under non-flooded 368 

conditions (Bhattacharyya et al., 2012). 369 

      CH4 cumulative emissions were significantly lower in the jasmine than in the paddy 370 

field as a result of both the higher soil carbon concentration in the paddies than in the jasmine 371 

fields (Wang et al., 2015a) and the more anaerobic condition in the paddies during flooding 372 

period favoring the anaerobic environment necessary for methane production (Minamikawa et 373 

al., 2014). Lowering of the water table or soil water content decreased the abundance of the 374 

methanogenic archaeal population and hence CH4 production and increased the abundance of 375 

methanotrophs and thus CH4 oxidation (Ma and Lu, 2011), thereby the CH4 emissions were 376 

higher in paddy than jasmine field. 377 
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4.4. Effects of changing from rice to jasmine production on N2O emissions 378 

N2O emissions were positively correlated with  [Fe2+],  [Fe3+], [total Fe], and negatively 379 

correlated with salinity, and water content in paddy fields and positively correlated with 380 

salinity, and temperature, and negatively correlated with pH, [Fe3+], and [total Fe] in jasmine 381 

crops. The higher soil temperature might favor a greater N mineralization rate and hence N2O 382 

production (Granli and Bøckman, 1994). As the pulses in NH4+ availability after fertilization 383 

have been related to increment of N2O production by NH4+ oxidation (Pathak et al., 2002), 384 

thereby the high water content during flooding decreased N2O production. Soil pH was 385 

negatively related to N2O emissions in jasmine crops. Previous studies have consistently 386 

observed that under alkaline treatment, N2O production was decreased (Wang et al., 2015c). 387 

N2O emissions were also negatively related with iron soil concentrations in both crop types. 388 

Soil Fe3+ concentration increment will enhance the formation of iron plaque on the crop 389 

roots and thus limiting the N2O transport to the atmosphere (Butterbach-Bahl et al., 1997; 390 

Wassmann and Aulak, 2000). Moreover, when soil Fe, Fe3+ concentrations increase, the rate 391 

of Fe3+ reduction also increases, and reduced Fe2+ accumulates in the soil (Wang et al., 392 

2015c), which could inhibit microbial activity (Wu et al., 2012) and thus lower soil N2O 393 

emissions (Tavares et al., 2015).  394 

    N2O cumulative emissions were higher in the jasmine than the paddy field. N2O 395 

emission was low throughout the rice growing season. The paddies in this region are 396 

strongly N limited (Wang et al., 2015c), so together with the low levels of soil O2, make that 397 

most of the N2O produced is likely reduced to N2, leading to very low emissions or even a net 398 

uptake of N2O (Zhang et al., 2010). For the jasmine field, the higher N2O emissions occurred 399 

mainly in the growth period because the N fertilizer is in the form of NH4+, and when the soil 400 

was dry, the NH4+ can be oxidized to N2O. Pulses in NH4+ availability after fertilization have 401 

been related to increments of N2O production (Pathak et al., 2002). Moreover, the lower [Fe3+] 402 

in the jasmine field was also associated with these higher N2O emissions. Fewer Fe3+ cations 403 

in the jasmine field would decrease the competition with nitrate as electron acceptors, thereby 404 

increasing the production of N2O. These fewer Fe3+ cations together with the lower pH in the 405 

jasmine field could account for the indirect effects generating higher N2O emissions. 406 
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 407 

4.5. Integrated analysis and best management practices to reduce GWP 408 

In general, CO2 and CH4 emissions were both lower five years after a paddy field was 409 

converted to jasmine production, but by different mechanisms. The conversion directly 410 

decreased soil CO2 emissions and increased CH4 emissions but indirectly increased CO2 411 

emission and decreased CH4 emissions through its effects on soil properties. The total soil 412 

emissions of both gases finally decreased. The conversion from rice to jasmine production 413 

increased N2O emissions due to decreases in soil pH and [Fe3+]. These results strongly 414 

suggest that the different management (fertilization), the flood/dry periods in the paddy field 415 

versus the more constant soil water content in the jasmine field and probably the different 416 

plant structure (grass versus tall shrub) greatly affected overall GHG emissions. The trend to 417 

substitute rice with jasmine production in some areas of China should thus contribute to 418 

eliminating the increases (or slight decreases) in GHG emissions in China. 419 

CO2 was the most important GHG for the GWPs, and the total GWP was significantly 420 

lower in the jasmine than the paddy field. Changes in soil properties associated to the changes 421 

in land uses play a relevant role in the decrease of GWPs in this cropland China area. A 422 

greater control of changes in soil pH and an improvement of the loads of Fe3+ during 423 

fertilization are advisable to further decrease GHG emissions by the conversion from rice to 424 

jasmine production. 425 

 426 

5. Conclusions and implications 427 

1. CO2 and CH4 emissions were lower, N2O increased, but total GWP of the emissions 428 

decreased in the Jasmine crop with respect to the rice crop.  429 

2. Soil properties also varied significantly among the seasons. Soil salinity, water content, pH, 430 

[Fe2+], [Fe3+] and [total Fe] were significantly lower in the jasmine than the paddy field, but 431 

temperature was significantly higher in the jasmine field. The changes in soil properties in the 432 

conversion from rice to jasmine production had larger effects on the GHG emissions.  433 

3. The conversion from rice to jasmine production decreased GWP emissions, and a greater 434 
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control of changes in soil pH and an improvement of the loads of Fe3+ during fertilization are 435 

advisable to further decrease GWP emissions. 436 

 437 
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Table 1 614 

Results of mixed models (lme function in nlme package in R, and with GLMM of MuMIn package 615 

function to estimate the variance explained by fixed variables and total model) with different gas 616 

emissions and studied soil variables as dependent factors, crop type (rice and jasmine) as independent 617 

fixed factor and month of measurement nested within plot as random factor. 618 

 619 

Variable (dependent) Model and statistics 

CO2 emission lme(CO2 ~ field type, random=~1|plot/month) 

Fixed variable statistics Model R2 (R2m = variance explained by fixed variable, 

R2c = variance explained by fixed + random variables) 

F=5.03 

P=0.031 

R2m=0.05 

R2c=0.34 

CH4 emission lme(CH4 ~ field type, data=dades, random=~1|plot/month) 

Fixed variable statistics Model R2 (R2m =variance explained by fixed variable, 

R2c = variance explained by fixed + random variables) 

F=11.7 

P=0.0016 

R2m=0.14 

R2c=0.15 

N2O emission lme(N2O ~ field type, data=dades, random=~1|plot/month) 

Fixed variable statistics Model R2 (R2m = variance explained by fixed variable, 

R2c = variance explained by fixed + random variables) 

F=7.8 

P=0.0084 

R2m=0.095 

R2c=0.13 

Soil salinity lme(soilsal ~ field type, random=~1|plot/month) 

Fixed variable statistics Model R2 (R2m = variance explained by fixed variable, 

R2c = variance explained by fixed + random variables) 

F=165 

P<0.0001 

R2m=0.52 

R2n=0.78 

Soil temperature lme(T ~ field type, random=~1|plot/month) 

Fixed variable statistics Model R2 (R2m = variance explained by fixed variable, 
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R2n = variance explained by fixed + random variables) 

F=1.98 

P=0.17 

R2m=0.0048 

R2c=0.83 

Soil water content lme(water ~ field type, random=~1|plot/month 

Fixed variable statistics Model R2 (R2m = variance explained by fixed variable, 

R2c = variance explained by fixed + random variables) 

F=134 

P<0.0001 

R2m=0.65 

R2n=0.66 

Soil pH lme(soilpH ~ field type, random=~1|plot/month) 

Fixed variable statistics Model R2 (R2m = variance explained by fixed variable, 

R2n = variance explained by fixed + random variables) 

F= 735 

P<0.0001 

R2m=0.91 

R2n=0.92 

Soil [Fe2+] lme(Fe2 ~ field type, random=~1|plot/month) 

Fixed variable statistics Model R2 (R2m = variance explained by fixed variable, 

R2c = variance explained by fixed + random variables) 

F=104 

P<0.0001 

R2m = 0.54 

R2c = 0.63 

Soil [Fe3+] lme(Fe3 ~ field type, random=~1|plot/month) 

Fixed variable statistics Model R2 (R2m = variance explained by fixed variable, 

R2c = variance explained by fixed + random variables) 

F= 74.0 

P<0.0001 

R2m = 0.35 

R2c = 0.66 

Soil [total Fe] lme(totalFe ~ field type, random=~1|plot/month) 

Fixed variable statistics Model R2 (R2m = variance explained by fixed variable, 

R2c = variance explained by fixed + random variables) 

F=91.4 

P<0.0001 

R2m=0.43 

R2c=0.67 

 620 
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Variable General model   lme(Variable ~ field type, data=dades, 

random=~1|plot/month) 

Fixed variable 

statistics 

Model R2 (R2m = variance explained by 

fixed variable, R2n = variance explained by 

fixed + random variables) 

CO2 emission F=5.03 

P=0.031 

R2m=0.05 

R2c=0.34 

CH4 emission F=11.7 

P=0.0016 

R2m=0.14 

R2c=0.15 

N2O emission F=7.8 

P=0.0084 

R2m=0.095 

R2c=0.13 

Soil salinity F=165 

P<0.0001 

R2m=0.52 

R2n=0.78 

Soil temperature F=1.98 

P=0.17 

R2m=0.0048 

R2c=0.83 

Soil water content F=134 

P<0.0001 

R2m=0.65 

R2n=0.66 

Soil pH F= 735 

P<0.0001 

R2m=0.91 

R2n=0.92 

Soil pH F= 735 

P<0.0001 

R2m=0.91 

R2n=0.92 

Soil [Fe2+] F=104 

P<0.0001 

R2m = 0.54 

R2c = 0.63 

Soil [Fe3+] F= 74.0 

P<0.0001 

R2m = 0.35 

R2c = 0.66 

Soil [total Fe] F=91.4 

P<0.0001 

R2m=0.43 

R2c=0.67 

 621 

 622 
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Table 2 623 

Global-warming potential (GWP) of paddy and jasmine fields (average±SE, N=3) analyzed by mixed models, with plot as a random factor. 624 

Land use Cumulative greenhouse-gas emission (g m-2) GWP (kg CO2-eq ha-1) Total GWP 
 (kg CO2-eq ha-1) CO2  CH4  N2O  CO2  CH4  N2O  

Paddy field 7245±335a 25.5±1.3a 0.56±0.08a 72453±3352.48a 8865±428.13a 1667±2284a 82784±3421a 
Jasmine field 4744±125b 0.31±0.44b 3.36±1.15a 47437±1245.69b 105±150b 10013±3423b 57556±3056b 

Different letters within a column indicate significant differences (P<0.05). 625 

 626 

 627 

 628 

 629 

 630 

 631 

 632 

 633 

 634 

 635 
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Table 3 Summary of the RM-ANOVAs for the greenhouse-gas emissions and soil properties for land use. 636 
Greenhouse gases df MS F P 
CO2     
Types 1, 4 1467851.493 48.926 0.002 
Time 11, 44 1684375.311 93.170 <0.001 
Types × Time 11, 44 899110.027 49.733 <0.001 
CH4     
Types 1, 4 148.652 356.113 <0.001 
Time 11, 44 39.305 49.797 <0.001 
Types × Time 11, 44 38.700 49.031 <0.001 
N2O     
Types 1, 4 1840123.191 5.921 0.072 
Time 11, 44 544852.929 6.144 <0.001 
Types × Time 11, 44 545865.122 6.155 <0.001 
Soil properties     
Soil salinity     
Types 1, 4 1.765 942.596 <0.001 
Time 11, 44 0.106 39.766 <0.001 
Types × Time 11, 44 0.028 10.592 <0.001 
Soil temperature     
Types 1, 4 11.871 15.016 0.018 
Time 11, 44 199.616 386.741 <0.001 
Types × Time 11, 44 17.988 34.850 <0.001 
Soil water content     
Types 1, 4 12358.837 498.721 <0.001 
Time 11, 44 263.692 24.063 <0.001 
Types × Time 11, 44 270.197 24.657 <0.001 
Soil pH     
Types 1, 4 41.283 1168.044 <0.001 
Time 11, 44 0.173 17.536 <0.001 
Types × Time 11, 44 0.144 14.670 <0.001 
Soil Fe2+     
Types 1, 4 205.010 690.008 <0.001 
Time 11, 44 8.863 71.891 <0.001 
Types × Time 11, 44 5.997 48.642 <0.001 
Soil Fe3+     
Types 1, 4 1012.485 1333.573 <0.001 
Time 11, 44 118.453 88.080 <0.001 
Types × Time 11, 44 41.953 31.196 <0.001 
Soil total Fe     
Types 1, 4 2128.854 4219.880 <0.001 
Time 11, 44 178.700 120.264 <0.001 
Types × Time 11, 44 72.470 48.772 <0.001 
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Table 4 637 

Average soil salinity, temperature, water content, pH, [Fe2+], [Fe3+] and [total Fe] (average±SE, N=3) analyzed by mixed models, with plot as a random factor. 638 

Land use Salinity (mS cm-1) Temperature (°C) Water content (%) pH [Fe2+] (mg 

g-1) 

[Fe3+] (mg 

g-1) 

[Total Fe] (mg 

g-1) 

Paddy field 0.443±0.032a 21.0±1.14b 55.8±2.06a 6.35±0.03a 4.47±0.35a 15.4±1.07a 19.9±1.39a 

Jasmine field 0.130±0.016b 21.8±0.79a 29.6±0.94b 4.84±0.03b 1.10±0.11b 7.88±0.56b 8.97±0.56b 

Different letters within a column indicate significant differences (P<0.05). 639 

 640 

 641 

 642 

 643 

 644 

 645 

 646 

 647 

 648 
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Table 5 649 

Pearson correlation coefficients between soil traits and influencing factors. 650 

Land use Gas Salinity Temperature Water content pH [Fe2+] [Fe3+] [Total Fe]  

Paddy field 
(N=36) 

CO2 0.28* 0.58** 0.35* -0.29* -0.58** -0.59** -0.60** 
CH4 0.65** 0.55** 0.58** -0.07 -0.28* -0.48** -0.44** 
N2O -0.36* -0.26 -0.34* -0.14 0.28* 0.29* 0.29* 

Jasmine field 
(N=36) 

CO2 0.73** 0.76** 0.29* -0.66** -0.16 -0.61** -0.64** 
CH4 0.01 0.17 0.06 -0.08 0.04 0.05 0.06 
N2O 0.51** 0.55** 0.27 -0.44** -0.05 -0.48** -0.49** 

* P<0.05, ** P<0.01. 651 
 652 
 653 
 654 
 655 
 656 
 657 
 658 
 659 
 660 
 661 
 662 
 663 

 664 

 665 
 666 
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Figure captions 667 

Fig. 1. Location of the paddy and jasmine fields. 668 

Fig. 2. Seasonal variation of CO2 (A), CH4 (B) and N2O (C) emission in the paddy and jasmine fields. 669 

Different letters indicate significant differences between land uses (P<0.05). 670 

Fig. 3. Soil salinity (A), temperature (B), water content (C), pH (D), [Fe2+] (E), [Fe3+] (F) and [total Fe] 671 

(G) in the paddy and jasmine fields. Different letters indicate significant differences between land uses 672 

(P<0.05). 673 

Fig. 4. Diagrams of the structural equation models that best explained the maximum variance of the 674 

CO2, CH4 and N2O emissions, with the two crop types (rice and jasmine) and soil traits as exogenous 675 

factors and CO2 (A), CH4 (B) and N2O emissions as endogenous variables. Positive and negative 676 

relationships are indicated by black and red arrows, respectively. The values on the arrows are 677 

standard estimates with their corresponding levels of significance. The total variance explained for 678 

each endogenous variable by the model (R2) is also indicated beside the corresponding variable. 679 

Fig. 5. Total, direct and indirect estimates of the effects of the variables on the final endogenous 680 

variable of each model: CO2 (A), CH4 (B) and N2O (C) emissions for the structural equation models 681 

(SEMs) in Figure 4, with the corresponding level of significance of the standard estimates. * P<0.05, 682 

** P<0.001, *** P<0.0001. 683 
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