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Abstract

:

Changes in the soil organic matter are related to the land-use change of sustainable agricultural production. However, few studies have been reported on the effects of changes in planting practices on SOC during the reconstruction period of old apple orchards. In this study, 4 treatments were applied during the reconstruction period of old apple orchards (more than 20 years old) on the Loess Plateau: thinning and replanted apple saplings (TR); all felled and planted corn (CR); all felled and planted millet (MT); all felled and planted potato (PT). It was found that: SOC was ranked as MT > PT > CR > TR, and decreased with soil depth, obeying the power function law; this first decreased and then increased, with the lowest ranking of the year being obtained in August in a year; MT was the most effective in increasing SOC, with an average annual growth rate of 0.54 g/(kg∙year). In this study, the complex relationship between rainfall, temperature, solar radiation, soil moisture content, and soil organic carbon was established. The results not only provide a reference for the reconstruction of old apple orchards, but also provide support for sustainable agricultural production in the fragile ecological zone of the Loess Plateau.






Keywords:


planting practices; soil organic carbon; old orchard; Loess Plateau












1. Introduction


About 1500 Gt (1 Gt = 109 t) of global terrestrial carbon is stored in soil (1 m soil depth), which is 3 times the vegetation carbon pool and more than twice the atmospheric carbon pool. This amount of organic carbon is the material basis of soil fertility, and its concentration changes are related to sustainable agricultural production. Land-use change is an important factor affecting soil organic carbon (SOC) [1,2]. As a cash crop, apples have been planted on 4.95 million ha worldwide according to FAOSTAT, and play an extremely important role in the global fruit industry. The reconstruction of old orchards is crucial to the sustainable development of the apple industry, and different planting practices during the reconstruction of old orchards lead to land-use changes, which in turn affect SOC changes. The study of the effect of planting practices on SOC during the rebuilding period of old apple orchards can not only guide the rebuilding of old apple orchards, but also relate to the sustainable agricultural production.



The Loess Plateau is an important apple ecoregion, with 1.22 million ha of planted apples area accounting for 58% of the planted area in China and 25% of the global planted area according to the China Statistical Yearbook. However, about 85% of apple orchards on the Loess Plateau are more than 20 years old, and apple trees show degradation and decline in yield and quality with increasing growth age [3,4,5,6,7], and large-scale old orchards face reconstruction. The study of the effects of planting practices on SOC during the reconstruction period of old orchards in this region can not only provide a reference for the reconstruction of old apple orchards in other regions, but also has important implications for the sustainable agricultural production of fragile ecological zones in the Loess Plateau.



Land-use patterns directly affect SOC [8,9,10,11,12,13,14,15,16,17]. There are significant differences in SOC among land-use practices, with grassland SOC being the highest, farmland and cropland SOC being the lowest, and forest SOC being the second highest [10,14,15]. Meanwhile, many scholars have also conducted studies on the changes in SOC after a land-use transformation occurred; the SOC increased significantly after the return of farmland to forest and grassland while it decreased significantly when the grassland and forest were reclaimed as cropland [16,17]. This is also well demonstrated by Laganiere (2010) [18], where the conversion of agricultural land to plantation forest increased SOC by 26%, and the average annual rate of soil carbon accumulation was 0.62 and 1.60 Mg/hm2 in the process of returning farmland to grassland and secondary forest, respectively [19]. In addition, when agricultural land is converted to a land-use type with perennial vegetation, carbon losses due to decomposition and erosion can be reduced [16,17,18,20,21,22]. In contrast, when perennial vegetation is destroyed and converted to cropland, SOC is lost to the atmosphere by erosion and decomposition leads to an increase in atmospheric CO2 [13,23,24,25,26,27,28]. The conversion of agricultural land to tree forest has a slower soil carbon sink rate compared to shrubland or grassland, but the soil has a greater capacity to sequester carbon [29,30,31]. The conversion of agricultural land to scrub or natural grassland is beneficial for SOC [32,33,34,35,36]. In summary, research on land use on SOC has mainly focused on typical land-use types, such as forest land, grassland, and cropland, and no research has reported on the effects of different planting practices on SOC during the reconstruction period of old orchards.



In this study, we selected the major apple production areas on the Loess Plateau as the experiment area and investigated the changes in SOC under four planting practices of old orchards during the reconstruction period, namely thinning and replanted saplings, and all felled and planted corn, millet or potato. The purpose of this study is to: (1) study the SOC distribution law of different planting practices in the reconstruction period of old apple orchards, (2) compare the SOC changes in different planting practices in the reconstruction period of old apple orchards, and (3) study the relationship between SOC and rainfall, temperature, solar radiation, and soil moisture content under different planting practices in the reconstruction period of old apple orchards on the Loess Plateau.




2. Materials and Methods


2.1. Experiment Area


The experiment area is located in Ansai County, Yan’an City, in the middle of the Loess Plateau (108°50′–109°26′ E, 36°30′–37°19′ N) (Figure 1). The landscape belongs to the Loess Hills and gullies area, with an elevation of 1012.1~1731.7 m, an average temperature of 8.8 °C, an average annual rainfall of about 480 mm, and a medium temperate zone. The area has a continental semi-arid monsoon climate which is characterized by the varying length of the four seasons, dry and wet, concentrated rainfall, more rain from July to September, quick temperature changes in spring and autumn, and dry winters with less rainfall. The soil is mainly yellow loam, a typical silt loam soil. The soil capacity is about 1.28 g/cm3 with a pH of 8.26. The soil constitutes 63.04% powder particles, 16.82% clay particles, and 20.14% sand particles.




2.2. Experiment Design


Apple cultivation in the experimental area is more than 25 years old, and orchard aging is common. In 2019, the reconstruction of old apple orchards was carried out. Four different treatments were established according to planting practices during the reconstruction period of old orchards. The four different treatments were: thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT). A brief diagram of the experimental design is presented in Figure 2. In the TR treatment, apple tree seedlings were planted in April at a spacing of 3 m between plants and 4.5 m between rows, with a planting density of 750 plants per ha. In treatment 1, corn was sown in April at a planting density of 67,500 plants per ha using machine seeding at a depth of 5–7 cm. In the MT treatment, millet was planted in April with a millet seeding rate of 15 kg/ha, sown by hand to a depth of 3–5 cm again. In the PT treatment, potatoes were planted in April at a planting density of 60,000 plants per ha, with a plant spacing of 30 cm and a row spacing of 55 cm. Commonly used fertilizers by farmers in the area were selected: urea (46% N), calcium superphosphate (15% P2O5), and potassium sulfate (51% K2O). Each treatment was fertilized with 600 kg/ha per year (N:P2O5:K2O = 3:2:3) and tilled once a year in spring. Fertilizer and seeding was applied during tilling, which is commonly adopted in the study area. All other farm operations were according to traditional farming methods.




2.3. Soil Sampling


The plot areas of the TR, CR, PT, and MT treatment plots were 0.21, 0.23, 0.25, and 0.16 ha, respectively. According to the characteristics of the sample plots and considering the representativeness of the sample point distribution, three 1 m × 1 m sampling areas were set up in each sample plot, and each soil sample was taken within the sampling area. The soil organic carbon of the Loess Plateau tends to stabilize below 100 cm. In agricultural land, soil organic carbon changes are mainly expressed in the depth of the tillage layer [19,37]. Soil samples were collected in April, June, August, October, and December of 2019, 2020, and 2021, respectively, according to the crop growth cycle. The soil samples of the same soil layer in the same place are mixed and bagged, and numbered and bagged with a 4 cm diameter soil auger to take 6 soil layers: 0–10 cm, 10–20 cm, 20–40 cm, 40–60 cm, 60–80 cm, and 80–100 cm.



The distribution of SOC at different sample plots of the April 2019 soil samples is shown in Figure 3; the SOC and vertical distribution of different treatments are basically the same.




2.4. Laboratory Analyses and Calculation


Soil samples were sieved at 0.5 mm, and soil bulk weight was determined by the ring-knife method. SOC was determined using the potassium dichromate volumetric method. Finally, the SOC (g/kg) for each sampling site was calculated using the following formulae:


  S O M =       V   0   − V   N × 0.003 × 1.724 × 1.1     M   S      










  S O C =   S O M   1.724    








where SOM is soil organic matter (g/kg), SOC is soil organic carbon (g/kg), MS is dried soil weight (g), V0 is the amount of FeSO4 consumed in the titration blank, V is the amount of FeSO4 consumed in the titration sample, N is the equivalent concentration of FeSO4, 0.003 is the gram of 1 mg equivalent carbon, and 1.1 is the correction coefficient.



Automatic soil moisture monitors and a weather station were deployed in the test area to record soil moisture content and meteorological changes. Soil moisture was measured using the dry method for calibration of the automatic soil moisture data that are monitored.




2.5. Data Analysis and Statistics


Basic statistical processing of the data was performed using Excel, and one-way ANOVA was performed using SPSS on soil indicators from different sites and profiles, and Origin 2023 was used for mapping.





3. Results


3.1. Characteristics of Monthly Rainfall, Solar Radiation, and Temperature


The monthly variation in rainfall, temperature, and solar radiation in the study area during the pilot study period 2019–2021 is shown in Figure 4. The rainfall distribution is uneven, with rainfall concentrated in July–September; the average monthly rainfall varies from 0 to 180 mm. The average monthly temperature varies from −6.5 to 26.5 °C, and the average monthly solar radiation varies from 185 to 687 MJ/m2. Rainfall, temperature, and solar radiation show obvious correlations and a cyclical variation pattern.




3.2. SOC and Soil Moisture Content under Different Planting Practices


Monthly changes in soil moisture content for different planting practices in 2019–2021 are shown in Figure 5. The integration of water content over time reflects the average magnitude of the soil moisture content for each cropping method. In the 0–100 cm soil profile, the soil moisture content magnitudes from April to October were ranked as MT > TR > CR > PT. From October to April, soil moisture content was the highest for TR and decreased rapidly after harvesting grain, corn, and potatoes. Soil moisture content ranged from 8.7 to 20.4% for TR, 7.7 to 21.4% for CR, 4.7 to 18.1% for PT, and 6.6 to 24.5% for MT.



The SOC was recorded by regular sampling and measurement, and the change in SOC from 2019–2021 for different planting practices is shown in Figure 6. During the rebuilding period of old orchards, SOC was improved with different planting practices, and the improvement effect was significantly different. The improvement of 0–100 cm SOC was ranked as MT > PT > CR > TR: TR soil organic carbon increased from 2.53 g/kg to 2.66 g/kg; CR increased from 2.56 g/kg to 3.31 g/kg; PT increased from 2.72 g/kg to 3.67 g/kg; and MT had the best hair-lifting effect, increasing from 2.75 g/kg to 4.36 g/kg.




3.3. Variation in Depth of SOC under Different Planting Practices


The variation in the depth of SOC in April 2021 is shown in Figure 7, which was similar for all 4 treatments obeying the power function law. Compared with April 2019, the vertical distribution pattern of SOC was different for various treatments with differences in the rate of decreasing depths. The decreasing velocity was ranked as MT > CR > PT > TR.



The amount of SOC change in different soil layers in April 2021 is shown in Figure 8. The SOC in 4 treatments in different soil layers increased, except for PT in the 10–20 cm and 80–100 cm soil layers, where SOC decreased, and the closer to the surface layer, the greater the change. SOC changes gradually decreased with the increase in depth. Planting practices have a limited effect on organic carbon in deep soil. In the same soil layer, the difference in SOC change between different treatments was obvious. In the surface soil layer of 0–40 cm, the difference in SOC change between different treatments was the most obvious. the treatment with the largest change was MT, with a change of 1.5 g/kg, 7 times the change in TR; the deeper the soil layer, the smaller the differences in change. The smallest difference in organic carbon content was at 80–100 cm; the difference in change was around 0.05 g/kg. The greatest difference in SOC variation between different planting practices was mainly found in the soil surface layer.




3.4. Change with Time of SOC under Different Planting Practices


Soil surface vegetation growth and production directly influenced SOC. SOC variation curves in the 0–100 cm soil layer over time are shown in Figure 6. Different treatments showed similar patterns of SOC variation over time in the 0–100 cm soil layer, decreasing first and then increasing, with the lowest variation found in August. Compared with April, SOC in TR and MT decreased the most in August by 19.8%, followed by SOC in CR with a decrease of 10.1% in August, and SOC of PT with a decrease of 8.0% in August. SOC under different planting practices showed an increasing trend throughout the reproductive cycle.



Before the orchard reconstruction in April 2019, there was no significant difference in SOC in the 0–100 cm soil layer, as shown in Figure 2, which was 2.53, 2.56, 2.72, and 2.75 g/kg, respectively. Figure 6 shows that all different planting practices helped to improve SOC, but the ability to improve was significantly different. The MT treatment was the most effective in improving SOC, which increased by 1.6 g/kg with an average annual growth rate of 0.54 g/(kg∙year). This is followed by 0.31 g/(kg∙year) for the PT treatment, 0.25 g/(kg∙year) for the CR treatment, and the slowest increase was the TR treatment with a growth rate of 0.04 g/(kg∙year) with the rapid accumulation of soil organic carbon in dense planting.



The difference between MT and TR in SOC values with time was established as Figure 9 shows. The difference between MT and TR in SOC values changes seasonally with a maximum in December and a minimum in August each year. Both maximum and minimum values increase with the number of years. Similarly, any two planting practices can be compared.




3.5. Relationships between Rainfall, Soil Moisture, Solar Radiation, Temperature, and SOC


The analysis of the effects of soil moisture content, rainfall, average temperature, and solar radiation separately on SOC is shown in Figure 10. SOC decreases with increasing soil moisture content, rainfall, average temperature, and solar radiation (mean value in 0–100 cm). Soil moisture content, rainfall, average temperature, solar radiation, and SOC have a different relationship when using different treatments; the relationship between soil moisture content and SOC was significantly negative for the TR and MT treatments and insignificant for the CR and PT treatments. Additionally, the rate of decrease in SOC with increasing soil moisture content was significantly greater for both the TR and MT treatments than for the CR and PT treatments. Rainfall and average temperature showed a significant negative correlation with SOC under different planting practices, and the rate of decrease of SOC with increasing rainfall and average temperature was significantly greater for the MT treatment than for the TR, CR, and PT treatments. Solar radiation showed a negative correlation with SOC, and the rate of decrease in SOC with increasing solar radiation was significantly greater in MT than in TR, CR, and PT.



The multiple linear regression equations for different planting practices are shown in Table 1. The soil organic carbon content of TR has a regression effect with rainfall, average temperature, and soil moisture content, but not with solar radiation. In contrast, the soil organic carbon content of CR, PT and MT only has a regression effect with rainfall and average temperature, but not with soil moisture content and solar radiation.





4. Discussion


4.1. Changes in SOC under Different Planting Practices


The growth of vegetation directly affects SOC, which decreases with soil depth and obeys the power function rule, and the rate of decreasing SOC with depth varies with different planting practices. This is consistent with the crop growth pattern; plant growth is processed mainly through the root system to absorb organic matter in the soil, and the root system can directly replenish the soil organic matter after death. Consequently, the soil surface organic matter changes the most. However, as the distribution of the root system varies from crop to crop, the organic carbon content of the soil does not change in exactly the same way [38,39,40].



SOC was improved under different planting practices, and the improvement effect was significantly different. The improvement of 0–100 cm SOC was ranked as MT > PT > CR > TR with the effect of plant residues entering the soil differing per crop. It is the quantity and quality of plant residues that determine the amount of soil organic matter. Thus, potato and corn most probably provide the minor input of biomass (with the traditional farming practice), apple trees can supply some root biomass (root exudates and decaying small roots) and millet can give the highest input of biomass (roots and probably stubbles). Soil surface organic carbon increased in different planting practices; TR increased insignificantly and MT increased most obviously. All abandoned garden fallow vegetation belong to the herbaceous vegetation; this kind of vegetation grows rapidly where the root system is concentrated in the surface layer and the conversion rate of organic matter into soil is high. Additionally, compared with economic tree vegetation, the accumulation effect on soil organic carbon is faster and more obvious, especially the accumulation of soil surface organic carbon [41,42,43]. For MT, millet has the best effect on improving soil organic carbon accumulation in orchards due to their dense root system.



The MT treatment was the most effective in improving SOC, which increased by 1.6 g/kg with an average annual growth rate of 0.54 g/(kg∙year), equivalent to 700 g/(m2∙year). Post and Kwon [37] reviewed the literature for SOC changes in agricultural soils subject to different land-use changes and found that the rate of SOC accumulation ranged from 47 to 310 g/(m2∙year) during forest establishment (average 33.8 g/(m2∙year)) and from 90 to 113 g/(m2∙year). Martens and Reedy [19] found that the SOC accumulation for forest averaged 98.5 g/(m2∙year) and pasture averaged a gain of 61.5 g/(m2∙year) with the secondary forest accounting for 160 g/(m2∙year). In this study, the rate of SOC accumulation in the MT treatment was slightly higher than for the forest, pasture, and secondary forest. Millet is a native crop to the Loess Plateau and would be a suitable choice for improving organic carbon accumulation during the reconstruction period of old apple orchards.



SOC in the 0–100 cm soil layer in different planting practices showed a decrease and then an increase with time, with a low value in August every year. Plant growth shows cyclical changes. Soil organic carbon must be consumed for plant growth. With temperature increase, solar radiation, and rainfall, plants start to grow, soil microbial activity increases, and respiration is enhanced. Soil organic carbon consumption is greater than replenishment [44,45], showing a decreasing point trend; plants and soil microorganisms are active to a certain extent and start to metabolize, followed by replenished soil organic and gradual increases in organic carbon content.




4.2. Relationships between Rainfall, Soil Moisture, Solar Radiation, Temperature, and SOC


Rainfall and temperature are important factors affecting plant and microbial activity. SOC decreased with the increase in soil moisture content, rainfall, average temperature, and solar radiation in different planting practices. Increases in rainfall, temperature, soil moisture content, and solar radiation all favor plant growth and soil microbial activity due to increased plant consumption of soil organic matter, increased rate of decomposition of organic matter by microorganisms, enhanced soil respiration, and greater soil organic carbon consumption [44,45,46]. Therefore, soil organic carbon content always shows a negative correlation with rainfall, temperature, soil moisture content, and solar radiation. In addition, enhanced plant and microbial activities simultaneously produce more organic matter, which is converted into soil organic carbon after a certain period of time [47,48,49]. Therefore, the increase in soil organic carbon content always lags behind the above factors by a certain amount of time (Figure 11).



The amount of rainfall directly affects the change in soil moisture content; the amount of rainfall that increases the soil moisture content also becomes larger. The amount of solar radiation is closely related to the average temperature; the amount of solar radiation is large, while the average surface temperature is high. There is a competitive relationship between rainfall and soil moisture content, solar radiation, and average temperature, respectively, as shown in the multiple regression analysis of four factors on the influence of soil organic carbon content. Therefore, some factors have no regression effect relationship with soil organic carbon and do not appear in the equation. The relationships between rainfall, temperature, solar radiation, soil moisture content, and SOC can be used to estimate the change in SOC under the same conditions. In turn, this helps to estimate the soil carbon pool.





5. Conclusions


SOC decreased with increasing soil depth with the distribution law obeying the power function, and the decreasing rate of SOC with depth was different under different planting practices. The decreasing speed was ranked as MT > CR > PT > TR. This study gave four power functions for different plant practices in the experiment. SOC was improved under different planting practices, and the improvement effect was significantly different. The improvement of 0–100 cm SOC was ranked as MT > PT > CR > TR, and the closer to the surface layer, the greater the change, with the largest change of 1.5 g/kg in MT being 7 times larger than TR; with increasing depths, the change in SOC gradually decreased. The change in SOC in soil layers with time showed a decrease followed by an increase, with the lowest SOC being found in August. SOC showed an increasing trend throughout the reproductive cycle. The MT treatment was the most effective in improving SOC, which increased by 1.6 g/kg with an average annual growth rate of 0.54 g/(kg∙year). SOC decreased with the increase in soil moisture content, rainfall, average temperature, and solar radiation. The relationship between soil moisture content, rainfall, average temperature, solar radiation, and SOC were different for different planting practices. Millet would be a suitable choice for improving organic carbon accumulation during the reconstruction period of old apple orchards on the Loess Plateau.
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Figure 1. Location of the experimental area. The red triangle symbols with red labels represent sample plots. (Note: thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT)). 
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Figure 2. Schematic diagram of the experimental design. (Note: thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT)). 
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Figure 3. Vertical distribution of soil organic carbon (SOC) at different sample plots in April 2019. (Note: Y represents the soil organic carbon content; H represents the depth of soil layer. Thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT), ** means significance p < 0.01). 
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Figure 4. Monthly variation in rainfall, temperature, and solar radiation. (Note: data from automatic weather stations during the experimental period 2019–2021). 
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Figure 5. Variation in soil moisture content with time for different planting practices. (Note: data from automatic moisture monitors during the experimental period 2019–2021. Thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT)). 
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Figure 6. Variation in SOC with time for different planting practices. (Note: thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT)). 
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Figure 7. Content of soil organic carbon (SOC) at different depths for different planting practices. (Note: Y represents the soil organic carbon content; H represents the depth of soil layer; sampling data for April 2021. Thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT), ** means significance p < 0.01). 
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Figure 8. Amount of change in soil organic carbon (SOC) content in different soil layers for different planting practices. (Note: positive values represent increases; negative values represent decreases; sampling data for April 2021. Thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT)). 
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[image: Agronomy 13 00897 g008]







[image: Agronomy 13 00897 g009 550] 





Figure 9. Difference between MT and TR in SOC values with time. (Note: Thinning and replanted saplings (TR), and all felled and planted millet (MT)). 






Figure 9. Difference between MT and TR in SOC values with time. (Note: Thinning and replanted saplings (TR), and all felled and planted millet (MT)).



[image: Agronomy 13 00897 g009]







[image: Agronomy 13 00897 g010 550] 





Figure 10. Relationship between rainfall, temperature, solar radiation, soil moisture content, and SOC under different planting practices. (Note: thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT), ** means significance p < 0.01, * means significance p < 0.05). 
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Figure 11. Changes in soil organic carbon (SOC), rainfall, temperature, solar radiation, and soil moisture content over time. (Note: plotting SOC and soil moisture content using MT as an example. All felled and planted millet (MT). Thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT)). 
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Table 1. Multiple linear regression of SOC, rainfall, temperature, solar radiation, and soil moisture content for different planting practices.
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	Planting Practices
	Multiple Linear Regression
	Adj. R-Square





	TR
	Y1 = 3.14 − 0.00215 X1 − 0.0099 X2 − 0.00878 X4
	0.73238 **



	CR
	Y2 = 3.08 − 0.00193 X1 − 0.02046 X2
	0.31909 **



	PT
	Y3 = 3.08 − 0.00157 X1 − 0.02683 X2
	0.31753 **



	MT
	Y4 = 3.14 − 0.00371 X1 − 0.05032 X2
	0.34534 **







Note: Y represents the soil organic carbon content; X1 represents rainfall, X2 represents temperature, and X4 represents soil moisture content. Thinning and replanted saplings (TR), all felled and planted corn (CR), all felled and planted millet (MT), and all felled and planted potato (PT), ** means significance p < 0.01.
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