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Abstract

:

Basic soil productivity (BSP) is the ability of a soil, in its normal environment to support plant growth. However, the assessment of BSP remains controversial. The aim of this study is to quantify and analyze the trends of BSP in winter wheat seasons using the decision support system for agrotechnologie transfer (DSSAT) model under a long-term fertilization experiment in the dark loessal soil region of the Loess Plateau of China. In addition, we evaluated the contribution percentage of BSP to yield and its influencing factors. A long-term fertilization experiment with a winter wheat/spring maize rotation was established in 1979 in a field of the Gaoping Agronomy Farm, Pingliang, Gansu, China, including six treatments: (1) no fertilizer as a control (CK), (2) chemical nitrogen fertilizer input annually (N), (3) chemical nitrogen and phosphorus fertilizer input annually (NP), (4) straw return and chemical nitrogen fertilizer input annually plus phosphorus fertilizer added every second year (SNP), (5) manure input annually (M), and (6) M plus N and P fertilizers added annually (MNP). The application of the DSSAT-CERES-Wheat model showed a satisfactory performance with good Wilmott d-index (0.78~0.95) and normalized root mean square error (NRMSE) (7.03%~18.72%) values for the tested genetic parameters of winter wheat. After the 26-years experiment, the yield by BSP of winter wheat under the M and MNP treatment significantly increased, at the rate of 2.7% and 3.82% a year, respectively, whereas that of CK and N treatments significantly decreased, at the rate of 0.23% and 3.03%. Moreover, the average contribution percentage of BSP to yield was 47.0%, 39.4%, 56.3%, 50.0%, and 61.9% in N, NP, SNP, M, and MNP treatments, respectively. In addition, soil organic carbon contents were the main controls of BSP under the different fertilization conditions in the dark loessial soil area. As a result, the combined application of organic fertilizer or straw and chemical fertilizer can be an effective form of fertilization management to greatly enrich basic soil productivity, continually promote the contribution percentage of BSP, and ultimately increase crop yield.
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1. Introduction


Fertilization is an important measure used to increase crop yields and improve soil fertility. In order to meet the needs of crop growth for obtaining high yields and quality, essential nutrients come not only from the natural supply of the soil, but must also be provided through fertilization [1,2]. Fertilizer nutrient input is responsible for at least 30 to 50 percent of the crop yield [3,4]. This is mainly due to the fact that fertilization can improve the physical, chemical, and biological properties of soil [5,6,7], and further enhance soil quality [8,9]. However, many studies have shown that improper fertilization regimes cannot only contribute little to no increases in the crop yield and quality [10], but can also introduce a series of soil quality degradation and environmental pollution problems [11,12].



The Longdong Loess Plateau, which is the most typical natural geographical regions in the Loess Plateau of China, is a typical rainfed farming region, in which the cropping systems are characterized by the rotation cropping system of winter wheat/spring maize. In this system, three or more years of continuous wheat are commonly grown and then rotated to two or more years of continuous corn [13]. Water shortages and low soil fertility are the main factors restricting the development of dryland agriculture in this region. The region is in the transition zone from a semi-arid to a semi-humid region, with average annual precipitation ranging from 350 to 600 mm. The precipitation from July to September accounts for about 60% of the annual precipitation and is mismatched with the critical water demand period of wheat or corn [14,15]. Interannually, high temporal and spatial variation in precipitation results in large fluctuations in grain yields [16,17]. Because of drought, soil erosion, and sandstorm damage, the soil quality is seriously degraded, with an average organic matter content of about 1% [18]. Moreover, over-fertilization has caused a decline in the economic benefits of production in this region [19], although fertilization for increasing yield and improving soil quality has been reported [20,21,22]. In order to ensure the stability of rainfed crop production, the further exploration of the productivity potential of dryland, while improving its soil fertility, is urgently needed.



Basic soil productivity (BSP) is defined as the production capacity of a farmland soil without water and fertilizer input for dryland or nutrient input for a paddy field in the current crop season, and under specific conditions relating to the site, physical and chemical properties of the soil profile, and the level of infrastructure of farmland. It is applied to farmland, which has been cultivated with water and fertilizer input for many years [23]. The BSP, which varies with different long-term fertilizations, reflects the basic quality and inherent land elements of the farmland, and is obviously different from soil productivity (SP), soil quality, soil fertility, and soil health, although these concepts are all closely related [24]. At present, many studies have focused on the contribution percentage of SP (the ratio of crop yields under no-fertilization conditions versus under conventional fertilization with the same field management) of cultivated land [8,25,26]. For example, Wang, et al. [27] reported that the average contribution percentage of inherent soil productivity (ISP) value for three crops (wheat, rice, and maize) was 53.8% in China. Generally, upland crops in double-cropping systems consume the most SP, whereas paddy fields are favorable for maintaining a high level of contribution percentage of SP. However, studies on the BSP change of different crops in different soils under long-term fertilization are lacking, because there have been no measured yields by BSP under different fertilization conditions in most long-term fertilizer experiments.



The decision support system for agrotechnology transfer (DSSAT) [28] is an extensively adopted cropping systems model worldwide [29,30], which has been used for analysis of crop growth process and nutritional quality [31,32,33,34,35], irrigation scheduling [36,37], yield forecasting [38,39,40], climate change analysis [41], and fertilization management [42,43]. The change in BSP in fluvo-aquic soil [23,44] and black soil [24] in China has been measured using the DSSAT model under different fertilization regimes. However, the effect of long-term fertilization on BSP and associated trends are still poorly understood in relation to a rainfed winter wheat system in the Loess Plateau of China. Moreover, calibration and validation are an essential step for all crop modeling studies, when applied under different management practices and various climatic conditions [45]. For instance, the performance of simulated BSP depends on the accuracy of the calibration and validation of crop genetic parameters, which are used to describe the characteristics of varieties and control crop growth, development, plant morphology, and yield formation in the DSSAT-CERES-Wheat model [28,30]. Therefore, the main objectives of this study were to: (1) Build a DSSAT model in this study area and evaluate its accuracy; (2) simulate the yield by BSP of winter wheat and analyze the change characteristics of BSP after long-term fertilizations in the dark loessial soil region of the Loess Plateau of China; and (3) explore the relationship between the contribution percentage of BSP to yield and soil nutrients.




2. Materials and Methods


2.1. Site Description and Experimental Design


This study was conducted at the Gaoping Agronomy Farm, Pingliang, Gansu, China (35°16′ N, 107°30′ E, 1254 m altitude). This site has a semiarid drought-prone climate, with a mean annual temperature of 8.6 °C and a mean annual precipitation of 526 mm (1979–2018), and about 60% of the rainfall occurs between July and September [21]. The initial soil properties were analyzed at the 0–15 cm depth in October 1978. The soil is a silty loam (sand 231 g kg−1, silt 432 g kg−1, and clay 336 g kg−1) classified as dark loessial soil according to the Chinese soil classification system (Calcarid Regosols according to the FAO–UNESCO system). There was a bulk density of 1.3 g cm−3, pH 8.2, 0.95 g kg−1 total N, 0.57 g kg−1 total P, 10.75 g kg−1 organic matter, 65.9 mg kg−1 available N, 6.77 mg kg−1 Olsen-P, and 163 mg kg−1 available K.



The long-term fertilization trial was conducted in 1979, and the experimental design is fully described by Fan et al. [13]. Briefly, the long-term experiment had a completely randomized block design with three replicates. The six treatments included in this study were as follows: (i) no fertilizer as a control (CK), (ii) chemical nitrogen fertilizer input annually (N), (iii) chemical nitrogen and phosphorus fertilizer input annually (NP), (iv) straw return and chemical nitrogen fertilizer input annually plus phosphorus fertilizer added every second year (SNP), (v) manure input annually (M), and (vi) M plus N and P fertilizers added annually (MNP). Granular urea (N, 46%) and superphosphate (P2O5, 12.5%) were broadcast and mixed into soil by rotary tillage (about 15 cm depth of the soil) before seeding to supply 90 kg N ha−1 and 75 kg P ha−1, respectively. Straw from crop residue in experimental plots and farmyard manure were added at rates of 3.75 t·ha−1 and 75 t·ha−1 (wet weight). As per Fan et al. [13] and E. et al. [46], we estimated that an application of 75 t ha−1 (wet weight) supplied roughly 200~330 kg C·ha−1 and 36~51 kg N·ha−1 in manure annually to crops, as well as 1687 kg·C·ha−1, 30 kg·N·ha−1, and 20 kg·N·ha−1 from corn and wheat straw application of 3.75 kg·ha−1, respectively. For the SNP treatment, the total N input was 120 kg N·ha−1 in the corn growing season and 110 kg N·ha−1 in the wheat growing season, respectively. For the MNP treatment, the total N input was 126~141 kg·N·ha−1, as well as the total C input 200~330 kg·C·ha−1. The 2-year spring maize and 4-year winter wheat were planted in rotation from 1979 to 1996 and from 2001 to 2018. The continuous winter wheat was grown from 1997 to 1998, and sorghum and soybean were grown in 1999 and 2000, respectively. There were many varieties of winter wheat during the planting periods, mainly including 80Ping8 (1981–1984 and 1987–1990), 15-0-36 (1993–1998), 85-108 (2001–2004), PL44 (2007–2010), and C6387 (2013–2016). Data for the 26 years of winter wheat are presented in this paper.




2.2. Brief Description of the DSSAT Model


2.2.1. DSSAT-CERES-Wheat Model


The DSSAT model mainly consists of five parts: databases, models, applications, support software, and the DSSAT user interface [28]. The databases are composed of weather, soil, crop genetic characteristics, pests and diseases, field management and economic benefits. The DSSAT v4.7 package provides models of 42 crops with new tools that facilitate the creation and management of experiment, soil, and weather data files. CERES-Wheat is one of the sub-models in the DSSAT model series, which was specially developed for wheat crops. Weather, soil, crop variety, and field management data are required for CERES-Wheat simulation.




2.2.2. Meteorological Data


The DSSAT model simulates the daily physiological and ecological changes of crops at a daily time step by ingoing daily solar radiation amount (SRAD), maximum temperature (Tmax), minimum temperature (Tmin), and precipitation (RAIN). These data from 1979 to 2016 were obtained from the Jinchuan meteorological station, part of China’s meteorological data service sharing network, which was 15.6 km away from the experiment site. SRAD was calculated using an empirical model based on the daily sunshine hours and related astronomical parameters of the study area [47].




2.2.3. Soil Data


Soil parameters for DSSAT model simulation mainly included: (i) The soil’s physical properties, such as soil bulk density and soil texture; (ii) the soil’s chemical properties, such as organic carbon content, soil nutrient content (N, P), cation exchange capacity, pH, etc.; (iii) the soil’s hydraulic properties, such as saturated water conductivity, saturated water content, and initial water content, etc., and (iv) others, such as the root growth factor and aspect and slope of the farmland. Considering the changes in the soil parameters during the long simulating period, the soil parameters required for the DSSAT model in 1979 and 2000 were used. Details of all soil data are shown in Table 1.




2.2.4. Crop Variety and Field Management Data


Crop cultivars, sowing date, sowing density, tillage method, time, type, rate and place of fertilization, proportion and depth of straw return, and harvest time, etc., were obtained from years of experiment records from the Gaoping dark loessial soil fertility monitoring station.





2.3. Model Building and Simulation


A weather data file (1979–2016), soil profile data file (1979 and 2000), cultivar-specific file (1981–2016 for winter wheat), winter wheat management data file, and an experimental observation data file were created. The continuous simulation period began in 1981, covering a period of 26 years, including the continuous winter wheat from 1997 to 1998, although sorghum and soybean in 1999 and 2000 were not included in the simulation.




2.4. Model Calibration and Evaluation


Based on field observations of grain yield of winter wheat in the SNP treatment, crop genetic parameters (P1V, P1D, P5, G1, G2, G3, and PHINT) of winter wheat were estimated using the DSSAT-GLUE package [48,49], combined with traditional trial-and-error methods [50]. After the genetic parameters of winter wheat varieties were finally determined, they were used to simulate and validate the yield of CK, N, NP, M, and MNP treatments.



The normalized root mean square error (NRMSE) [51] and the Wilmot d-index [52] were used to test the performance of the model. The values of the NRMSE and the d-index determine the ability of the model to accurately predict the experimental data. The equations for the NRMSE and the d index are as follows:


  N R M S E =       ∑  i = 1  n     (  S i  −  Q i  )  2     n    ×   100    Q ¯     



(1)






  d = 1 −  [      ∑  i = 1  n     (  S i  −  Q i  )  2        ∑  i = 1  n     (  |   S i ′   |  +  |   Q i ′   |  )  2       ]   



(2)




where n is the number of observations, Si is the predicted observation, Qi is a measured observation, and Si′ = Si −    Q ¯   , Qi′ = Qi −    Q ¯    (   Q ¯    is the mean of the observed variable). The model simulations are considered excellent, good, fair, and poor, based on the NRMSE values of <10%, 10–20%, 20–30%, and >30% proposed by Loague and Green [53]. A d index is between 0 and 1 and a higher d index indicates good agreement between simulated and observed values [54].




2.5. Simulation Method of BSP


Based on the calibrated genetic parameters of winter wheat, the yield by BSP was simulated by setting the special year without fertilization. For example, the continuous simulation period began in 1981, covering a period of 26 years in our study. When the yield by BSP in 2010 is simulated, the meteorological, soil, crop variety, and field management data, etc., from 1981 to 2009 remain unchanged, but fertilization in 2010 is set to be zero [44].




2.6. Contribution Percentage of BSP


The contribution percentage of BSP was calculated using the following Equation [23]:


   C o n t r i b u t i o n   p e r c e n t a g e   o f   B S P    ( % )     =   S i m u l a t e d   y i e l d   b y   B S P   M e a s u r e d   y i e l d   i n   c o r r e s p o n d i n g   f e r t i l i z a t i o n   × 100   



(3)








2.7. Statistical Analysis


The statistical analysis was conducted using SPSS 19.0 (SPSS software, Beijing, China). The contribution percentage of BSP between treatments was compared with the least significant difference (LSD) (p < 0.05) using one-way analysis of variance. The rates of changes in BSP of different fertilization treatments with years are presented by the slope of the linear regression equation. R-squared represents the coefficient of determination. Pearson correlation analysis was used to investigate the correlations between the contribution percentage of BSP and soil fertility factors.





3. Results


3.1. Calibration and Validation of Crop Genetic Parameters


Calibration results showed that the model performance was considered good according to an NRMSE of 4.88% and a d-value of 0.98 (Figure 1a), although the model overestimated the grain yield in SNP treatment and the averages of the observed and simulated grain yields were 3887 and 4046 kg ha−1, respectively. The genetic parameters of the different winter wheat cultivars are listed in Table 2. P1V, P5, and G3 varied remarkably under different cultivars of winter wheat, with coefficients of variation of 18.87%, 11.09%, and 14.24%, respectively. P1D, G1, G2, and PHINT were relatively independent of winter wheat cultivars since the coefficients of variation were all less than 10%.



Validation results indicate a good agreement between simulated and observed winter wheat grain yield of the different treatments, with a range of NRMSE and d-values of 7.03%~18.72% and 0.78~0.95, respectively (Figure 1b–f). Compared with N, NP, M, and MNP treatment, the simulated performance for CK was the lowest with an NRMSE of 18.72% and a d-value of 0.78, respectively, followed by N, M, and NP treatment with NRMSE values of 17.72%, 12.05%, and 9.75% and d-values of 0.80, 0.89, 0.91, respectively. The simulated performance for MNP was the best, with the lowest NRMSE of 7.03% and the highest d-value of 0.95, relative to the other treatments. These results indicated that the CERES-Wheat model could be reliably used for predicting wheat grain yield and basic soil productivity, supported by the obtained statistics in our study.




3.2. Basic Soil Productivity


The BSP of winter wheat under the different fertilization treatment fluctuated generally in a six year cycle, with an increasing trend in the first four years (the winter wheat season) and then a decreasing trend in the last two years (the maize season) (Figure 2), which indicated that the nutrients required for maize growth were provided more by BSP than that for winter wheat growth. During the 26-year period, the yield by BSP of CK and N treatment significantly decreased, at the rate of 0.23% (R2 = 0.168, p < 0.05) and 3.03% (R2 = 0.234, p < 0.05) per year, and declined by 5.7% and 53.7% in 2016 from that of the initial experiment (1981), respectively. The yield by BSP of M and MNP treatment significantly increased, by 2.7% (R2 = 0.224, p < 0.05) and 3.82% (R2 = 0.349, p < 0.01) per year, respectively. However, that of NP and SNP increased at a rate of 3.17% (R2 = 0.065, p > 0.05) and 3.74% (R2 = 0.113, p > 0.05) per year, respectively (Table 3), although this was not statistically significant. Compared to that of the initial experiment, the yield by BSP of NP, SNP, M, and MNP treatment increased by 117.98%, 150.33%, 94.71%, and 155.14% in 2016, respectively.



The average yield of BSP with either organic manure or straw combined with chemical fertilizer or mixed fertilizer, was significantly higher than that of no-fertilization or single fertilizer (Figure 3). The average yield of BSP under the SNP and MNP treatment was significantly higher than that of the CK, N, NP, and M treatments (p < 0.05). There was no significant difference in the average yield of BSP between SNP and MNP or between NP and M (p > 0.05).




3.3. The Contribution Percentage of BSP


From 1981 to 2016, the contribution percentage of BSP to yield under the different fertilization treatments fluctuated with time and generally showed an increasing trend, except for some special years (Figure 4). The contribution percentage of BSP to yield under the N, NP, SNP, M and MNP treatments was in the range of 26.9%~63.7%, 9.2%~62.8%, 24.9%~77.5%, 19.2%~62.7%, and 32.3%~77.5%, respectively. There was a significant difference in the contribution percentage of BSP among different fertilization treatments, with mean values of 47.02% ± 10.28%, 39.37% ± 16.31%, 56.3% ± 16.84%, 50.04% ± 12.71%, and 61.88% ± 14.36% in N, NP, SNP, M, and MNP treatment (Table 4). The highest average contribution percentage of BSP occurred in MNP treatment, compared to N, NP, SNP, and M treatment (p < 0.05). Similarly, that of SNP was higher than N, NP, and M treatment p < 0.05). No significant difference was found between N and M treatment (p > 0.05).




3.4. The Relationship between the Contribution Percentage of BSP and Soil Nutrients


Except for available nitrogen (R2 = 0.080, p > 0.05), the contribution percentage of BSP was positively correlated with soil organic carbon (R2 = 0.319, p < 0.01), total nitrogen (R2 = 0.080, p < 0.01), total potassium (R2 = 0.049, p < 0.05), available phosphorus (R2 = 0.228, p < 0.01), and available potassium (R2 = 0.092, p < 0.01) (Figure 5). The relationship between the contribution percentage of BSP and soil nutrients under the different fertilization treatment were further analyzed (Table 5). There were significant positive correlations between the contribution percentage of BSP and soil organic carbon under the NP (r = 0.469, p < 0.05), SNP (r = 0.560, p < 0.01), M (r = 0.539, p < 0.01), and MNP (r = 0.693, p < 0.01) treatments, as well as available potassium under the SNP (r = 0.430, p < 0.05), M (r = 0.471, p < 0.05), and MNP (r = 0.647, p < 0.01) treatments and available potassium under the MNP (r = 0.594, p < 0.01) treatment, whereas negative correlations were observed between the contribution percentage of BSP and available nitrogen under the N (r = −0.484, p < 0.05) and M (r = −0.439, p < 0.05) treatment, as well as available potassium under the N (r = −0.460, p < 0.05) treatment. No correlation was found between the contribution percentage of BSP and the rest of the soil nutrients under the different treatments, such as total nitrogen and total potassium.





4. Discussion


4.1. Accuracy of Simulated BSP by DSSAT


In this study, frequent changes in winter wheat varieties during the 26-year period were taken into account when calibrating crop genetic parameters. P1V, P1D, P5, G1, G2, G3, and PHINT of different varieties of winter wheat were in the ranges of 42.87~73.34 d, 90.24~98.45%, 584.5~756.4 °C d, 15.01~18.78 no·g−1, 38.77~47.54 mg, 1.426~1.929 g, and 85~99 °C d, respectively, which were in line with those reported in this region [32]. These values are in the range of other published works, such as that of Yao et al. [55] who obtained ranges of 5~65 d, 0~95%, 300~800 °C d, 15~30 no·g−1, 20~65 mg, 1~2 g, and 60~100 °C d in the Loess Plateau of northwestern China, respectively. However, the range of our values were inconsistent with other studies that have reported in a range of 9.1~19.6 d, 38.8~79%, 557~685.3 °C d, 15.4~30 no·g−1, 43.8~65 mg, 1~2 g, and 95 °C d in the Huang-Huai- Hai Plain of China [41], as well as ranges of 8.9~62.3 d, 19.1~94.5%, 539.8~690.7 °C·d, 17.1~21.8 no·g−1, 25.4~37.6 mg, 1~2 g, and 60~95 °C d in the middle and lower reaches of the Yangtze River of China [56]. Further analysis found that the variation coefficients of P1V (CV = 18.87%), P5 (CV = 11.09%), and G3 (CV = 14.24%) were higher than those of P1D (CV = 3.25%), G1 (CV = 9.63%), G2 (CV = 9.27%), and PHINT (CV = 6.11%). The reason is that the values of P1V, P5, and G3 were affected by genotype-environment interaction effects [55], which involve the varieties of winter wheat, different hydrological years, and high temperature in the grain filling stage during the 26-year period.



Although the current study showed that the CERES-Wheat model predicted values of grain yield that were slightly higher to the observed ones, the outputs of the crop model indicated a satisfactory performance with good values of the d-index (0.78~0.95) and the NRMSE (7.03~18.72%) for the tested parameters, showing that the CERES-Wheat cultivars were successfully calibrated in the study area with a reliable result. Yao et al. [55] reported that the overall error was about 15%~18% for the CERES-Wheat model to simulate winter wheat growth and yield under different water stress scenarios in arid and semi-arid areas in China. Previous studies found that the low accuracy of the model occurred in water stress at different growth stages [57], mainly because the CERES-Wheat model could not correctly simulate the phenological discrepancies caused by different water stress scenarios [58] and evapotranspiration estimated by static crop coefficient value [59]. Therefore, it is necessary to further calibrate the model parameters under different water stress conditions because of the differing hydrological conditions in different years in this region, in order to improve the universality and accuracy of the CERES-Wheat model.




4.2. The Effect of Long-Term Fertilization on Basic Soil Productivity


To date, the assessment of BSP remains controversial. Many studies have reported that the yield in the no-fertilization (CK) conditions of the long-term fertilization experiment was usually used to reflect BSP and calculate the contribution percentage of BSP [8,26,27]. Gu et al. [60] quantitatively evaluated soil productivity in China’s black soil region using a soil productivity index model. In this study, according to the concept of BSP defined by experts from the National 973 Program of China (2011CB100501) [23], we simulated the yield of winter wheat in no-fertilization conditions in the special crop season using the DSSAT-CERES-Wheat model to evaluate BSP, rather than the yield in long-term no-fertilization (CK). In this way, the obtained value can comprehensively reflect the level and change of BSP with different fertilization treatments.



Throughout the 26-year experiment, the yield by BSP of winter wheat under NP, SNP, M, and MNP treatment significantly increased at the rate of 3.17%, 3.74%, 2.7%, and 3.82% a year, respectively, whereas that of CK and N treatment decreased at the rate of 0.23% and 3.03%. Similarly, Gong et al. [23] reported that the yields by BSP of NPK, NPKM, 1.5NPKM, and NPKS treatments increased with average annual increasing rates of 1.6%, 2.4%, 4.8%, and 3.0% throughout the 18-year fertilization management in fluvo-aquic soil of China, respectively. Our results prove that the rational long-term fertilization management did improve BSP. On the contrary, the BSP of the long-term no-fertilization (CK) and single N fertilizer treatment resulted in the continuous depletion of soil nutrients. Therefore, it would be inaccurate to calculate the contribution percentage of BSP by using the yield of no-fertilizer treatment in a long-term fertilization experiment. In addition, the average contribution percentage of BSP to yield was 47.0%, 39.4%, 56.3%, 50.0%, and 61.9% in N, NP, SNP, M, and MNP treatments, respectively, results which are analogous to those of Gong et al. [23] and Tang et al. [61]. This result indicates that compared to single chemical fertilizer, manure or straw residue combined with inorganic fertilizers significantly improved the BSP contribution to the yield of winter wheat in dark loessial soil.




4.3. The Effect of Soil Nutrients on the Contribution Percentage of BSP


In this study, the contribution percentage of BSP was positively correlated with soil organic carbon, total nitrogen, total potassium, available phosphorus, and available potassium. Gong et al. [23] reported that soil organic carbon and total nitrogen content were the main controller of BSP in the fluvo-aquic soil area in Northern China. Zha et al. [24] found that the contribution percentage of BSP was significantly correlated with the soil organic matter, total nitrogen, total phosphorus, or available phosphorus, but not with available nitrogen, total potassium, and available potassium in black soil in Northeastern China. However, Tang et al. [61] pointed that the contribution percentage of BSP to wheat was affected by the ability to supply potassium to the soil in North China. In fact, the contribution percentage of BSP was comprehensively affected by climate, soil and cultivation management [62]. In our study, climate and cultivation management were relatively constant; the contribution percentage of BSP under the treatments was mainly affected by fertilization. Obviously, C and N supplementation in MNP and SNP treatment was more than that in N, NP, and M treatment. Nitrogen and organic carbon in organic fertilizers can be divided into unstable and stable components. The former can be decomposed quickly to release mineral nutrients in the growing season, whereas the latter can be mineralized slowly and have a longer holding time in the soil. Therefore, the long-term continuous application of organic fertilizers had a cumulative effect of improving soil fertility [63]. The increased contribution percentage of BSP in the SNP and MNP treatment were affected by the type and rate of organic and inorganic fertilizer application. For example, the increased contribution percentage of BSP was found in the MNP treatment because of a larger amount of manure applied, combined with N and P fertilizer, whereas in SNP treatment, this was due to a larger amount of straw applied with N and P fertilizer. The difference in the average contribution rate of BSP under the SNP and MNP treatments in this study showed the performance of manure or straw combined with N and P fertilizer in relation to BSP was better than that of N, NP, and M fertilizer. Thus, the combined application of organic fertilizer and chemical fertilizer can be the most reasonable fertilization option, which can improve the soil nutrients, especially soil organic carbon, and promote the contribution of BSP to yield.





5. Conclusions


This study evaluated the trends and factors influencing basic soil productivity in winter wheat seasons under different long-term fertilization conditions using the DSSAT model, based on long-term soil fertility monitoring experiments in the Longdong Loess Plateau, China. The application of the DSSAT-CERES-Wheat model showed a satisfactory performance with good values of d-index (0.78~0.95), and NRMSE (7.03~18.72%) values for the tested genetic parameters of winter wheat cultivars. Furthermore, the calibrated and validated CERES-Wheat model well simulated yields by BSP of winter wheat and calculated the contribution percentage of BSP. The results showed that the yield by BSP of winter wheat under the NP, SNP, M, and MNP treatments increased during the 26-years of the experiment, although CK and N treatment did not. Moreover, the contribution percentage of BSP to yield under the SNP and MNP treatments was higher than that of the N, NP, and M treatments. Soil organic carbon content was the main controller of BSP under the different fertilization conditions in the dark loessial soil area. Therefore, the combined application of manure or straw and chemical fertilizer can be an effective method of fertilization management, and can be used to greatly enrich the basic soil productivity, continually promoting the contribution percentage of BSP and ultimately increasing crop yield.
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Figure 1. Relationship between measured and simulated yields of winter wheat under different fertilizations, 1981–2016. The solid line is 1:1. 
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Figure 2. The trend of basic soil productivity of winter wheat under different fertilizations from 1981–2016. 
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Figure 3. The average basic soil productivity of winter wheat under different fertilizations, 1981–2016. The different lowercase letters indicate significant differences between treatments by LSD (at p < 0.05). 
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Figure 4. The trend of the contribution percentage of basic soil productivity to yield under different fertilizations, 1981–2016. 
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Figure 5. Relationship between contribution percentage of basic soil productivity of winter wheat and soil nutrient contents. ** and * are significance at the 0.01 and 0.05 level, respectively. 
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Table 1. The soil parameters required for the decision support system for agrotechnology transfer (DSSAT) model in 1979 and 2000.






Table 1. The soil parameters required for the decision support system for agrotechnology transfer (DSSAT) model in 1979 and 2000.





	
Soil Depth

(cm)

	
Bulk Density

(g cm−3)

	
Organic Carbon

(%)

	
Total Nitrogen

(g kg−1)

	
pH

	
Sand

(%)

	
Silt

(%)

	
Clay

(%)

	
Saturated Water Conductivity

(cm h−1)

	
Saturated Water Content

(%)

	
Root Growth Factor






	

	
1979




	
20

	
1.30

	
0.56

	
0.95

	
8.2

	
23.1

	
43.2

	
33.6

	
1.32

	
31.5

	
1




	
40

	
1.47

	
0.45

	
0.8

	
8.2

	
21.6

	
44.2

	
34.2

	
1.32

	
27.4

	
0.549




	
60

	
1.36

	
0.55

	
0.8

	
8.3

	
11.8

	
43.5

	
44.2

	
1.32

	
31.5

	
0.368




	
80

	
1.34

	
0.40

	
0.6

	
8.4

	
19.7

	
42.8

	
37.5

	
1.32

	
31.9

	
0.247




	
100

	
1.30

	
0.18

	
0.5

	
8.3

	
24.3

	
41

	
34.2

	
2.59

	
31.9

	
0.165




	

	
2000




	
20

	
1.21

	
0.90

	
0.98

	
8.2

	
19.9

	
47.4

	
32.7

	
1.32

	
31.5

	
1




	
40

	
1.40

	
0.51

	
0.56

	
8.2

	
13.8

	
49.4

	
36.8

	
1.32

	
27.4

	
0.549




	
60

	
1.38

	
0.53

	
0.60

	
8.3

	
11.7

	
45.2

	
43.1

	
1.32

	
31.5

	
0.368




	
80

	
1.35

	
0.33

	
0.42

	
8.5

	
15.8

	
46.3

	
37.9

	
1.32

	
31.9

	
0.247




	
100

	
1.33

	
0.27

	
0.31

	
8.4

	
17.9

	
45.3

	
36.8

	
2.59

	
31.9

	
0.165
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Table 2. Genetic parameter definition and calibrated values for wheat in this study.
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	Cultivars
	P1V 1
	P1D 2
	P5 3
	G1 4
	G2 5
	G3 6
	PHINT 7





	Wheat 80Ping8
	73.34
	90.24
	598.7
	18.78
	45.67
	1.865
	95



	Wheat 15-0-36
	42.87
	98.45
	678.9
	16.67
	38.77
	1.765
	88



	Wheat 85108
	63.33
	92.45
	584.5
	15.34
	39.37
	1.431
	94



	Wheat PL44
	55.61
	94.91
	610.9
	15.34
	47.54
	1.929
	99



	Wheat Chang6387
	61.19
	93.8
	756.4
	15.01
	40.83
	1.426
	85



	Mean
	59.27
	93.97
	645.88
	16.23
	42.44
	1.68
	92.20



	Standard deviation
	11.19
	3.05
	71.63
	1.56
	3.93
	0.24
	5.63



	Coefficient of variation, %
	18.87
	3.25
	11.09
	9.63
	9.27
	14.24
	6.11







1 P1V, days, optimum vernalizing temperature, required for vernalization (d); 2 P1D, photoperiod response (% reduction in rate/10 h drop in pp) (%); 3 P5, grain filling (excluding lag) phase duration (°C·d); 4 G1, Kernel number per unit canopy weight at anthesis (# g−1); 5 G2, standard kernel size under optimum conditions (mg); 6 G3, standard, non-stressed mature tiller weight (incl grain) (g); 7 PHINT, interval between successive leaf tip appearances (°C d).
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Table 3. The trend of basic soil productivity of winter wheat.
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	Fertilization Treatments
	Regression Equation
	Annual Increasing Yield, kg hm−2
	Annual Increasing Rate, %





	CK
	Y = −24.9x − 51291.6, R2 = 0.168, p < 0.05 1
	−24.9
	−0.23



	N
	Y = −32.8x − 67093.4, R2 = 0.234, p < 0.05
	−32.8
	−3.03



	NP
	Y = 12.3x − 22080.1, R2 = 0.065, p > 0.05
	12.3
	3.17



	SNP
	Y = 16.3x − 29877.4, R2 = 0.113, p > 0.05
	16.3
	3.74



	M
	Y = 25.7x − 48964.1, R2 = 0.224, p < 0.05
	25.7
	2.70



	MNP
	Y = 31.6x − 60491.4, R2 = 0.349, p < 0.01
	31.6
	3.82







1 Y and x represent the basic soil productivity of winter wheat and year, respectively.
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Table 4. The effect of fertilization on basic soil yield and contribution rate.
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	Treatment
	Contribution Rate of Basic Soil Productivity, %
	Average Contribution Rate of Basic Soil Productivity, %





	N
	26.92~63.73
	47.02 ± 10.28 c 1



	NP
	9.23~62.76
	39.37 ± 16.31 d



	SNP
	24.88~77.46
	56.30 ± 16.84 b



	M
	19.19~62.71
	50.04 ± 12.71 c



	MNP
	32.31~77.48
	61.88 ± 14.36 a







1 Data are means ± standard error (n = 4), different lowercase letters indicate significant differences between treatments by least significant difference (LSD) (at p < 0.05).
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Table 5. The correlation coefficients between the contribution percentage of basic soil productivity (BSP) and soil nutrients.
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	Treatment
	SOC
	TN
	TP
	AN
	AP
	AK





	N
	0.244
	−0.068
	−0.166
	−0.484 *
	−0.331
	−0.460 * 1



	NP
	0.469 *
	−0.098
	0.260
	−0.136
	0.379
	−0.075



	SNP
	0.560 **
	−0.147
	−0.340
	−0.263
	0.430 *
	−0.342



	M
	0.539 **
	0.243
	0.085
	−0.439 *
	0.471 *
	0.363



	MNP
	0.693 **
	0.351
	0.279
	−0.390
	0.647 **
	0.594 **







1 ** and * are significance at the 0.01 and 0.05 level, respectively.
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