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Abstract

:

A long-term field experiment was carried out (since 2008) for evaluating the effects of different substitution rates of inorganic nitrogen (N) fertilizer by green manure (GM) on yield stability and N balance under double rice cropping system. Treatments included, (1) N0 (no N fertilizer and no green manure); (2) N100 (recommended rate of N fertilizer and no green manure); (3) N100-M (recommended rate of N fertilizer and green manure); (4) N80-M (80% of recommended N fertilizer and green manure); (5) N60-M (60% of recommended N fertilizer and green manure); and (6) M (green manure without N fertilization). Results showed that, among all treatments, annual crop yield under N80-M treatment was highest. Crop yield did not show significant differences between N100-M and N80-M treatments. Substitution of different N fertilizer rates by GM reduced the yield variability index. Compared to the N0 treatment, yield variability index of early rice under N100-M, N80-M, and N60-M treatments was decreased by 11%, 26%, and 36%, respectively. Compared to the N0 treatment, yield variability index of late rice was decreased by 12%, 38%, 49%, 47%, and 24% under the N100, N100-M, N80-M, N60-M, and M treatments, respectively. During period of 2009–2013 and 2014–2018, nitrogen recovery efficiency (NRE) was highest under N80-M treatment and N balance was highest under N100 treatment. NRE of all treatments with GM was increased over the time from 2009–2013 to 2014–2018. All treatments with GM showed increasing trend of SOC over the years. Substitution of N fertilizer by GM also increased C inputs and soil C:N ratio compared to the N100 and N0 treatments. Boosted regression model indicated that C input, N uptake and AN were most influencing factors of crop yield. Thus, we concluded that N fertilization rates should be reduced by 20% under GM rotation to attain high yield stability of double rice cropping system through increasing NRE and C inputs.
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1. Introduction


Rice is the main food for more than 50% of the world’s population and more than 60% of the Chinese population [1,2]. China will need to produce about 20% more rice, as population will increase by 2030, to meet the domestic need at current level of rice consumption per capita [3]. Chinese farmers mainly depend on chemical nitrogen (N) fertilizer to get high crop yield that is making China the world’s largest N fertilizer consumer. According to Food and Agriculture Organization [4], N fertilizer use in China in 2013 was 33% of world’s N fertilizer consumption. During the past decades, despite of high rate of N application, growth of rice yield was lower and stagnated in many rice cultivated regions of China [5,6]. No increase in crop yield with excessive N application led to a lower N recovery efficiency (NRE) [7]. The long-term excessive application of inorganic N fertilizers increased crop yield and improved soil fertility over the past decades [8,9], but continuous excessive N fertilizer inputs, degraded soil quality by increasing soil acidification and losses of soil organic carbon [10], then reducing the N fertilizer use efficiency. Excessive inorganic N fertilizer application also threatens the environmental health by increasing greenhouse gas emissions and groundwater contamination [10,11]. In the southern part of China acidification has become one of the major problem of agricultural soils that limit the crop yield [10].



Therefore, to increase the agricultural sustainability by sustaining long-term high yield with minimum environmental problem has become major concern. New strategies of crop management are urgently required to prevent the soil degradation by long-term excessive inorganic fertilization. Leguminous crops are known as N efficient crops that fix the atmospheric N2 in root nodules by symbiosis with rhizobia [12,13]. Therefore, legumes can save the use of inorganic N fertilizer and improve soil C/N cycling and fertility [14]. Furthermore, under long-term cultivation practices, changes in the physical and chemical properties of soil will influence the soil microbial population and microbial activities [15,16].



International organizations working for agricultural sustainability have focused on the prospective role of introducing legumes in intensive cropping systems in the past two decades [17,18]. In the rice-based cropping systems, legume cultivation during fallow season of crop followed by incorporation of green manure (GM) in paddy soil, enhanced soil fertility and reduced environmental losses of N by reducing the rate of inorganic N fertilization [19]. It is essential to explore the agronomic and environmental role of rice/legume rotation, to attain high crop yield stability with environmental sustainability.



Soil organic carbon (SOC) is one of the main soil fertility indexes [20]. Different organic and inorganic fertilization enhances the soil C inputs and influences soil carbon sequestration rate [21]. Long-term inorganic fertilization can also affect the SOC sequestration rate by addition of C input from crop residue and root stubbles. For instance, Zhang et al. [22] reported that inorganic fertilization enhanced the soil C input by 2.5 to 5.0 Mg ha−1 in Southern China. GM enhanced the SOC stock by 14–24% as compared to the fallow [23]. In the meta-analysis study, McDaniel et al. [24] reported that compared to fallow, cover crops increased the SOC sequestration. Benbi et al. [25] showed that the combined use of inorganic N fertilizer and GM can not only improve the soil organic matter (SOM) and soil N contents [26], but also increase the activities of arbuscular mycorrhizal fungi and extra-radical hyphae and microbial communities in soil [27]. Furthermore, GM increased water stable macro-aggregates in the topsoil layer and rate of organic N mineralization, which can enhance the availability and uptake of N by plants [28,29]. However, excessive or sole GM application can negatively affect crop yield [30,31], and the optimal rate of inorganic N by GM mainly depends on species of crop and soil fertility status [32]. In previous studies, effect of GM on crop production was investigated in monoculturally or over a short period of cultivation [33]. However, the impact of long-term GM substitution for inorganic N fertilizer on crop yield stability is not fully understood. Particularly, no long-term studies have investigated the yield stability under GM substitution for inorganic N fertilizer under double rice cropping system. The aim of this study was to investigate the effects of long-term different substitution rates of inorganic N fertilizer by milkvetch green manure on yield stability and N recovery efficiency under double rice cropping system in paddy soil.




2. Materials and Methods


2.1. Site Description


A field experiment was initiated in 2008 at red soil experimental station in Qiyang, Hunan province of China (26°45′42″ N, 111°52′32″ E) under the observation of Chinese academy of agricultural sciences. In this region, the mean annual rain fall is 1289 mm and the mean annual temperature (MAT) is 17.6 °C. The rain fall period is from early of April to end of June. MAT and mean annual precipitation (MAP) during the experiment duration is given in the supplement file (Figure S1). The soil type at the experimental site is ferralic cambisol, which is a paddy soil and according to the Chinese classification of soil it is known as red soil [34]. The initial characteristics of topsoil (0–20 cm soil depth) included, soil pH of 6.4; SOC of 12.5 g kg−1; total N (TN) of 1.57 g kg−1; available N (AN) of 110 mg kg−1; total P (TP) of 0.89 g kg−1; available P (AP) of 24 mg kg−1; total K (TK) of 8.9 g kg−1; and available K (AK) of 41 mg kg−1.




2.2. Experimental Design


This study was randomly designed under rice-rice-milkvetch cropping system receiving different rates of inorganic N fertilizer. In this study, we selected six treatments (Table 1): (1) N0 (no N fertilizer and no green manure); (2) N100 (recommended rate of N fertilizer and no green manure); (3) N100-M (recommended rate of N fertilizer and green manure); (4) N80-M (80% of recommended N fertilizer and green manure); (5) N60-M (60% of recommended N fertilizer and green manure); and (6) M (green manure without N fertilization). Each plot (1.8 m by 15.0 m) of the treatments had three replications arranged in randomized complete block design (RCBD). Each plot was separated from the nearby plot by a cemented barrier to prevent the water and nutrient contamination from adjacent plot. The fertilizers urea, calcium superphosphate, and potassium chloride were applied for N, P, and K, respectively. Fresh green manure was incorporated in soil after harvest before early rice transplantation. All inorganic fertilizers were applied as basal application. The treatments and rates of fertilizer application for both early and late rice crop are given in Table 1.




2.3. Crop Managent


The experiment was carried out under rice-rice-milkvetch rotation cropping system. Before starting the experiment, field was disposed of for three years to make sure the same soil properties. The locally cultivated rice verities having similar yield potential were used in this experiment (Table S1). During the experiment, cultivars were changed after every three years of cultivation. The rate of seedling was 200,000 holes per hectare. The cultivation period for early rice was after mid-April to July and for the late rice was end of July to October. The milkvetch as green manure crop was grown in each milkvetch treatment plot during August to March, and after milkvetch harvest, incorporated in the same plot in the end of March (before early rice transplantation). The average yield (dry weight) of milkvetch is given as supplementary data (Figure S2). The routine field management conventional practices such as irrigation and pest management were carried out. During the early rice cultivation, the field was kept flooded and the field was drained during the ripening stage of late rice crop. At full maturity, the crop was manually harvested. The grain and straw yields were air-dried and weighted separately.




2.4. Sampling and Laboratory Analysis


Straw and grain samples were oven-dried at 105 °C then heated at 70 °C to a constant weight to determine the dry matter and N content. After oven-drying, plant samples were ground and digested at 265–275 °C using H2SO4-H2O2. N content of straw, and grain was determined according to semi micro Kjeldahl digestion method [35]. N and P contents of GM were determined according to semi micro Kjeldahl digestion method and vanadomolybdate yellow method, respectively [35,36]. K content in GM was measured using flame photometer. The uptake of N was calculated by multiplying N content with crop yield. Each year after late rice harvest, soil samples at topsoil (0–20 cm soil depth) were collected at five different points from each plot. Each composite soil sample was mixed thoroughly to make homogenous, air-dried, and stored in clean polythene bags for further analysis. To measure soil chemical properties, soil samples were ground to pass through 0.25 mm sieve. SOC was determined by vitriol acid potassium dichromate oxidation method [37]. Soil total N, P, and K contents were measured following the methods by Black [38], Murphy and Riley [39], and Knudsen et al. [40], respectively. Soil AN, AP, and AK were determined according to Lu et al. [41], Olsen [42], and Page et al. [37], respectively. The bulk density (BD) of soil was measured once using a cutting ring of 100 cm3 volume, 50.46 mm inner diameter, and 50 mm sampling depth [43].




2.5. Calculations


Apparent N balance (ANB) (kg ha−1 year−1) was measured using the following equation:


   ANB     (     kg   ha    − 1        year    − 1    )  =  total   annual   N   input    −  total   Nuptake   











Agronomic N recovery efficiency (NRE, %) was calculated by following equation:


  NRE  ( % )  =   (   NU  f  −   NU  c  ) × 100    N  applied      











RE is agronomic recovery efficiency (%) of N. NUf is uptake of N (kg ha−1) in rice plant under fertilized treatment and NUc is uptake of N (kg ha−1) in rice plant under no nitrogen fertilization treatment. Napplied is amount of nitrogen applied in fertilized treatment (kg ha−1).



The amount of total C input included C from GM and plant residues. The annual input of soil C (C input, t ha−1) was calculated from the C content of belowground biomass (Croot, t ha−1), incorporated stubble (Cstubble, t ha−1), and the incorporated green manure (CGM, t ha−1).




    C   input  =  C  belowground   +  C  stubble   +  C  GM     










    C  belowground   = RTM × CR ×   10   − 3     










    C  stubble   = STM × CS ×   10   − 3     









RTM is the roots residue (t ha−1 year−1) calculated as 30% of above-ground biomass of rice [44]. CR is carbon content of plant (418 g kg−1). STM is quantity of sables in the field (t ha−1 yr−1) calculated as 5.6% of rice straw yield [45]. CS is C content of rice straw (444 g kg−1).



The C stocks were measured by following equation:


  SSOC = C × BD × H ×   10   − 1    








where, SSOC is stock of SOC (t ha−1 year−1), C is soil C content (g kg−1), BD is bulk density of soil (g cm−3), and H is depth of soil (cm).



The crop yield stability as influenced by different treatments was estimated by its variability (CV%):


  CV =    Y  std      Y m    × 100  








where, Ystd is the standard deviation of crop yield of a specific treatment over the 10 years of experiment and Ym is mean yield of that treatment over the 10 years of experiment.



The relative yield (YR) of the crop was estimated as follow:


  RY =  Y  treatment   −  Y  control    








where, Ytreatment is the grain yield of fertilizer treatment (t ha−1) and Ycontrol is the yield (t ha−1) of control treatment in a specific year.




2.6. Statistical Analysis


The differences among treatments were assessed (2009–2013 and 2014–2018) by one-way ANOVA followed by Tukey’s HSD test at p = 0.05 level of significance using SPSS.19.0 software. Changes in SOC over the fertilization years were investigated by linear regression. The relationship between C inputs and SOC stock, and SOC stock and crop yield were assessed also by linear regression. A boosted regression tree (BRT) was constructed to assess the relative influence of different predictors variables on relative yield using gbm package in R version 3.3.3 [46].





3. Results


3.1. Crop Yield and Yield Stability


Long-term substitution of inorganic N fertilizer with green manure significantly influenced rice yield and stability in paddy soil under double rice cropping system (Figure 1 and Figure 2). Annual crop yield during 2009–2013 and 2014–2018 was highest under N100-M and N80-M, and crop yield was lowest in N0 treatment (Table 2). Annual grain yield did not show significant differences between 2009–2013 and 2014–2018 in the N100-M, N80-M, and N60-M treatments. Compared to 2009–2013, the annual grain yield during 2014–2018 under the N0, N100, and M treatments was decreased by 11%, 2%, and 5%, respectively. During 2009–2013, compared to the N0 treatment, annual increase in grain yield in the N100, N100-M, N80-M, N60-M, and M treatment was by 39%, 60%, 59%, 45%, and 30%, respectively. The respective increase in annual grain yield during 2014–2018 in the N100, N100-M, N80-M, N60-M, and M treatments was by 55%, 82%, 84%, 65%, and 41%, respectively, compared to N0 treatment.



The yield variability for the early rice was ranged from 7.5 to 12.7% and the yield variability for late rice was ranged from 8.1 to 15.7% (Figure 2). For early rice, yield variability did not show significant differences between N0 and N100 and M treatments. For early rice, yield variability in the N100-M, N80-M, and N60-M treatment was by 11%, 26%, and 36%, respectively, lower as compared to yield variability under the N0 treatment. For the late rice crop, the yield variability was highest in the N0 treatment, and did not show significant differences between the treatments N80-M and N60-M. Yield variability of late rice crop under the N100, N100-M, N80-M, N60-M, and M treatment was by 12%, 38%, 49%, 47%, and 24%, respectively, lower compared to that of the N0 treatment.




3.2. Nitrogen Uptake, Balance and Recovery Efficiency


The treatments significantly influenced N uptake, apparent N balance, and N recovery efficiencies (Table 2). Annual N uptake during 2009–2013 did not show significant differences among the N100-M and N80-M treatments. During 2009–2013, uptake of N under N100, N100-M, N80-M, N60-M, and M treatment was by 24%, 81%, 84%, 52%, and 32%, respectively, higher than that of the N0 treatment. During 2014–2018, N uptake under the N100, N100-M, N80-M, N60-M, and M treatment was by 49%, 111%, 147%, 93%, and 72%, respectively, higher than that of N0 treatment. Uptake of N during the 2009–2013 under all treatment except N80-M was lower than during the 2014–2018. N uptake under N80-M treatment was increased during 2014–2018 by 0.6% compared to the period of 2009–2013. N balance during 2009–2013 was ranged from −168 kg ha−1 year−1 in the M treatment to 165 kg ha−1year−1 in the N100 treatment. Apparent N balance was highest under N100 treatment. N balance during 2014–2018 was ranged from −164 kg ha−1 year−1 in M treatment to 181 kg ha−1 year−1 under N100 treatment. N balance during both cultivation periods (2009–2013 and 2014–2016) was higher in N80-M compared with N60-M treatment. Among different treatments of N inputs, NRE was lowest under N100 treatment. Compared to 2009–2013, NRE was increased during 2014–2018. During, 2009–2013, NRE under N100-M, N80-M, and N60-M treatment was by 171%, 193%, and 123%, respectively, greater than that of the N100 treatment. During 2014–2018, NRE under N100-M, N80-M, and N60-M treatment was by 87%, 117%, and 69%, respectively, greater than that of the N100 treatment.




3.3. Changes in Soil Nutrients


The treatments significantly affected soil nutrients, pH and estimated C input (Table 3). Soil organic carbon showed significant increasing trends over the years in all treatments (Figure 3). Compared to the initial value, soil pH during 2009–2013 was decreased in all treatments except N60-M. Soil pH under the treatment N60-M during 2009–2013 was 6% greater than initial soil pH. Soil pH during 2014–2018 under the N80-M and N60-M treatments was increased by 2% and under the M treatment was increased by 7.2% compared to the initial soil pH. While, soil pH during 2014–2018 decreased under N0, N100, and N100-M treatments by 6%, 4%, and 2%, respectively, compared to the initial soil pH. During 2009–2013, soil TN and AN contents in all treatments were greater than their initial values. Soil TN and AN contents during 2009–2013 did not show significant differences between N80-M and N100-M. Soil TN and AN was highest in the N100-M treatment during 2009–2013 and during 2014–2018. During 2014–2018, soil TN contents in all treatments were increased except N0 compared to its initial value, in N0 treatment soil TN was decreased compared to its initial value. During 2014–2018, soil AN content was increased under the N100-M, N80-M, N60-M, and M treatments and soil AN content decreased under N0 and N100 treatments, compared to the initial soil AN. As compared to 2009–2013, the AN content during 2014–2018 were increased in N100-M, N80-M, N60-M, and M treatments and decreased in N0 and N100 treatments. Soil TP in all treatments except N0 and AP in all treatments during 2009–2013 and 2014–2018 was increased compared to their initial values. Compared to 2009–2013, soil TP content was increased in all treatments except N0 treatment during 2014–2018. But the AP during 2014–2018 was decreased in all treatments (except N100 treatment) compared to 2009–2013. Among all treatments, soil TK contents were lowest under N0 treatment. Soil AK content in all treatments except N0 during 2009–2013 and 2014–2018 was higher than initial soil AK content. Soil AK content during 2013 did not show significant differences between N100-M, N80-M, and N60-M treatments. Soil AK during 2014–2018 also did not show significant differences among N100-M, N80-M, N60-M, and M treatments. Soil AK content was also lowest under N0, compared to all other treatments. Soil C input did not show significant differences between the N100-M and N80-M treatments during 2009–2013. Soil C input during 2009–2013 highest in the N100-M treatment and during 2014–2018 was highest under N80-M treatment. Over the fertilization years, soil C input increased from 2009–2013 to 2014–2018 in N60-M and N80-M treatments. Moreover, Annual C inputs showed significant positive linear relationship with annual C stock (p < 0.001; R2 = 0.0397) (Figure 4). Soil C:N ratio during 2009–2013 did not show significant differences among all treatments. Soil C:N ratio during 2009–2013 was highest in N60-M treatment and during 2014–2018 was highest under N0 treatment. During 2014–2018, soil C:N ratio also did not show significant differences between N100, N100-M, N80-M, and M treatments.




3.4. Influencing Factors of Crop Yield


Linear regression showed significant positive relationship between soil annual C stock and annual crop yield (p < 0.001; R2 = 0.067) (Figure 5). The boosted regression tree model showed that C input, N uptake, AN, and SOC were the most influencing factors of relative crop yield (Figure 6). The relative influence of C input, N uptake, and AN on relative crop yield was 29.5%, 20.3%, 14.6%, and 9.0%, respectively. The relative influence of N input, SOC, soil pH, C:N ratio, and TN was below 10%.





4. Discussion


The effective management of inorganic N fertilizer is essential to attain long-term stable and high crop yield [47]. Usually, application of inorganic N fertilizer increases the crop yield, but the high rates of N application are not assured to enhance the crop yield, but it may decrease the N use efficiency [10,48]. For the stable crop production sustainable N management relies on the balance between supply of N fertilizer to the crop and requirement of N by the crop [49]. In our results, crop yield under N100-M and N80-M were significantly higher than those of N60-M, N100, N0, and M treatments (Table 2). In a previous study, Xie et al. [50] also found that the substitution of GM for chemical N fertilization increased the rice grain yield under double rice cropping system. In our results, the decrease in crop yield over the years in N0 and N100 treatments was consistent with previous studies [50,51]. Cai et al. [52] also reported that crop yield was not increased after 12 years of inorganic N application due to decreasing in soil pH. Long-term application of inorganic N fertilizer decreased NRE due to reducing soil pH and hardening soil structure [53]. Worldwide, N is the most yield-limiting nutrients in the crop production [54], it is required relatively higher amount for optimum crop growth and N is the most mobile element in the soil [55]. Although, there are many agro-climatic factors that affect the crop yield. The rate of N application is one of the most important factors which affect the crop yield [56,57]. The variability of the yield over the period of experiment is estimated as negative measure of yield stability [58]. Different crop yield response to N fertilization is well documented in previous studies [59,60,61]. The yield stability plays a vital role to indicate the agricultural sustainability [62]. In our results, GM with reduced N application rates increased the yield stability of both early and late rice as compared to high N application. Yield variability with N60-M and N80-M was significantly lower than N100-M and N100 treatments (Figure 2). GM is important agricultural practice which can increase the crop yield and stability by improving soil physiochemical properties [50]. For example, GM increase the soil pH [63], fix the atmospheric N2 and enhance the SOC content [64], N mineralization, and N use efficiency [50]. Long-term inorganic N application increase the soil hardening and decrease the soil pH and N uptake [51,65]. In our results, N uptake was highest under N80-M and N100-M, and NRE was highest under N80-M treatment (Table 2). The increasing in NRE decreased N balance under N60-M and N80-M as compared to that of N100 treatment over the years (Table 2). Xie et al. [50] also found that GM with relatively lower rate increased N use efficiency. The factors affecting N use efficiency indices included crop, availability of other nutrients, climate, soil type, and genotypic differences [66,67]. High NRE under N80-M as compared to sole N application could be due to improvement in soil pH by GM and high C inputs under N80-M treatment as compared to N100 and N0 treatments (Table 3). GM substitution for inorganic N fertilization significantly decreased N balance by increasing NRE, which can reduce the environmental losses of N. However, in this study we did not measured the N losses in form of leaching and emissions. But N balance is robust estimation of N losses that is easy to calculate based on annual N inputs and crop uptake [68]. Snyder et al. [69] reported that the reduction of N balance can be achieved by better matching N fertilizer inputs and output in a cropping system while maintaining the crop yield. In the present study, milkvetch as GM crop proved as best substitution of inorganic N fertilizer to maintain high crop yield while decreasing the N balance.



In the present study, GM with lower N application increased soil pH and nutrient availability and C inputs as compared to sole N application and no N application treatments (Figure 3). Cultivation of leguminous crops as cover crop in fallow period of rice-based cropping system enhance the soil nutrient availability and fix the atmospheric N2 by symbiotic association with root nodules [70], and GM easily decomposed in soil and enhance the SOC and nutrient availability [28,71]. Many studies of long-term experiments reported the soil acidification due to inorganic N fertilization in different soil and cropping systems [65,72]. Plant usually release the net H+ ions, anions uptake exceeds the cations uptake, and plants release net excess of OH- or HCO3- [73]. Soil pH decreased by application of inorganic N fertilizer due to reduction in base cations in soil. Furthermore, inorganic N fertilization shifts soil into the Al3+ buffering stage. In soil solution, Al is released during the hydrolysis of Al-hydroxides on the surface clay minerals at relatively lower soil pH, which decrease the base cations and increase the soil acidification [74]. Manure application improve the soil pH by neutralizing protons in the soil [75].



The increase in SOC contents under GM treatments over the year (Figure 3) was due to increase in C inputs through long-term GM incorporation (Figure 4). Sainju et al. [76] observed that crimson clover as GM crop highly affected the SOC from 0.1 to 1 t C ha−1 year−1, which increased soil C stock. The GM increased soil microbial activities, microbial biomass, soil CO2 efflux which leads to increase C stock [77]. Therefore, SOC stock showed positive relationship with annual rice yield (Figure 5). Over the years, soil C:N ratio was increased due to increase in soil C input through GM incorporation and C:N ratio in all treatments was higher than initial soil C:N ratio, due to addition of soil C through crop residue during long-term cultivation. The soil C:N ratio under N60-M was highest among all treatments (Table 3), it could be due to relatively higher biomass production with lower N inputs and GM incorporation. In all treatments the soil C:N ratio was increased over the years (Table 3). In contrast, Yang et al. [78] observed relatively stable soil C:N ratio over the long-term organic and inorganic fertilization. The stable soil C/N ratio could be due to linear relationship between SOC and TN contents [79]. The soil C:N ratio, play important role in nutrient mineralization and microbial activities [64]. The variations in effects of organic material on soil C:N ratio mainly relate to the differences in soil C and N distribution in soil type of the paper plant systems and in the use of C and N by soil microorganisms under different treatments [78]. Khalil et al. [64] reported that soil C:N ratio play important role in mineralization of C and N in soil. Relatively higher soil C:N ratio favors the accumulation of C in soil, would help to reduce N losses by decreasing retention of soil N [80]. Furthermore, estimated C input and N uptake and AN were mainly factors influencing crop yield (Figure 6). In a previous study, Cai et al. [52] observed that manure was main influencing factor of crop yield. Therefore, substitution of inorganic N fertilizer by GM not only increased NRE and N uptake but also increased soil C content more than sole N fertilizer treatment that helped to reduce the yield variability and increased long-term crop yield stability.




5. Conclusions


In double rice cropping system, soil N content and crop yield was decreased over the time under no N fertilizer and sole N fertilizer application. During period of 2009–2013 and 2014–2018, highest annual crop yield was under N80-M treatment. Milkvetch crop as GM with reduced N application rates decreased the variability in yield and therefore increased yield stability. Estimated C inputs increased over the years which increased soil C:N ratio. C inputs, N uptake, and AN were the most influencing factors of crop yield. GM with relatively lower N rates increased NRE, C inputs, and decreased apparent N balance that could be helpful to reduce environmental losses of N fertilizers. Therefore, N fertilization rates need to be reduced by 20% under GM rotations to enhance yield stability in double rice cropping system in southern region of China.
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Figure 1. Effect of long-term substitution of nitrogen (N) fertilizer by green manure on early rice yield (a) and late rice yield (b) in paddy soil. 
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Figure 2. Yield variation in early and late rice yield under long-term substitution of inorganic N fertilizer by green manure in rice-based cropping system. Different small letters over the bars represent the significant (p ≤ 0.05) difference among different treatments according to Tukey’s HSD test. 
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Figure 3. Changes in soil organic carbon (SOC) content under long-term substitution of inorganic N fertilizer by green manure in rice-based cropping system. 
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Figure 4. Linear relationship of annual soil carbon input with annual soil carbon stock under long-term substitution of inorganic N fertilizer by green manure in rice-based cropping system. 
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Figure 5. Linear relationship of annual soil carbon stock with annual rice yield under long-term substitution of inorganic N fertilizer by green manure in rice-based cropping system. 
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Figure 6. Relative influence (%) of different predictors on relative crop yield by boosted regression tree model. 
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Table 1. Treatments and annual fertilization input rates for early and late rice in rice-based cropping system.
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Treatments

	
Cropping System

	
Early Rice

	
Late Rice




	

	

	
N

	
P

	
K

	
N

	
P

	
K






	
N0

	
Rice-rice rotation

	
0.00

	
39.2

	
75.0

	
0.00

	
19.4

	
93.4




	
N100

	
Rice-rice rotation

	
150

	
39.2

	
75.0

	
172.5

	
19.4

	
93.4




	
N100-M

	
Rice-rice-milkvetch rotation

	
150

	
39.2

	
75.0

	
172.5

	
19.4

	
93.4




	
N80-M

	
Rice-rice-Milkvetch rotation

	
120

	
39.2

	
75.0

	
138.0

	
19.4

	
93.4




	
N60-M

	
Rice-rice-Milkvetch rotation

	
90.0

	
39.2

	
75.0

	
103.5

	
19.4

	
93.4




	
M

	
Rice-rice-Milkvetch rotation

	
0.00

	
39.2

	
75.0

	
0.00

	
19.4

	
93.4








Note: N0, no nitrogen fertilizer; N100, recommended rate of N fertilizer; N100-M, recommended rate of nitrogen fertilizer plus green manure; N80-M, 80% of recommended rate of N fertilizer plus green manure; N60-M, 60% of recommended rate of N fertilizer and green manure; and M, milkvetch as green manure. The milkvetch after harvest freshly incorporated to the soil during soil preparation for before early rice transplantation.
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