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Abstract: New agronomic and management approaches are urgently required to meet the 22 

challenges of improving resource use efficiency and crop yields in intensive agricultural 23 

systems. Here we report the fertilizer N use efficiency (FNUE), fate of fertilizer N and N 24 

budgets in newly designed cropping systems as compared with conventional winter wheat-25 

summer maize double cropping (Con. W/M) in the North China Plain. A 15N labelling approach 26 

was used to quantify FNUE by these new cropping systems which included optimized winter 27 

wheat-summer maize (Opt. W/M) with two harvests in one year; winter wheat/summer maize-28 

spring maize (W/M-M) and winter wheat/summer soybean-spring maize (W/S-M) with three 29 

harvests in two years, and spring maize (M) with one harvest in one year. The results showed 30 

that only 18-20% of fertilizer N was recovered by crops in Con. W/M. Although the Opt. W/M 31 

significantly increased FNUE to 33%-35% with increased crop yields, it still consumed as much 32 

groundwater as Con. W/M. The W/M-M, W/S-M and M significantly increased FNUE to 27%-33 

44% and reduced groundwater use and fertilizer N losses when compared to Con. W/M. The 34 

W/M-M achieved a comparable grain yield, but W/S-M and M had significantly lower grain 35 

yields when compared to Con. W/M. However, grain N harvest in W/S-M was comparable with 36 

Con. W/M due to the higher grain N content in soybean. Post-anthesis fertilizer N uptake 37 

provided little contribution to total N uptake, and accounted for 5%, 12%, 7% and 2% of the 38 

average N uptake for winter wheat, spring maize, summer maize and summer soybean, 39 

respectively. When taking the second crop into account, Con. W/M recovered 27% of fertilizer 40 

N, while it increased to 36%-50% under the new cropping systems. We conclude that W/M-M 41 

and W/S-M will deliver significant improvements in the environmental footprints and 42 

sustainability of intensively managed cropping systems in the North China Plain. 43 

Keywords: cropping system design, fertilizer nitrogen use efficiency (FNUE), fate of 44 

fertilizer N, groundwater use efficiency, 15N labelling, intensive agriculture 45 

 46 
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1. Introduction 47 

Sustainable intensification of cropping systems is crucial to humanity’s ability to achieve 48 

global food security and environmental security (Lu et al., 2015; Tilman et al., 2011). Scientists 49 

and policy makers therefore seek to design new cropping systems that optimize agronomic 50 

management in order to achieve a better match between the local resource (land, climate and 51 

soil) and sustainable crop production (Chen et al., 2011). The North China Plain (NCP) is one 52 

of the world’s most intensive regions of agricultural production (Shi et al., 2013), where a 53 

winter wheat-summer maize double cropping system is widespread and grain yields have 54 

increased significantly during the last five decades (Wu et al., 2008; Wu et al., 2006). However, 55 

these changes have been associated with large increases in nitrogen (N) fertilizer use, low 56 

fertilizer N use efficiency (FNUE) and high reactive N losses (Ju et al., 2009; Yu et al., 2019). 57 

Crop production in this area has also involved a vast expansion of irrigation (Han et al., 2017; 58 

Kang and Eltahir, 2018), by farmers pumping large amounts of groundwater for flood irrigation, 59 

which has led to a decline of the groundwater table of between 0.5-1 m yr-1 since 1960s (Meng 60 

et al., 2017; Zhou et al., 2016). Today the region is becoming a focus of interest for scientists 61 

studying climate change and environmental degradation caused by the excessive exploitation 62 

of resources (Kang and Eltahir, 2018; Vitousek et al., 2009). Designing alternative cropping 63 

systems and better management promise to deliver new solutions for sustainable crop 64 

production in the region (Gao et al., 2015; Meng et al., 2017; Meng et al., 2012). 65 

In recent years, a number of studies have tried to design new cropping systems to reduce 66 

water and N use, and optimize straw and tillage management in the NCP. These have shown 67 

that the “winter wheat/summer maize-spring maize” rotation with three harvests in two years 68 

followed by a winter fallow was a more sustainable cropping system. This maintained high 69 

target yields while reducing N losses and the decline of the groundwater table (Gao et al., 2015; 70 

Meng et al., 2012; Sun et al., 2019; Xiao et al., 2017). Winter fallow was also advocated as a 71 
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mitigation measure in the groundwater funnel area of the NCP by government (Ministry of 72 

Agriculture and Rural Affairs of China, 2016a). Other alternative cropping systems such as 73 

optimized winter wheat/summer soybean-spring maize or single spring maize were also 74 

considered as options for improving conventional systems (Gao et al., 2015). However, the 75 

FNUE, fate of fertilizer N and N budgets in the fertilizer-soil-crop continuum of these 76 

alternative cropping systems are not clear when compared with conventional cropping systems 77 

in the region.  78 

Nitrogen fertilization is one of the most important management interventions for intensive 79 

crop production, but fertilizer N recovery by crops is general poor, and large amounts of N are 80 

lost to the environment (Doering et al., 2011; Leip et al., 2011), causing unintended 81 

environmental problems in intensive cropping systems (Galloway et al., 2003; Sutton et al., 82 

2011). Another important fate of fertilizer is residual N in the soil, which can help to maintain 83 

a supply of crop N (thus maintain the soil fertility) (Ju and Christie, 2011) but can also leach to 84 

deeper layers of the soil profile in subsequent rotations, especially in upland cropping systems 85 

(Ju and Zhang, 2017). Quantifying the fate of fertilizer N helps to evaluate N use efficiency and 86 

the environmental impacts of given cropping systems, especially when considering alternative 87 

cropping system designs (Sebilo et al., 2013; Stevens et al., 2005a, b). 88 

Previous studies have shown that the optimization of conventional N fertilization practices 89 

can significantly increase FNUE while reducing N losses without sacrificing crop yield (Jia et 90 

al., 2011; Ju et al., 2009; Wang et al., 2016b). An assessment of N application techniques has 91 

demonstrated that deep placement of urea can significantly increase FNUE while reducing 92 

fertilizer N losses when compared with broadcast N (Wu et al., 2017; Yao et al., 2018). It has 93 

been reported that irrigation, straw and tillage management were also important for improving 94 

FNUE (Chen et al., 2017; Garabet et al., 1998). The effects of these management practices on 95 
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FNUE, the fate of fertilizer N and N budgets require further study in the context of new cropping 96 

system designs.  97 

Quantifying crop N uptake from fertilizer or soil N at different growth stages could help 98 

improve N use efficiency by splitting fertilization. For example, high rates of basal N 99 

fertilization and lower topdressing in winter wheat, can contribute to increased fertilizer N 100 

losses due to the low N requirements before tillering (Mamta et al., 2015). It has therefore been 101 

suggested that FNUE could be improved by increased top-dressing of N fertilizer (Cui et al., 102 

2008; López-Bellido et al., 2005; Shi et al., 2012). Maize scarcely takes up N in the post-103 

anthesis period where sufficient N has been applied before anthesis, and the overuse of fertilizer 104 

N after anthesis does not increase total N uptake or yield but instead decreases FNUE, thus 105 

increasing N losses (Ning et al., 2017). Omay et al. (1998) reported that the uptake of fertilizer 106 

N by maize and soybean was complete before anthesis with N fertilizer applied only once in 107 

spring, and only soil N being taken up afterwards. By contrast, Rimski-Korsakov et al. (2012) 108 

reported that maize still recovered fertilizer N after anthesis, which accounted for 10% of the 109 

total N uptake. Thus, the contribution of the post-anthesis uptake of fertilizer N to total N uptake 110 

in the different cropping systems and under different managements remains unclear. 111 

The objectives of the present study were therefore: 1) to evaluate the FNUE, fate of 112 

fertilizer N and N budgets in the fertilizer-soil-crop continuum of the newly designed cropping 113 

systems compared with a conventional winter wheat-summer maize double cropping system; 114 

2) to investigate the combined effects of optimized N, water, straw and tillage management on 115 

FNUE when embedded within different newly designed cropping systems; and (3) to assess the 116 

contribution of the post-anthesis uptake of fertilizer N to total N uptake in the newly designed 117 

cropping systems.  118 

 119 

 120 
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2. Materials and methods 121 

2.1 New cropping system designs  122 

Microplots for 15N application were set up in a long-term field experiment, which was 123 

established at Quzhou Experimental Station (36.87°N, 115.02°E), China Agricultural 124 

University, in 2007. The site has a temperate monsoon climate and a typical calcareous fluvo-125 

aquic soil. Details of the climate and soil conditions of the study site are described in Text S1 126 

and Fig. S1. The control treatment was the conventional winter wheat-summer maize double 127 

cropping system based on normal farmers’ practice (Con. W/M) of two harvests in one year. 128 

The other four cropping systems were designed with optimized management of crop, N, 129 

irrigation, straw and tillage which were as follows: (1) optimized winter wheat-summer maize 130 

double cropping system (Opt. W/M) with two harvests in one year; (2) optimized winter wheat-131 

summer maize-spring maize (W/M-M) with three harvests in two years; (3) optimized winter 132 

wheat-summer soybean-spring maize (W/M-S) with three harvests in two years; and (4) 133 

optimized spring maize (M) with one harvest in each year. A randomized complete block design 134 

was employed with five treatments and four replications. Each plot was 1800 (30 m × 60 m) 135 

m2.  136 

Nitrogen management followed farmers’ practice in the Con. W/M in the NCP, where 150 137 

kg N ha-1 of the basal fertilizer was surface broadcast just before tillage and 150 kg N ha-1 of 138 

the topdressing fertilizer was surface broadcast at the shooting stage just before flood irrigation 139 

for winter wheat. In the summer maize, 100 kg N ha-1 of the basal fertilizer was applied in bands 140 

near the plant rows at a depth of 5 cm at sowing, and 150 kg N ha-1 of the topdressing fertilizer 141 

was applied at the ten-leaf stage just before precipitation or irrigation. In the four new cropping 142 

system designs, 45, 80, 60 kg N ha-1 of N fertilizer was applied at sowing (band applied near 143 

the plant rows), six- and ten-leaf stages (band applied in the middle of the rows at a depth of 5 144 

cm) for summer maize, respectively, according to previous research (Meng et al., 2012). 145 
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Soybean only received a basal fertilizer of 45 kg N ha-1 at sowing. The N application rate and 146 

timing for winter wheat and spring maize followed the approach of in-season root zone N 147 

management (Chen et al., 2006; Chen et al., 2011), in which the crop growth season was divided 148 

into two stages for winter wheat and five stages for spring maize, and the amount of N fertilizer 149 

applied in each growth stage was determined by subtracting the amount of soil Nmin (NH4
+-N + 150 

NO3
--N) in the root zone from the target N value which was determined by the target yield. The 151 

target N value for winter wheat was 80 kg N ha-1 from planting to shooting and 160 kg N ha-1 152 

from shooting to the maturity. It was 80 kg N ha-1 from planting to six-leaf stage, 130 kg N ha-153 

1 from the six- to ten-leaf stage, 130 kg N ha-1 from the ten-leaf stage to anthesis, 140 kg N ha-154 

1 from anthesis to the blister stage, and 120 kg N ha-1 from the blister stage to physiological 155 

maturity for spring maize. Moreover, when the Nmin test at the beginning of one growth stage 156 

showed that soil Nmin was enough to meet the crop’s N demand for this growth stage, then no 157 

N fertilizers would be applied (Table S1).  Phosphorus (P) and potassium (K) fertilizer were 158 

applied according to soil available P and K tests (Table S1).  159 

Irrigation was provided three to five times for winter wheat and one or two times for 160 

summer maize according to standard farming practice in Con. W/M, and the amount ranged 161 

from 60 to 100 mm each time. The rate and timing of irrigation for winter wheat in the new 162 

cropping system designs were determined by soil water content testing at the critical growth 163 

stage, irrigated to maintain the soil water content between 45% and 80% of plant available 164 

water. Spring and summer maize and summer soybean received more rainfall than winter wheat, 165 

and were only irrigated when dry weather conditions occurred during germination or 166 

fertilization (Table S1).  167 

Crop straw was removed from the field after harvest in Con. W/M, while it was shredded 168 

by machine and left on the soil surface in the new cropping system designs. After harvests of 169 

the maize and soybean, rotary tillage was carried out in Con. W/M and deep plowing in the new 170 
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cropping systems, to incorporate the fertilizer and straw into the soil. No tillage was carried out 171 

after harvest of the winter wheat (Table S1). The details about other field managements, 172 

including crop cultivar, planting date and density can be found in Text S2 and Table S1. 173 

 174 

2.2 Setting up the 15N microplots 175 

The 15N microplots for application of labelled 15N fertilizer were used for measurements 176 

between October 2010 and October 2012 which covered one complete rotation cycle for the 177 

five cropping systems (Fig. S2). At the beginning of each crop, two 15N microplots (1.0 × 1.0 178 

= 1 m2) were set up within the main plots, which were bordered by galvanized sheet iron 179 

inserted into the soil to a depth of 0.35 m, and left 0.05 m above the soil surface. The two 15N 180 

microplots were established in parallel, one was for soil and plant sampling at anthesis of the 181 

first crop which was then discarded. Another was for soil and plant sampling at maturity of the 182 

first crop, which was then kept for soil and plant sampling at maturity of the second crop to 183 

study the residual effect of 15N fertilization (Fig. S3). For Con. W/M and Opt. W/M, the 15N 184 

residual effect was measured just after the harvest of the second crop. For summer maize in 185 

W/M-M, summer soybean in W/S-M and spring maize in M, the 15N residual effect was also 186 

measured after the harvest of second crop, but with the winter fallow interval.  187 

When fertilization was followed by tillage (e.g., the basal fertilizer for winter wheat), the 188 

15N labelled urea (5.22 atom% 15N) was mixed with 1 kg of soil from each 15N microplot and 189 

spread by hand uniformly, then the 0-20 cm soil layer was plowed by a manual shovel to achieve 190 

a uniform application of 15N fertilizer. For other activities, e.g., topdressing following by 191 

irrigation, 15N labelled urea was dissolved in 2 L of pure water and sprayed uniformly over the 192 

soil surface using a pressure sprayer. The 15N microplots were then irrigated with the same 193 

amount of water as the main plots using a watering can. The management of irrigation, straw 194 

and tillage in 15N microplots was consistent with the corresponding main plots. Soil and plant 195 
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biomass were sampled at anthesis and maturity and analyzed for total N content and 15N 196 

abundance. Details about above sampling and measurements can be found in the Text S3. 197 

 198 

2.3 Calculations and statistical analysis 199 

The proportion of crop N and soil N derived from 15N fertilizer was calculated by:  200 

(1) Ndffcrop (soil) (%) = (c−b) / (a−b) × 100 201 

Where c, a, b is the 15N abundance of crop (soil), fertilizer (5.22%) and natural abundance 202 

(0.3663%), respectively.  203 

Then various parameters referring to N uptake, residual fertilizer N in soil, fertilizer N 204 

losses were calculated as follows: 205 

(2) Total N uptake (kg N ha-1) = biomass (kg ha-1) × crop N content (g N kg-1) / 1000 206 

(3) Fertilizer N uptake (kg N ha-1) = Ndffcrop (%) × total N uptake (kg N ha-1) / 100 207 

(4) Soil N uptake (kg N ha-1) = total N uptake (kg N ha-1) − fertilizer N uptake (kg N ha-208 

1) 209 

(5) Residual fertilizer N in soil (kg N ha-1) = Ndffsoil (%) × bulk density (g cm-3) × 210 

thickness (cm) × soil N content (g N kg-1)  211 

(6) Fertilizer N losses (kg N ha-1) = N rate (kg N ha-1) − fertilizer N uptake (kg N ha-1) - 212 

residual fertilizer N in soil (kg N ha-1) 213 

Nitrogen and water use efficiency, soil N balance, soil surface N surplus and soil nitrate 214 

accumulation were calculated as follows: 215 

(7) Fertilizer N use efficiency (%) = fertilizer N uptake (kg N ha-1) / N rate (kg N ha-1) × 216 

100 217 

(8) Partial factor productivity from applied N (kg kg-1) = Grain yield (Mg ha-1) / N rate 218 

(kg N ha-1) × 1000 219 
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(9) Physiological efficiency of N use (kg kg-1) = total biomass (kg ha-1) / total N uptake 220 

(kg ha-1) 221 

(10)  Irrigation water use efficiency (kg ha-1 mm-1) = Grain yield (Mg ha-1) / Irrigation rate 222 

(mm) × 1000 223 

(11) Soil N balance (kg N ha-1) = Residual fertilizer N in soil (kg N ha-1) + straw N return 224 

(kg N ha-1) + N from atmospheric deposition (kg N ha-1) + biological N fixation - soil 225 

N uptake (kg N ha-1)  226 

(12) Soil surface N surplus (kg N ha-1) = N input (kg N ha-1) − total N uptake (kg N ha-1), 227 

N input include N from fertilizer, straw, atmospheric deposition and biological 228 

fixation. 229 

(13) Soil nitrate accumulation (kg N ha-1) = bulk density (g cm-3) × thickness (cm) × soil 230 

nitrate concentration (mg N kg-1) / 10 231 

The data sources for atmospheric N deposition,  biological N fixation, and the calculation 232 

of physiological parameters referring to biomass and N translocations can be found in the Text 233 

S4. All statistical analyses were performed using SPSS 20.0 (IBM Corp., Armonk, NY, USA). 234 

The differences between crops/cropping systems in biomass, grain yield, N uptake, N and water 235 

use efficiency and other parameters were determined by the Duncan test with a significance 236 

level of p < 0.05. Graphs were produced with Sigmaplot 14.0. 237 

 238 

3. Results 239 

3.1 Crop biomass, grain yield, N and water use efficiency 240 

At anthesis, stem biomass was the highest in the vegetative parts of the four crops, 241 

followed by the biomass of the spike + husk and then leaf in winter wheat, while leaf biomass 242 

in maize and soybean was much higher than the cob + husk and pod, respectively. At maturity, 243 

most crop biomass was allocated to the grain, and mass of the other vegetative parts remained 244 
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similar to those at anthesis, except for soybean (Fig. 1). No significant differences for harvest 245 

index (HI) were observed in crops in any of the cropping systems. The HIs for spring maize 246 

and summer maize were comparable and significantly higher than that for summer soybean, 247 

while no significant differences of HI were observed between winter wheat and the other three 248 

crops (Fig. S4). At anthesis and maturity, the aboveground biomass of wheat and maize in the 249 

new cropping system designs was higher than or comparable with that in Con. W/M. From 250 

anthesis to maturity, the biomass of vegetative parts of spring and summer maize and soybean 251 

increased, while that of wheat decreased, demonstrating biomass translocation. Biomass 252 

translocation of wheat was 1.50, 1.34, 3.67 and 2.85 Mg ha-1 in Con. W/M, Opt. W/M, W/M-253 

M, W/S-M, respectively, which corresponded to a translocation efficiency of 26%, 18%, 38% 254 

and 30% (Fig. 1). 255 

Winter wheat and summer maize produced a grain yield of 4.6 and 8.6 Mg ha-1 in Con. 256 

W/M, respectively. They were greatly improved by adopting the optimized managements. The 257 

grain yield of winter wheat was significantly increased by 35, 46 and 52% in the Opt. W/M, 258 

W/M-M, W/S-M, respectively (Fig. 1). The grain yield of summer maize was significantly 259 

increased by 21% in the W/M-M, while it was higher (13%) in the Opt. W/M, although this 260 

was not significantly greater that the Con. W/M. Grain yields of spring maize were larger by 261 

27%, 12% and 22% in W/M-M, W/S-M and M, respectively, than that of summer maize in Con. 262 

W/M but the differences were not significant. Summer soybean had a grain yield of 3.4 Mg ha-263 

1 (Fig. 1).  264 

For the two-year rotation, the Con. W/M achieved a grain yield of 26.4 Mg ha-1 2yr-1, but 265 

consumed large amounts of fertilizer N and groundwater, and resulted in a low N use efficiency 266 

(expressed as the partial factor productivity from applied N, PFPN) and irrigation water use 267 

efficiency (Table 1). Opt. W/M saved 41% of the fertilizer N and significantly increased grain 268 

yield and PFPN, but still consumed as much groundwater and resulted in low groundwater use 269 
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efficiency when compared with Con. W/M. By contrast, W/M-M significantly increased 270 

groundwater use efficiency and PFPN with only 41% of fertilizer N and 50% of the irrigation 271 

water use in Con. W/M. W/M-M had a grain yield which was comparable with those in Con. 272 

W/M. In comparison with Con. W/M, the W/S-M and M saved 67% and 73% of fertilizer N, 273 

50% and 84% of irrigation water, respectively, and had significantly higher N use efficiency 274 

and groundwater use efficiency, but W/S-M and M had the lowest grain yield of the five 275 

cropping systems (Table 1). 276 

 277 

Fig. 1. Biomass of each crop in the five cropping systems. The left and right bars of each crop are the biomass 278 

at anthesis and maturity, respectively; the lowercase and uppercase letters compare the total aboveground 279 

biomass within each crop among the cropping systems at anthesis and maturity, respectively, where different 280 

letters indicate significant (P < 0.05) mean differences; the error bars represent standard errors (n=4). 281 

 282 

Table 1 Grain yield, N and irrigation water use efficiencies in the two-year rotation cycle. a) 283 

Cropping 

systems 

N rate  

(kg N ha-1 2yr-1)  

Irrigation rate 

(mm 2yr-1)  

Grain yield 

(Mg ha-1 2yr-1)  

Partial factor 

productivity from 

applied N (kg kg-1)  

Irrigation water 

use efficiency 

(kg ha-1 mm-1)  

Con.W/M 1100 640 26.4 ± 1.3 b 24.0 ± 1.2 d 41.2 ± 2.0 d 

Opt. W/M 648 710 31.7 ± 0.8 a 48.9 ± 1.2 c 44.6 ± 1.1 cd 

W/M-M 455 320 28.0 ± 0.7 b 61.4 ± 1.5 b 87.3 ± 2.1 b 

W/S-M 361 320 20.0 ± 1.2 c 55.4 ± 3.3 bc 62.5 ± 3.8 c 

M 300 100 21.1 ± 1.4 c 70.3 ± 4.7 a 210.9 ± 14.1 a 

a Values (means ± standard error, n = 4) followed by different lowercase letters differ significantly (P < 284 

0.05). 285 

 286 
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3.2 Crop N uptake as derived from fertilizer and soil at anthesis and maturity  287 

At anthesis, stem N uptake was higher than that by leaves in winter wheat, but leaves 288 

assimilated more N than stems in spring and summer maize and summer soybean. N uptake by 289 

other vegetative parts was lower than that in stems and leaves. At maturity, most crop N uptake 290 

was allocated to grain, and the magnitude of N uptake by vegetative parts was of the same order 291 

as those at anthesis, except for summer soybean (Fig. 2). No significant differences for N 292 

harvest index (NHI) were observed in crops in any of the cropping systems, but there was a 293 

significant difference in NHI between crop types where they could be ranked in the following 294 

order: summer soybean > winter wheat > spring maize > summer maize (Fig. S5). From anthesis 295 

to maturity, N uptake of vegetative parts of the crop decreased and N was translocated to grain 296 

in all crops. No significant differences in N translocation efficiency were observed in crops in 297 

any of the cropping systems, however, there was a significant difference in N translocation 298 

efficiency between crop types which were ranked in the following order: winter wheat (79%) > 299 

summer soybean (70%) > spring maize (52%) > summer maize (46%) (Fig. 2). 300 

Fertilizer N contributed a smaller percentage of total N uptake than soil N, with the 301 

fertilizer N accounting for 8-40% and 5-38% of the total N uptake at anthesis and maturity, 302 

respectively (Fig. 2 and Table S2). From anthesis to maturity, the contribution of fertilizer to 303 

crop N uptake tended to decline slightly in winter wheat, summer maize and summer soybean, 304 

while the opposite trend was observed in spring maize. There were no significant differences 305 

in the contribution of fertilizer N to total N uptake in spring maize (15-18% and 21-24% for 306 

anthesis and maturity, respectively) or summer maize (30-31% and 27-30% for anthesis and 307 

maturity, respectively), while fertilizer contributed more to total N uptake in winter wheat at 308 

maturity in Con. W/M (38%) and W/S-M (33%) than that in Opt. W/M (26%) and W/M-M 309 

(26%) (Fig. 2 and Table S2). Among crop types, the percentage of fertilizer N in winter wheat 310 

(31 and 30% for anthesis and maturity, respectively) and summer maize (31 and 29% for 311 
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anthesis and maturity, respectively) were comparable and significantly higher than that in 312 

spring maize (16 and 22% for anthesis and maturity, respectively), which was then followed by 313 

summer soybean (8 and 5% for anthesis and maturity, respectively) (Fig. 2 and Table S2). We 314 

further evaluated the contribution of pre-anthesis N uptake from fertilizer and soil, to post-315 

anthesis N uptake from fertilizer and soil to total N uptake, and found that the crop still 316 

recovered fertilizer N after anthesis which accounted for 2%-12% of the total N uptake (Text 317 

S5 and Fig. S6). 318 

At maturity, the total N uptake of winter wheat and summer maize was 145 and 183 kg N 319 

ha-1 in Con. W/M, respectively, which was increased by adopting optimized management. It 320 

was significantly increased by 30, 27 and 29% for winter wheat in Opt. W/M, W/M-M and 321 

W/S-M, respectively, and increased by 11 and 7% for summer maize in Opt. W/M and W/M-322 

M, respectively, but this was not significantly greater than that in Con. W/M. Total N uptake 323 

was increased by 21, 11 and 17% in W/M-M, W/S-M and M for spring maize, but not 324 

significantly compared to that summer maize in Con. W/M. Summer soybean had a total N 325 

uptake of 238 kg N ha-1 (Fig. 2). There was a significant difference in average total N uptake 326 

between crop types, which was in the following order: summer soybean (238 kg N ha-1) > spring 327 

maize (214 kg N ha-1) > summer maize (194 kg N ha-1) > winter wheat (176 kg N ha-1). During 328 

the two-year rotation, Con. W/M had a total N uptake of 655 kg N ha-1, which was comparable 329 

with W/M-M (602 kg N ha-1) and W/S-M (629 kg N ha-1), while Opt. W/M had the highest total 330 

N uptake to 785 kg N ha-1, and M had the lowest (428 kg N ha-1) in the five cropping systems 331 

(Fig. 2). 332 

 333 

3.3 Fate and use efficiency of fertilizer 15N in the first crop 334 

Fertilizer N uptake was 55 kg N ha-1 for winter wheat and 50 kg N ha-1 for summer maize 335 

in Con. W/M, which was comparable with uptake in the new cropping system designs (47-61 336 
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and 50-60 kg N ha-1, respectively) (Fig. 3). Only 18% and 20% of applied 15N fertilizer was 337 

recovered by winter wheat and summer maize in Con. W/M, but it was increased significantly 338 

to 35-44% in winter wheat and 31-33% in summer maize in the new cropping system designs 339 

(Fig. 4). Spring maize had comparable fertilizer N uptake (46-47 kg N ha-1) but significantly 340 

higher FNUE (27-30%) compared to summer maize in Con. W/M. Summer soybean recovered 341 

11 kg N ha-1 of the fertilizer N which accounted for 25% of the applied 15N fertilizer (Fig. 3 and 342 

4). When comparing mean FNUE between crop types, winter wheat had a significantly higher 343 

FNUE (35%) than summer soybean (25%). There were no significant differences between 344 

spring maize (29%) or summer maize (28%) and the other two crops (Fig. 4). The PEN values 345 

of winter wheat in the cropping systems with three harvests in two years were significantly 346 

higher than those in the Con. W/M. No significant differences of the PEN were observed in 347 

crops between spring maize or summer maize. The averaged PEN of spring maize was 348 

comparable with summer maize and significantly higher than winter wheat, and the PEN of 349 

summer soybean was the lowest of the three crops (Text S6 and Fig. S7). 350 

 351 

Fig. 2. Crop N in winter wheat, spring maize and summer maize (A) and summer soybean (B) in different 352 

organs as derived from fertilizer and soil, respectively. The left and right bars of each cropping system are 353 

the crop N at anthesis and maturity, respectively; the lowercase and uppercase letters compare the total 354 

aboveground N uptake within each crop among the cropping systems at anthesis and maturity, respectively, 355 
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where different letters indicate significant (P < 0.05) mean differences; the error bars represent standard 356 

errors (n=4). In soybean, the soil derived N includes N provided by symbiotic N fixation. 357 

 358 

Residual fertilizer N in soil was significantly higher in Con. W/M than in the new cropping 359 

system designs (Fig. 3). After the harvest of winter wheat and summer maize, 208 and 134 kg 360 

N ha-1 of the residual fertilizer N were left in the 0-100 cm soil profile in Con. W/M, which 361 

accounted for 69 and 54% of the applied 15N fertilizer, respectively. The newly designed 362 

cropping systems significantly reduced the residual fertilizer N in winter wheat to 47-63 kg N 363 

ha-1 (which accounted for 39-45% of the applied 15N fertilizer) and in summer maize to 58-78 364 

kg N ha-1 (which accounted for 31-42% of the applied 15N fertilizer). Compared to summer 365 

maize in Con. W/M, spring maize significantly reduced the residual fertilizer N to 72-85 kg N 366 

ha-1 (which accounted for 48-52% of the applied 15N fertilizer). Summer soybean had a residual 367 

fertilizer N pool of 7 kg N ha-1, which accounted for 16% of the applied 15N fertilizer (Fig. 3).  368 

Fertilizer N losses in the newly designed cropping systems were lower than or comparable 369 

to that in Con. W/M. For winter wheat, fertilizer N losses in Opt. W/M (37 kg N ha-1) and Con. 370 

W/M (36 kg N ha-1) were comparable and significantly higher than that in W/M-M (14 kg N 371 

ha-1) and W/S-M (16 kg N ha-1) (Fig. 3). It accounted for 12%, 26%, 13% and 12% of applied 372 

15N fertilizer for winter wheat in Con. W/M, Opt. W/M, W/M-M and W/S-M, respectively. 373 

There were no significant differences of fertilizer N losses between summer maize (47-70 kg 374 

N ha-1, which accounted for 25-38% of the applied 15N fertilizer) and spring maize (30-43 kg 375 

N ha-1, accounted for 19-25% of the applied 15N fertilizer). Fertilizer N losses from summer 376 

soybean were 27 kg N ha-1, which accounted for 60% of the applied 15N fertilizer (Fig. 3).  377 



17 

 

 378 

Fig. 3. The fate of fertilizer N in winter wheat, spring maize and summer maize and summer soybean in the 379 

five cropping systems. All the data was calculated from the two-year rotatione for comparison, the lowercase 380 

letters compare the fate of fertilizer N within each crop among the cropping systems, where different letters 381 

indicate significant (P < 0.05) mean differences; the error bars represent standard errors (n=4). 382 

 383 

 384 

Fig. 4. Fertilizer N use efficiency of crops. The lowercase and uppercase letters without underlining compare 385 

the efficiency within each crop among the cropping systems at anthesis and maturity, respectively. The 386 

lowercase and uppercase letters with underlining compare the efficiency among crop types at anthesis and 387 

maturity, respectively. Different letters indicate significant (P < 0.05) mean differences, the error bars 388 

represent standard errors (n=4). 389 

 390 

The results in the second crop also showed that newly designed cropping systems can 391 

achieved higher FNUE and lower residual fertilizer in soil and N losses. The details of fate of 392 

fertilizer 15N in the second crop, distribution of residual fertilizer 15N and nitrate in the soil 393 

profile in the first and second crop can be found in the Text S7 and S8, Fig. S8 and S9. 394 

 395 
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3.4 N budgets in the fertilizer-soil-crop continuum 396 

We summarized the N inputs and outputs in the fertilizer-soil-crop continuum to develop 397 

a full N budget for the five cropping systems. Apart from fertilizer N, N from straw, atmospheric 398 

deposition and biological fixation are also sources of N inputs. There was no straw N input in 399 

Con. W/M, while straw N input in plots in the newly designed cropping systems accounted for 400 

10-32% of the total N inputs. High straw N input occurred when the former crop was maize 401 

with higher biomass and straw N uptake than that of wheat and soybean. Atmospheric 402 

deposition N accounted for 7-14% of the total N inputs. The N from biological fixation in 403 

summer soybean accounted for 62% of the total N inputs, but only 2% in wheat and maize 404 

(Table S4; Fig. S12-S15).  405 

The soil surface N surpluses were 183 kg N ha-1 in winter wheat and 107 kg N ha-1 in 406 

summer maize under Con. W/M. Winter wheat had a soil surface N surplus of 13 kg N ha-1 in 407 

W/M-M, which was the lowest of all the crops. The other eight crops ranged from 39 to 58 kg 408 

N ha-1 of soil surface N surplus (Table S4). In the two-year rotation cycle, a high soil surface N 409 

surplus (580 kg N ha-1) was calculated in Con. W/M, while newly designed cropping systems 410 

significantly reduced them to 210, 127, 138 and 78 kg N ha-1 in Opt. W/M, W/M-M, W/S-M 411 

and M, respectively (Table 2). 412 

For winter wheat in Con. W/M, high residual fertilizer N in soil was observed together 413 

with low soil N consumption by the crop led to a positive soil N balance of 146 kg N ha-1. The 414 

soil N balance of summer maize was much lower (41 kg N ha-1) than that of winter wheat in 415 

Con. W/M. Regarding crops under the newly designed cropping systems, summer maize in 416 

W/M-M had the soil N balance of -11 kg N ha-1, which was the lowest of all the crops. The soil 417 

N balance of the other eight crops ranged from -4 to 31 kg N ha-1 (Table S4). In the two-year 418 

rotation cycle, Con. W/M had a high soil N balance of 374 kg N ha-1, while the newly designed 419 

cropping systems significantly reduced them to 14-51 kg N ha-1 (Table 2). 420 
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Table 2 Nitrogen budgets in the two -year rotation of the five cropping systems (unit: kg N ha-1 2yr-1). 421 

Cropping systems 

N input Fertilizer N fate Crop N 

Soil N 

balance 

Soil surface N 

surplus 15N fertilizer Straw 
Atmospheric 

deposition  

Biological 

N fixation b) 
Crop  Soil Loss 

Uptake 

from soil a)  

Straw 

uptake 

Grain 

uptake 

Aboveground 

uptake 

Con. W/M 1100 0 116 20 210 684 208 446 192 464 656 374 580 

Opt. W/M 648 212 116 20 216 264 166 570 212 574 786 42 210 

W/M-M 455 167 93 15 152 190 114 451 167 436 603 14 127 

W/S-M 362 123 93 189 119 156 86 510 123 506 629 51 138 

M 300 126 70 10 92 144 64 336 126 302 428 14 78 
a) For summer soybean, N uptake via biological N fixation was also included. 422 
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4. Discussion 423 

4.1 Grain yield and N uptake 424 

The winter wheat and summer maize had higher grain yields in the newly designed 425 

cropping systems than those in Con. W/M (Fig. 1). This could be explained by a better 426 

synchronization between crop N demand and N supply as a consequence of soil testing and the 427 

use of estimated N fertilizer rates based on target N values at the critical growth stages (Meng 428 

et al., 2012), and also a better synchronization between crop water demand and water supply 429 

by testing soil moisture for irrigation (Meng et al., 2012). Deep ploughing in the newly designed 430 

cropping systems also contributed to yield increases as it decreased subsoil density and 431 

improved root growth (Guan et al., 2015; Tian et al., 2016). Overuse of N fertilizer might also 432 

have caused yield losses by increasing crop susceptibility to lodging, pests and diseases in Con. 433 

W/M (Peng et al., 2009; Powlson et al., 2018). The grain yield of spring maize was 12-27% 434 

higher than that of the summer maize (Fig. 1) due to high use efficiency of light and heat by 435 

increasing the plant density, and using new crop cultivars and optimal sowing dates, with late 436 

harvesting which allowed complete grain filling (Gao et al., 2015). There were no significant 437 

differences in grain yields of the spring maize in the W/M-M, W/S-M and M treatments, mainly 438 

due to similar N rate and management of irrigation, straw and tillage.  439 

We found 21-38% of total N uptake of wheat and maize was derived from fertilizer at 440 

maturity (Table S2), which is consistent with reports that no more than 40% of crop N uptake 441 

is derived from fertilizer in a meta-analysis of temperate cropping systems, even with high rates 442 

of fertilization (Gardner and Drinkwater, 2009). These results confirmed that the soil was 443 

consistently the main source of the crop’s N supply (Quan et al., 2020; Wang et al., 2016a). N 444 

uptake derived from fertilizer was comparable in the five cropping systems with different N 445 

rates, but lower with the highest N rate in Con. W/M (Table S2), because the yield was 446 

significantly lower than that in the newly designed cropping systems, which lowered crop N 447 
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uptake from both fertilizer and soil N. Other factors such as N splits, irrigation and straw 448 

management in the present study have also been shown to affect the portion of crop N uptake 449 

derived from fertilizer (Jia et al., 2011; Wang et al., 2016a). 450 

The contribution of fertilizer N to total N uptake of winter wheat and summer maize tended 451 

to decline from anthesis to maturity (Table S2 and Fig. S6), which showed that the soil N supply 452 

was the main source during post-anthesis but notpre-anthesis (Omay et al., 1998). Nevertheless, 453 

crops still recovered some fertilizer N after anthesis, accounting for an average of 5% and 7% 454 

of total N uptake for winter wheat and summer maize, respectively, which was slightly lower 455 

than the 10% reported by Rimski-Korsakov et al. (2012). By contrast, the contribution of 456 

fertilizer N to the total N uptake of spring maize increased from anthesis to maturity, and post-457 

anthesis fertilizer N uptake accounted for an average of 12% of the total N uptake (Fig. S6). 458 

This was because around half of the fertilizer N for spring maize was applied during the post-459 

anthesis period, and largely increased the availability of fertilizer N to crops after anthesis. At 460 

maturity, the contribution of fertilizer N to crop N uptake of spring maize was significantly 461 

lower than that in summer maize (22% vs 29%) (Table S2), which caused an accumulation of 462 

high levels of residual fertilizer N in the soil under spring maize. These results indicate that the 463 

importance of N fertilization after anthesis of spring maize, but a high percentage of post-464 

anthesis N fertilization reduces the overall contribution of fertilizer N to total N uptake and 465 

contributes to large residual fertilizer N pools in the soil after harvest. 466 

 467 

4.2 Nitrogen and water use efficiency and sustainability of the cropping systems 468 

After the first crop, the FNUE of wheat and maize was 18 and 20% in Con. W/M, 469 

respectively, which increased by 94-144% and 35-65% by switching to the newly designed 470 

cropping systems (Fig. 4). A meta-analysis in temperate agroecosystems (217 field studies) 471 

showed that an optimized N rate, improved application techniques and timing of N application 472 
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could increase FNUE by 2, 25 and 43%, respectively (Gardner and Drinkwater, 2009). The 473 

large increase of FNUE in the newly designed cropping systems in the present study could be 474 

attributed to the synergistic interactions of multiple optimized practices include optimizing N 475 

and irrigation rate and timing, straw and tillage management (Wang et al., 2016b). With the 476 

increasing N rate,  FNUE has been reported to decrease (Wang et al., 2016b), increase (Powlson 477 

et al., 1986) or remain unchanged (Steven et al., 2005a). N rates determined by a soil Nmin test 478 

for crops in the new cropping systems varied between years (Table S1), which may lead to 479 

variability of FNUE. However, we could not evaluate the effects of changing N rates between 480 

years on FNUE, but rather assumed that these changes would not introduce a large bias for the 481 

FNUE calculation, because the 15N rate in the crop seasons for FNUE represented the average 482 

N rate used in the long-term field experiments reported by Gao et al. (2015). 483 

Although Opt. W/M had the highest grain yield and total N uptake of the five cropping 484 

systems and significantly increased FNUE and PFPN, groundwater use efficiency was as low 485 

as Con. W/M (Table 1, Fig. 4). Based the present study (Table S1) and literature (Meng et al., 486 

2017; Meng et al., 2012), around 250 mm yr-1 groundwater was still needed for irrigation in the 487 

winter wheat season in the Opt. W/M due to the large gap between precipitation and water 488 

demand of winter wheat in the NCP. This provides strong evidence to support changing the 489 

conventional winter wheat-summer maize double cropping systems to the alternative cropping 490 

systems by reducing winter wheat cultivation. Compared to Con. W/M, W/S-M and M 491 

significantly increased the FNUE and PFPN and groundwater use efficiency while they reduced 492 

fertilizer N losses (Table 1; Fig. 3 and 4), but also sacrificed grain yield to some extent. In an 493 

overview of the factors contributing to sustainable crop production, it could therefore be argued 494 

that W/M-M provided the greatest net benefits with significantly reduced fertilizer N and 495 

groundwater use, increased N and water use efficiency, and maintenance of the comparatively 496 

high target yields. 497 
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When considering the grain N harvest rather than grain yield as an indicator of productivity, 498 

W/S-M is another optional cropping system with high FNUE, PFPN and groundwater use 499 

efficiency alongside low fertilizer N losses (Table 1; Fig. 3 and 4). The energy input for 500 

biological N fixation by legumes is derived from solar energy while that for synthetic N 501 

fertilizer production requires large non-renewable energy sources (e.g., fossil fuels) (Crews and 502 

Peoples, 2004). A cereal-legume rotation (e.g., W/S-M in the present study) therefore 503 

contributes to a smaller carbon footprint and is likely to have a lower environmental impact 504 

than a cereal-cereal rotation (W/M-M in the present study) (Pappa et al., 2011). As China is 505 

currently the world’s largest importer of soybean and around 80% of China’s soybean was 506 

imported from abroad (Yan et al., 2016), introducing soybean to the cropping systems is 507 

promoted by policymakers in order to increase self-sufficiency. This study therefore supports 508 

“The Plan to Adjust Planting Structure (2016-2020)” launched by the Chinese government in 509 

2016, in which it was proposed to reduce the area of maize cultivation while increasing that of 510 

soybean (Ministry of Agriculture and Rural Affairs of China, 2016b). 511 

The Chinese government has recognized that the over-exploitation of groundwater is a 512 

major barrier to sustainable crop production in the NCP. The groundwater funnel area of the 513 

NCP (e.g., Hebei province) has been selected as a pilot region for the testing of “seasonal 514 

cropland fallow” since 2016 to attempt to halt the continual decline of the groundwater table 515 

(Ministry of Agriculture and Rural Affairs of China, 2016a). In the winter season of these 516 

regions, wheat cultivation is discarded while the cultivation of green manure is encouraged to 517 

improve soil fertility, and farmers receive a subsidy from the government (Ministry of 518 

Agriculture and Rural Affairs of China, 2019). The results of the present study provide further 519 

evidence in support of this strategy and suggest that a winter fallow every two years would be 520 

a better practice to prevent the decline of the groundwater table without sacrificing crop 521 

productivity (expressed as grain yield or grain N uptake). Currently, although the area for 522 
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cultivation of W/M-M and W/S-M only accounted for around 2% of the total cultivation area 523 

of the NCP (Liu et al., 2005), which is equivalent to around 0.7 million hectares of cultivation 524 

area (Shi et al., 2013), we think the area of the W/M-M and W/S-M will increase as more 525 

scientific evidence demonstrating the sustainability of these alternative cropping systems 526 

becomes available. 527 

 528 

4.3 Fate of 15N fertilizer 529 

In the first and second crop, residual fertilizer N in the soil was significantly higher in Con. 530 

W/M than that in the newly designed cropping systems (Fig. 3), which is in line with previous 531 

reports by Stevens et al. (2005b) and Rimski-Korsakov et al. (2012), i.e. residual fertilizer N in 532 

soil increased significantly with the increasing N application. 533 

Crops recovered an additional 4-19% of the applied 15N fertilizer during the second crop 534 

(Table S3), which is also in line with 2% to 8% in previous studies (Dourado-Neto et al., 2010; 535 

Hart et al., 1993; Stevens et al., 2005a). An exception in our study was the second crop of spring 536 

maize and summer maize in Opt. W/M which had a relatively high recovery (16 to 19 %), that 537 

could be attributed to splitting fertilization in the late stage of crop growth leading to inefficient 538 

recovery of fertilizer and high residual fertilizer N in soil. In addition, the maize straw retuned 539 

to the soil in the four cropping systems contained larger amounts of labelled 15N as a result of 540 

the higher biomass of maize (compared with wheat and soybean) and thus increased the residual 541 

fertilizer 15N transfer to the second crop. These results emphasize the importance of considering 542 

the “carry over effect” of residual fertilizer N in cropping systems (Drinkwater, 2004; Gardner 543 

and Drinkwater, 2009; Sebilo et al., 2013), especially in intensively managed rotations (Ju et 544 

al., 2009; Ju and Zhang, 2017), and avoidance of late stage N fertilization. Surprisingly, despite 545 

the high amount of residual fertilizer N in the soil after the first crop of wheat and maize in Con. 546 

W/M (208 and 134 kg N ha-1, respectively), no more than 28 kg N ha-1 of the residual fertilizer 547 
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N was recovered by the second crop (Table S3). This perhaps highlights the limited opportunity 548 

for use by the second crop of the residual fertilizer N in situations with overuse of N fertilizer 549 

(Stevens et al., 2005a). These results suggest that the N fertilizer rate should be reduced in the 550 

second crop in order to achieve improved recovery of residual fertilizer N from previous crops. 551 

Overuse of fertilizer can contribute to high N losses as reported by many studies (Stevens 552 

et al., 2005a; Wang et al., 2016b). However, in the first crop, fertilizer N losses in winter wheat 553 

in Con. W/M were comparable with those in Opt. W/M (Fig.3), which was probably due to low 554 

ammonia volatilization in the cold and dry winter season (Ju and Zhang, 2017). N losses via 555 

denitrification were also low in this intensive agricultural region due to the high oxygen 556 

concentration in the soil profile and lack of easily oxidizable carbon (Ju and Zhang, 2017; Song 557 

et al., 2019). Under the climatic and soil-crop conditions of the NCP, ammonia volatilization 558 

can be reduced by deep placement of N fertilizer (Ju and Zhang, 2017), but nitrate accumulation 559 

and leaching are becoming the predominant pathways of N loss in the region (Zhou et al., 2016). 560 

In the normal and dry years, nitrate continuously accumulates in the soil profile, but the 561 

accumulated nitrate is highly vulnerable to being moved out of the root zone in the wet years 562 

when heavy rain occurs frequently in the summer season. This scenario is predicted to become 563 

more frequent as a consequence of future climate change (Song et al., 2018), and will contribute 564 

to a large accumulation of nitrate in the vadose zone and groundwater (Zhou et al., 2016).  565 

Fertilizer N is continually cascading through the soil-crop system, and we have to 566 

recognize the fertilizer, soil and crop as a continuum to understand the long-term effects of N 567 

fertilization on yield and the environmental consequences. For example, Sebilo et al. (2013) 568 

reported that 45-50% of fertilizer 15N was taken up by the first crop, and 61-65% of the applied 569 

15N fertilizer had been cumulatively recovered by the crops, whereas 12-15% of the fertilizer 570 

15N remained in the soil, and N losses via leaching accounted 8-12% of the applied 15N fertilizer 571 

over 27 years of experimentation (Sebilo et al., 2013). Soil plays a key role in the flow of N 572 
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because it is the medium which connects crops and fertilizer, but also provides a resevoir that 573 

can retain N in the soil-crop system (Ju, 2014a). In order to achieve sustainable crop production, 574 

we have to maintain a soil N balance to minimize N losses without depletion of indigenous soil 575 

N (Ju, 2014b; Ju and Christie, 2011). This study demonstrates that the proposed alternative 576 

cropping systems can keep the soil N balance at a low level (e.g., 14 and 51 kg N ha-1 2yr-1 for 577 

W/M-M and W/S-M, respectively; Table 2), which helps to avoid soil N depletion and high 578 

fertilizer N losses. The soil surface N surplus in the proposed alternative cropping systems were 579 

also lower than 80 kg N ha-1 of the N surplus benchmark, which further illustrated that these 580 

systems could largely reduce the N losses while maintaining the soil N balance and target yield 581 

(Zhang et al., 2019). 582 

 583 

5. Conclusion 584 

Conventional cultivation of winter wheat and summer maize in double cropping systems 585 

of the North China Plain are recognized as a global hotspot for fertilizer N use. We show that 586 

overuse of N fertilizer has reduced the FNUE, with only 18-20% recovery by crops resulting 587 

extremely high fertilizer N losses. Optimized cropping systems can significantly increase the 588 

FNUE and grain yield, but consumed as much groundwater as Con. W/M, which is not 589 

sustainable in the context of water management within the region. Winter wheat/summer maize-590 

spring maize and winter wheat/summer soybean-spring maize with three harvests over two 591 

years demonstrated greatly reduced fertilizer N inputs and as a result fertilizer N and water use 592 

efficiency were increased significantly, whilst grain yields or grain N harvest were maintained. 593 

Although spring maize with one harvest in one year significantly increased fertilizer N and 594 

water use efficiency while reducing fertilizer N losses, it sacrificed grain yield to some extent. 595 

Post-anthesis fertilizer N uptake made little contribution to total N uptake, even when large 596 

amounts of N fertilizer were applied late in the growing season. We conclude that winter 597 
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wheat/summer maize-spring maize and winter wheat/summer soybean-spring maize embedded 598 

to optimized N, water, straw and tillage managements offer viable alternative cropping systems 599 

for sustainable crop production in this intensive agricultural region. 600 
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