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Abstract

:

Deforestation for agricultural development or extension is a common land-use problem that may cause a series of changes in the ecological environment and soil carbon stock in planting systems. However, the response of soil physical, chemical properties and carbon stocks in agricultural systems in the initial period after deforestation have not been thoroughly examined, especially in the subsoil. We investigated the variations in the soil physicochemical properties and organic carbon stocks to a depth of 100 cm in a poplar (Populus deltoides cv. 35) plantation, a summer maize (Zea mays L.) followed by winter wheat (Triticum aestivum L.) field after 1 year of deforestation of a poplar plantation, and a wheat–maize rotation field used for decades. The soil bulk density and pH decreased, and the soil total nitrogen (TN), total phosphorus, and total potassium contents increased considerably. The soil organic carbon (SOC) content and stocks (to 100 cm) increased by 32.8% and 20.1%, respectively. The soil TN content was significantly (p < 0.001) positively correlated with the SOC content, and the C:N ratio increased for the field following deforestation. Furthermore, the nitrogen in the poplar plantation and the field following deforestation was limited. We recommend increasing the amount of nitrogen fertilizer following deforestation to improve fertility and this will be beneficial to SOC storage.
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1. Introduction


Forest ecosystems are the most important carbon reservoirs on Earth, accounting for 46% of the total terrestrial carbon reserves [1]. Soil stores most of the carbon in forest ecosystems, and soil organic carbon (SOC) stocks in forests account for more than 40% of the SOC stocks in terrestrial ecosystems [2]. Thus, the soil is considered one of the most crucial C pools in the terrestrial system. Compared with the vegetation and atmospheric carbon pools, the soil organic carbon pool is 4.5 and 3 times as large [3]. A slight fluctuation in the soil C pool may cause a significant change in the atmospheric C pool [4]. Additionally, SOC plays a role in improving soil physicochemical properties and soil fertility [5] and affects soil characteristics related to ecosystem functions [6]. Thus, SOC can also be considered one of the critical factors for maintaining soil quality and health [7].



The accumulation of SOC is affected by climatic conditions [8,9], topography [10], soil management, agricultural practices, land cover [11,12], and land-use changes [13,14]. Land-use change will lead to a change in the vegetation type and quantity and will affect the physical and chemical properties of the soil [15]. Land-use change has a significant impact on SOC stocks and is the second-largest source of carbon dioxide emissions into the atmosphere [8,16] following fossil fuel combustion. Deforestation for cropland, which is the primary type of land-use change [17], may cause a significant variation in soil ecological processes and ecosystem functions. These effects include variations in the input, output, composition, and dynamics of SOC and disturbances in the balance of the SOC stock [18,19]. Changes in land use from natural vegetation to cropland may cause significant reductions in SOC stocks in the long term. Smith et al. [17] reported that the replacement of forest with crops had the most significant impact on SOC and decreased the soil carbon stocks by 24% to 52%. In the Amazon forest region, the conversion of original forests to soybean plantations led to the collapse of ecosystem carbon stocks [20]. Ten years after deforestation for agriculture, a loss of SOC (nearly 60%) was found at a depth of 0–30 cm in the semi-arid Chaco region of Argentina [7]. Grünzweig and Chapin (2014) [21] investigated the changes in SOC reserves in the first few years after deforestation and established that the SOC and nitrogen stocks showed an increasing trend. Studying the change in soil properties in the initial period after deforestation is helpful to understanding the impact of deforestation on SOC dynamics and to formulating corresponding management measures in order to mitigate the carbon loss caused by deforestation. However, there are only a few studies on the change in soil properties in the initial period after deforestation.



Poplar (Populus L.) is the most widely distributed and most adaptable tree species globally, especially in China, and plantations of this species are widely established for afforestation purposes. The Chinese 9th National Forest Resources Inventory [22] showed that the area of poplar plantations was 7.57 × 107 ha. It has been reported that continuous planting of poplar leads to the accumulation of phenolic acids and other bioactive substances [23]. As a result, a severe decline in soil fertility and productivity was found [24] that was not conducive to the growth of poplar. Thus, it is necessary to change the type of mature poplar forestland. Compared with natural forests, fast-growing plantation species have a short maturity cycle and unstable SOC stocks, and the transformation from farms to cropland is quite different from the transformations in natural forests. Currently, most studies focus on the changes in SOC stocks in the conversion of ancient woodlands to cropland [25,26], and limited information is available on the effect of the transformation of poplar plantations to cropland on SOC stocks. The relationships between SOC and soil nutrients (such as nitrogen) are important indicators of the sustainability of SOC accumulation [10,27]. However, the responses of soil physicochemical properties and SOC stocks have not been well studied in the deep soils following deforestation for cropland [8,28], which is also sensitive to land-use change [29].



Thus, a poplar plantation system before deforestation (P), a wheat field after deforestation of a poplar plantation (P–W), and a wheat field (W) were selected in this study. Three objectives were established: (1) characterize the differences in soil carbon pools among the various land-use systems; (2) quantify the contents of organic carbon, total nitrogen, total phosphorus and total potassium in different soil layers (0–10, 10–20, 20–40, 40–60, 60–100 cm); and (3) analyze the influence of the various land-use systems on soil stoichiometry. This work will provide the required information to estimate regional soil carbon stocks and insights for vegetation reconstruction after deforestation and to develop appropriate land planning strategies.




2. Materials and Methods


2.1. Study Area


The study site (32°33′–32°57′ N, 120°07′–120°53′ E; average elevation of 5 m above sea level) in Yellow Sea Forest Park, Yancheng County, Jiangsu Province, PRC, is situated on relatively flat terrain, belongs to the middle and lower areas of the Yangtze River alluvial plains, and has a coastline of 85 km and a wetland area of more than 10,000 hectares. The study area experiences a northern sub-tropical monsoon transitional climate, with an annual mean air temperature of 15.6 °C (a minimum temperature of −7.5 °C, a maximum temperature of 35.9 °C), annual precipitation of 1044 mm and annual evaporation of 911.9 mm. The yearly mean frost-free period is 237 days, and the annual sunshine duration is 2209 h. Sandy loam soil is prevalent in this area. Figure 1 shows the study area map of the study site.




2.2. Experimental Design and Soil Sampling


The three planting systems, a poplar plantation (P), a wheat field after deforestation of a poplar plantation (P–W), and a wheat field (W), were selected for the experiments. At the site, more than 20 hectares of poplar had been planted in 2004, with a row and plant spacing of 3 × 5 m. The mean DBH of the poplars was 20.85 ± 4.03 cm, and the mean height was 18.91 ± 2.99 m according to a stand survey conducted in March 2015. The trees in the P system were cut down in March 2015. A summer maize (June to October)–winter wheat (October of the previous year—June) rotation was implemented following deforestation, and a wheat–maize rotation had been used for decades in the W system. Based on the information provided by local farmers, compound fertilizer (N:P2O5:K2O ratio of 15%:15%:15%) was applied in mid-June at 0.25 t ha−1 and mid–October at 0.45 t ha−1 in the P–W and W systems.



Soil samples from the P system were collected in March 2015 before deforestation, and samples from the P–W system were collected in March 2016 following deforestation. Soil samples from the W system were collected in March 2016 within 2 km of the poplar plantation. A 10 × 10 m sample plot was chosen for all systems, and soil samples were collected from each plot (three replicates). The distance of each plot was greater than 100 m within the same system. Soil samples were collected from different soil depths (0–10, 10–20, 20–40, 40–60, and 60–100 cm) at five points in each plot based on an S-shaped curve, the samples were combined into a composite sample and 45 samples were transported to the laboratory to determine the chemical properties after air drying. All samples were sieved through 2 mm and 0.25 mm screens, and roots and other debris were discarded.




2.3. Soil Analyses


The soil samples were collected with a stainless steel cylinder with a thickness of 1 mm and an internal diameter and height of 5 cm to determine the soil bulk density. Soil pH was determined with a Sartorius PB–10 Basic pH meter (1:2.5 soil:water (w:v) ratio). The chemical properties were determined as follows: SOC was measured with a modified Walkley and Black method [30], soil total nitrogen (TN) was measured with the Kjeldahl method, soil total phosphorus (TP) was measured with a molybdenum colorimetric method, and soil total potassium (TK) was measured with an acid solution and flame photometric method with a solar–100 atomic absorption spectrophotometer [27].



Based on the SOC content, BD, and soil sampling depth, the total SOC stocks (TSOC, t ha–1) at a depth of 100 cm were calculated with the following formula [31]:


TSOC = ∑SOCi × BDi × Di × 0.1








where TSOC is the total soil organic carbon (SOC) stock (t ha–1), SOCi is the SOC concentration in the ith layer (g kg–1), BDi is the soil bulk density (g cm–3) in the ith soil layer, Di is the soil sampling depth (cm), and 0.1 is the conversion value from g cm−2 to t ha−1.




2.4. Statistical Analyses


The statistical tests were conducted using SPSS version 24.0 (IBM, Chicago, IL, USA). All data in this study are expressed as the mean ± standard deviation (n = 3). One-way analysis of variance (ANOVA) was conducted to compare the differences in the soil physical and chemical properties and SOC stocks among different land-use types or different soil depths. The main effects and interaction effects of the planting forms and soil depths on the pH, BD, nutrient contents, and SOC contents were determined using two-way analysis of variance (ANOVA). The linear fitting method was used to quantify the relationships between SOC and the soil physical and chemical properties (Origin version 2018, OriginLab, Northampton, MA, USA). We used ordinary least squares and standardized residual methods to validate the regression analysis with an alpha level of 0.05.





3. Results


3.1. Vertical Variations of Bulk Density (BD) and pH Values in Different Land-Use Types


The BD values increased with soil depth in the three planting systems, ranging from an average of 1.21 g cm3 in the topsoil (0–10 cm) to 1.46 g cm3 in the subsoil (60–100 cm) (Figure 2a). There were no significant interaction effects of soil depth and planting system on BD (Table 1). The BD values of the P–W system were lower than those of the other systems in all soil layers, and the BD values in the 0–10 and 10–20 cm layers of the P system were significantly (p < 0.05) higher than those of the P–W and W systems. The variation trend of soil porosity in each system was opposite to that of the BD. In 20–40 cm and 60–100 cm soil layers, the soil porosity of the P–W system were significantly higher than those of the other systems (p < 0.05) (Figure 2b).The pH of the three planting systems generally increased with soil depth and ranged from 7.97–8.67 (Figure 2c); the soil was classified as slightly alkaline. At 0–10 cm, the pH values in the P–W and W systems were significantly lower than those in the P system (p < 0.05), while the pH values in the deep soil layers (40–60, 60–100 cm) of the W system were higher than those of the P and P–W systems. Overall, the pH values in the P–W system were lower than those in the P and W systems, and the interaction between soil depth and planting system had no significant influence on the soil pH (Table 1).




3.2. Vertical Variations of the Soil Organic Carbon (SOC), Total Nitrogen (TN), Total Phosphorus (TP), and Total Potassium (TK) Contents in Different Land-Use Types


The SOC contents in the topsoil (0–10, 10–20 cm) were significantly (p < 0.05) higher than those observed in other soil layers of different land-use types (Figure 3a). Overall, the SOC contents in the P–W system were significantly higher than those observed in the P and W systems (p < 0.05). The average SOC contents based on all sampling layers were as follows: P–W system (10.36 g kg−1) > P system (7.80 g kg−1) > W system (5.04 g kg−1). The repeated-measures ANOVA showed significant interaction effects of soil depth and planting system on SOC contents (Table 1).



The variation trends of the soil TN and TP contents with soil depth were similar to those of the SOC contents (Figure 3b,c). However, the soil TN contents at 0–10 cm showed little difference in the three planting systems. In the P–W system, there was significantly (p < 0.01) higher TN contents in the deep soil layers (20–40, 40–60 and 60–100 cm). The soil TP contents in the P–W system were significantly higher than those of the other systems at 0–10 and 10–20 cm (p < 0.05) (Figure 3c), which was in contrast with the TN variation trends. Meanwhile, the variation in TP contents at 20–40, 40–60 and 60–100 cm showed little difference in all planting systems. The highest TP content (0.523 g kg−1) was observed in the 0–10 cm P–W system. The interaction of soil depth and planting system significantly affected soil TN and TP contents (Table 1).



The soil TK contents exhibited diversity at different soil depths for the different land-use types (2.30–3.28 g kg−1) (Figure 3d). In the P system, the TK contents increased as the soil depth increased up to 60 cm (0–10, 10–20, 20–40 and 40–60 cm) but then decreased for further increases (60–100 cm). In the P–W system and W system, the variation range of TK contents had little difference among different soil depths. Throughout the soil profile, higher soil TK contents were observed in the W system and lower contents in the P system.




3.3. Vertical Variation of Ratios of SOC, TN, TP, and TK in Different Land-Use Types


The ratios of SOC, TN, TP, and TK in the three systems showed different trends among soil depths (Figure 4). The ranges of the C:N ratio (5.78–20.70), C:P ratio (5.99–32.77), C:K ratio (0.61–5.85) and N:P ratio (0.93–2.24) are shown in Figure 4. Both the C:N and C:P ratios first decreased and then increased with the soil depth of the three planting systems, while the N:P ratio showed the opposite trend. The C:N ratio, C:P ratio, and C:K ratio in the W system were lower than those in the P and P–W systems throughout the soil profile. A significantly higher C:N ratio was measured in the topsoil (0–10 and 10–20 cm) (p < 0.05) in the P–W system compared with the P system, whereas it was lower in the subsoil (Figure 4a), and the variation trend of the C:P ratio was exactly the reverse of that of the C:N ratio (Figure 4b). The P system had a considerably higher C:K ratio than the P–W system, especially at 0–10 cm, while there were slight differences at 10–20, 20–40, 40–60 and 60–100 cm (Figure 4c). The N:P ratios of the P–W system were significantly lower than those of the other systems in the topsoil (0–10 and 10–20 cm) (p < 0.05) but were substantially higher at 40–60 and 60–100 cm (Figure 4d). The interaction of soil depth and planting system significantly affected the soil C:N, C:K, and N:P ratios (Table 2).




3.4. Vertical Variations of SOC Stocks in Different Land-Use Types


The SOC stocks in the whole soil profile of the P–W system were the highest (107.73 Mg ha−1), as shown in Figure 5a, and were 120.1% of those in the P system and 235.9% of those in the W system. Among the three planting systems, the SOC stocks were ranked as follows: P–W system > P system > W system for each soil layer (p < 0.01); there was an initial increase and then a decrease with soil depth under the condition of the same soil layer thickness. The highest values were observed at 10–20 cm, while the changes in the SOC stocks at 40–60 and 60–100 cm were relatively small. Notably, the SOC stock (48.02 Mg ha−1) in the 40–60 and 60–100 cm layers of the P–W system was higher than that in the W system (45.67 Mg ha−1). In addition, the proportion of the SOC stocks in the P and P–W systems was roughly the same in each soil layer (Figure 5b). Approximately 36% of the SOC stocks accumulated at 0–10 and 10–20 cm, compared with 63–65% at 20–40 and 40–60 cm, while the SOC stocks at 0–10 and 10–20 cm contributed approximately 52% to the SOC stocks in the whole soil profile of the W system.




3.5. Relationships of the SOC Content and Soil Physical and Chemical Properties


To investigate the relationships of the SOC content and the soil BD, pH, TN, TP, and TK, a linear fitting method was used in this study. Generally, Pearson’s correlation coefficient between BD and the SOC content was −0.7651 (Figure 6a; p < 0.001), while that between pH and the SOC content was −0.8436 (Figure 6b; p < 0.001), which exhibited a significant negative correlation. Significant positive linear relationships were observed between the SOC content and TN (Pearson’s r = 0.7994; p < 0.001) and TP (Pearson’s r = 0.9243; p < 0.001) (Figure 6c,d), while there was a slightly negative correlation between the SOC and TK contents (Figure 6e; Pearson’s r = −0.3103; p < 0.05).





4. Discussion


Deforestation dominates land-use changes worldwide [16] and has a significant impact on the environment, such as biodiversity loss and climate and soil-quality changes [32]. In this study, the soil BD increased gradually with soil depth, similar to previous studies [33]. Soil BD might be related to a high organic matter content, dense root system of plants, and high abundance of soil microorganisms in the topsoil [28]. Due to the different tillage practices, the soil BD in the P system was higher than that in the P–W and W systems at 0–10 and 10–20 cm. High amounts of wheat stubble in the W system after conventional tillage practices and litter and roots in the PW system after deforestation increased the organic matter content; as a result, the soil BD was reduced indirectly. In our results, a significant negative linear relationship between the SOC content and BD confirmed the dependence of BD on SOC [34]. Soil organic colloids can change the soil porosity and water–air ratio to create a suitable soil structure. In the PW system, deep plowing was used to clear the deep roots, and the soil BD in deep soil (20–40, 40–60 and 60–100 cm) was lower than that in the other systems. Contrary to the trend of the soil BD, due to the tillage practices, the soil porosity in the P system was lower than that in the P–W and W systems in the topsoil.



Soil pH can affect the interaction of organic matter and minerals in the soil, the microbial community, the soil microbial activity, and the enzyme activity, which significantly influences the turnover of soil organic matter. Due to the influence of precipitation, soluble salt ions in soil gradually infiltrate through precipitation leaching [35], and due to the high input of organic matter in the topsoil, the pH values in the topsoil (0–10 and 10–20 cm) were significantly lower than those in deep soil (20–40, 40–60 and 60–100 cm). Changes in land use can lead to variations in soil pH [36], and the pH values of the P–W system were generally low; the pH of the P–W and P systems was lower than that of the W system at 0–10 cm. Although some studies attributed the acidification of the rooting zone to the accumulation of large amounts of cations in tree biomass [28,37], the production of organic acids and chelation of carbon dioxide are also the main regulating factors of soil acidification [34,38,39]. This was supported by the significant negative correlation between SOC and pH in this study. Similarly, the pH value in the deep soil of the P system was higher than that of the P–W system on average. After deforestation and deep plowing, the soil organic matter and permeability increased decomposition and caused soil acidification.



The vertical distribution of the soil TN and TP contents was similar among the three systems and gradually decreased as the soil depth increased, which was identical to the results observed by other studies [40,41,42]. Jobbágy et al. [43] considered that the “nutrient pumping” effect caused nutrient redistribution: plant roots can absorb nutrients from deep soil and then re-enter topsoil through litter decomposition [44]. The root system of the poplar plantation was relatively less distributed in the 60–100 cm layer, and the nutrient absorption efficiency was lower than that of topsoil [42]. Thus, in poplar systems, the nutrient contents at 60–100 cm were slightly higher than those at 20–40 and 40–60 cm. As most of the fertilizer was applied to the topsoil in the W system, few nutrients could enter the deeper soil. Therefore, the contents of nitrogen and phosphorus decreased gradually at medium soil depths and increased gradually in the topsoil. At 0–10 and 10–20 cm, the soil TN of the W system was slightly higher than that of the P and P–W systems, and the soil TP of the W system was also higher than that of the P system, which might be related to fertilization. In deep soil layers (20–40, 40–60 and 60–100 cm), the soil TN of the P–W system was significantly higher than that of the P and W systems, which may have been caused by large amounts of topsoil and residues entering the deep soil after deforestation [45]. The TP in deep soil did not differ greatly among the different systems, and this phenomenon might be related to the lower mobility of soil phosphorus than soil nitrogen [46]. There was no consistent variation in TK among soil depths; this may have been caused by the high mobility of potassium in soil [28]. The soil TK content of the W system was the highest, followed by that of the P–W system. In the W system, annual fertilization of the farmland increased potassium input, resulting in the accumulation of this nutrient [46]. The soil TK in the poplar plantations, which had a relatively low amount of external K input, mainly benefited from litter input and throughfall water [47]. Fertilization was also carried out in the P–W system, but the cultivation time was short.



Compared with cropland, the tree-based cropping systems had significantly higher organic carbon contents at all sampled soil depths. This is consistent with previous studies [48,49], and forestland has a higher carbon sequestration capacity than cropland. Perennial tree species can fix carbon oxides by photosynthesis and serve as important carbon sinks. Plant residues and dead branches on the soil surface are essential for improving soil carbon input [50]. Deep tree roots can release stable organic matter directly into deep soil, which is conducive to the long-term storage of organic carbon [51]. Compared with shoot-derived carbon, root-derived carbon is more stabilized in soil [52]. A previous study reported that residues and root rhizodeposition were the primary sources of SOC accumulation [53]. Plantations receive higher input of dead and decomposing litter, while cropland undergoes the repeated removal of biomass and frequent tillage practices, which improve soil aeration and accelerate SOC mineralization [28].



Compared with the P system, the SOC stock was significantly increased in the P–W system after deforestation, which is different from the results from other studies [17,54,55]. This may be related to differences in the survey period after deforestation; we chose the first year after deforestation in this study. Although most plant tissues were removed after deforestation, forest litter and roots and residues from understory species remained in the system [52], and the amounts were higher than the carbon sources (litter and root exudates) from the poplar plantation with average growth. The understory vegetation and crop residues in the autumn of 2015 remained in the system and increased the carbon sources of the system. These carbon sources entered the soil through agricultural practices such as plowing with remaining plant tissue, which might significantly impact soil properties [50]. Additionally, the SOC stocks increased significantly in the deeper soil layers, which may have been due to the relatively deep plowing to mix the topsoil into the subsoil. Without the shade of trees after deforestation, the soil system’s light, temperature, and moisture conditions favor the decay of a large pool of dead fine roots and other quickly decomposing litter in the soil [21]. Moreover, the increase in soil permeability improved the activity of the soil microbial community and accelerated the decomposition of litter and storage in soil as SOC. In the short term, the loss of organic carbon decomposition was offset by the rapid decay of litter, resulting in SOC accumulation.



Significantly, the change in SOC was controlled by the decomposition rate of SOC [8], the soil permeability and soil respiration greatly improved after deforestation, which would accelerate the decomposition and mineralization of SOC [24], and deep plowing would reduce the stability of SOC [55]. Therefore, appropriate measures should be carried out to slow the decomposition and mineralization of SOC and mitigate the loss of SOC storage after deforestation.



Stoichiometry is an important index of ecological interaction and element balance [56]. Crovo et al. [29] reported that soil properties control the range of SOC stocks and stoichiometry after land-use changes. In the present investigation, the land-use change caused a shift in the stoichiometric relationships of SOC, TN, and TP, and the results were similar to those of Cao and Chen [57]. Land-use change has a significant influence on soil stoichiometry [58]. The C:N, C:P and N:P ratios in deep soil also showed significant differences among the three systems, which indicated that land-use change also affected the soil nutrient stoichiometry in deep layers [56].



The range of soil C:N ratios (5.78–9.64) in the W system implied that the soil microbial biomass began to increase and that the mineralized soil nitrogen significantly increased compared with P and P–W systems. The soil C:N ratio (10.82–20.70) in the P and P–W systems indicated that the soil microbial biomass increased rapidly, mineralized soil nitrogen was released, and the organic matter decayed [59]. Compared with cropland, the soil C:N ratio after afforestation and deforestation was significantly higher and indicated that the unstable components made up a more significant proportion of the organic matter, which would increase the soil carbon mineralization rates [60]. Although the soil TN contents increased after deforestation, the proportion of C:N in the P–W system increased and indicated that the available nitrogen in the system was limited and more nitrogen was fixed by SOC; the low N:P ratio confirmed this viewpoint.



The soil C:P ratio (5.99–32.77) indicated the net mineralization of organic phosphorus by soil microorganisms [58]. Plant growth is limited by nitrogen when the N:P ratio is less than 14 [59], and our results showed that the N:P ratio (0.93–2.24) indicated that there was a high nitrogen content in the soil [46]. The soil C:K ratio decreased as the soil depth increased in all systems, and the highest C:K value was measured in the P–W system, indicating that the stoichiometric relationship between K and other nutrients may also be affected by land use [56]. In contrast to other studies [42,61], compared with the 0–10 cm depth in the P–W system, better C:N and C:P ratios were observed at 10–20 cm, thus indicating that the decomposition rate of SOC in the topsoil was higher than that in the subsoil.



The SOC was positively correlated with the contents of TN and TP in the soil. In most ecosystems, nitrogen availability in soil determines the cycling rate of soil organic matter and regulates plant growth and forest productivity [62]. Similarly, the availability of phosphorus can affect the above- and belowground biomass of plants, thus changing the allocation of carbon [63], and can significantly influence SOC stocks [29]. Due to the high migration of K in soil [28], the distribution of TK at different soil depths was not evident. Thus, there was only a weak correlation between SOC and TK.



According to the ecological stoichiometry and correlation analysis, our data showed that nitrogen was the limiting element in this study area. Therefore, long-term N addition is necessary in the P–W system, which will decrease the soil carbon mineralization rates and further improve the stability of soil organic carbon [60]. This can be an essential theoretical basis for local farmers to formulate and modify land management measures after deforestation.




5. Conclusions


In this study, compared with the poplar plantation, the soil BD and pH in the system decreased in the whole soil profile 1 year after deforestation. Soil nutrients such as TN, TP, and TK increased significantly, and the SOC contents and stocks were temporarily increased. The vertical distribution of the SOC stocks changed after deforestation, and the proportion of SOC stocks in deep soil increased. Based on stoichiometry and correlation analysis, we found that nitrogen was limited in the study area, and deforestation reduced the availability of nitrogen and exacerbated the nitrogen limitation. Notably, the decrease in soil BD increased the activity of soil microorganisms, which can accelerate the decomposition of SOC. The limitation of nitrogen also reduced the stability of the SOC in the system. These results can be used as an important basis for modifying and optimizing tillage practices; by increasing the proportion of nitrogen fertilizer as well as other tillage practices, the availability of soil nutrients and the stability of SOC stocks can be improved, especially in deep soil, and the decomposition of SOC can be decreased after deforestation.
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Figure 1. Location of the study site in China. (a) China map content approval number GS (2016) 1550; (b) Jiangsu map content approval number GS (2019) 3266 (data source http://bzdt.ch.mnr.gov.cn/ 18 January 2022); and (c) Yellow Sea Forest Park map content. 
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Figure 2. Vertical variations of BD (a), soil porosity (b) and pH values (c) in different land-use types. The different lowercase letters indicate significant differences among planting systems for the same soil layer based on Duncan’s multiple comparison test at p < 0.05. P, poplar plantation system; P–W, wheat field system after deforestation of a poplar plantation; W, wheat field system. 






Figure 2. Vertical variations of BD (a), soil porosity (b) and pH values (c) in different land-use types. The different lowercase letters indicate significant differences among planting systems for the same soil layer based on Duncan’s multiple comparison test at p < 0.05. P, poplar plantation system; P–W, wheat field system after deforestation of a poplar plantation; W, wheat field system.



[image: Forests 13 00228 g002]







[image: Forests 13 00228 g003 550] 





Figure 3. Vertical variations of SOC (a), TN (b), TP (c) and TK (d) contents in different land-use types. The asterisks indicate significant differences among the three land-use types within the same soil layer, * p < 0.05, ** p < 0.01, and *** p < 0.001. P, poplar plantation system; P–W, wheat field system after deforestation of a poplar plantation; W, wheat field system. 
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Figure 4. Vertical variation of the C:N (a), C:P (b), N:P (c) and C:K (d) ratios for the different land-use types. The different lowercase letters indicate significant differences among the three land-use types within the same soil layer based on Duncan’s multiple comparison test at p < 0.05. P, poplar plantation system; P–W, wheat field system after deforestation of a poplar plantation; W, wheat field system. 
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Figure 5. Vertical variation of SOC stocks in different land-use types (a) and the proportion in each soil layer in the different land-use types (b). The different lowercase letters indicate significant differences among planting systems for the same soil layer based on Duncan’s multiple comparison test at p < 0.05. P, poplar plantation system; P–W, wheat field system after deforestation of a poplar plantation; W, wheat field system. 
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Figure 6. Relationships of the SOC content and BD (a), pH (b), TN (c), TP (d) and TK (e). P, poplar plantation system; P–W, wheat field system after deforestation of a poplar plantation; W, wheat field system. 
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Table 1. The analysis of variance of BD, soil porosity, pH, SOC, TN, TP, and TK contents affected by land-use type and soil depth.
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	BD
	SP
	pH
	SOC
	TN
	TP
	TK





	F
	
	
	
	
	
	
	



	PS
	21.347
	29.835
	6.247
	160.900
	9.093
	17.258
	30.634



	S
	40.078
	62.558
	87.533
	259.613
	155.562
	110.716
	1.064



	PS × S
	1.842
	1.794
	2.079
	2.776
	3.859
	3.324
	0.763



	P
	
	
	
	
	
	
	



	PS
	0.000
	0.000
	0.005
	0.000
	0.001
	0.000
	0.000



	S
	0.000
	0.000
	0.000
	0.000
	0.000
	0.000
	0.391



	PS × S
	0.108
	0.118
	0.070
	0.020
	0.003
	0.008
	0.637







Notes: BD, bulk density; SP, soil porosity; TN, total nitrogen; TP, total phosphorus; TK, total potassium; SOC, soil organic carbon; PS, planting system; S, soil depth.
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Table 2. Analysis of variance results of the C:N, C:P, C:K, N:P ratios affected by land-use type and soil depth.
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	C:N
	C:P
	C:K
	N:P





	F
	
	
	
	



	PS
	67.426
	78.271
	113.425
	1.807



	S
	7.650
	53.085
	146.778
	34.570



	PS × S
	3.527
	0.595
	3.060
	5.573



	P
	
	
	
	



	PS
	0.000
	0.000
	0.000
	0.181



	S
	0.000
	0.000
	0.000
	0.000



	PS × S
	0.005
	0.774
	0.012
	0.000







Notes: PS, planting system; S, soil depth.
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