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Abstract

:

Soil acidification, caused by intensified fertilizer application and acid deposition, has threatened the sustainability of agricultural ecosystems and soil quality in parts of China since the 1980s. However, little is known about the spatio-temporal change of soil pH in cropland at a large basin scale. Poyang Lake Basin of China was selected as the study area to identify the spatio-temporal change of cropland pH and detect potential soil acidification factors. A total of 507 and 503 topsoil samples were collected in 2012 and 2018, respectively, and methods including one-way analysis of variance (ANOVA), Pearson’s correlation analyses, and Inverse Distance Weighted (IDW) were applied. Results showed that soil pH ranged from 3.96 to 7.95 in 2012 and from 3.34 to 8.19 in 2018, with most samples being acidic (pH < 7) in both sets of data. The two soil datasets showed a significant decline (p < 0.05) of 0.1 pH units over the past six years and several soil samples that exhibited obvious uptrends in the groups of pH < 4.5 and 4.5–5.0 from 2012 to 2018. Overall, the distribution patterns of pH at the two sampling dates were similar, whereas local details of the pH spatial distribution patterns differed. While we found a significant correlation (p < 0.05) between soil pH and aspect, elevation and slope showed no significant correlation with pH. ANOVA showed that pH values in the water density (river or lake network density) range of 6.27–19.94 were significantly higher (p < 0.05) than the other water densities. Large amounts of precipitation with low pH values were found to significantly influence soil pH, whereas N-fertilizer inputs exerted limited effects on soil pH over the entire study area. These findings provided new insights on soil acidification assessment and potential factor detection at the basin scale.
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1. Introduction


As a measure of soil acidity or alkalinity, soil pH regulates soil biogeochemical processes [1], controls soil quality [2], affects the structure and functioning of terrestrial ecosystems [3], and has some impact on crop productivity [4]. Soil pH also has a stimulating role in soil microbial biomass growth [5]. Under the combined influence of natural factors and anthropogenic activities, soil pH values are variable over space and dynamic over time [6,7]. Thus, understanding the scale and reasons for soil pH changes can provide valuable information that reveals the mechanisms for and predicts acidification processes.



Soil acidification is defined as a decrease in soil pH and is commonly a slow process under natural conditions [8,9]. Nevertheless, this process can be dramatically increased by a series of factors, including acidic precipitation and the deposition of acidifying gases or particles, consequently resulting in a variety of environmental impacts [10,11]. It has been widely reported that soil pH values could be significantly changed within decades due to the influence of human activities [12,13]. For example, acidification can be hastened by the application of nitrogen fertilizer [14,15,16], which produces an excess of H+ ions in soil. It could also result from waste water percolating through the soil, which encourages the dissolution of soil carbonates [17]. Natural environmental factors could also shape soil pH and its spatial distribution. For instance, temperature, microbial community composition, and landscape factors were observed to be directly correlated with soil pH [18,19,20]. The spatial distribution of pH or pH change has been well researched. Xie et al. [21] identified the spatial distribution of pH change in the Yangtze River Delta of China between 1989 and 2015 and found that significant topsoil acidification occurred in major croplands of the study area. Yang et al. [22] reported that mean soil pH across northern China's grasslands was 8.17 in the 1980s but 7.50 in the 2000s, with a decline rate of about 0.034 pH units per year.



However, little data has been provided from watershed-scale observations, and as far as we know, research on the effect of environmental factors and human activities on soil pH has been seldom reported. The Poyang Lake Basin in South China was chosen as the area in which to conduct this study as it is a typical area characterized by soil acidification, acid rain, and high precipitation. Additionally, the problem of soil acidification in the region has received significant attention from both the government and scholars in recent years. In this study, we hypothesize that N-fertilizer inputs in the study area were relatively high and consequently promoted soil acidification. Our study, aiming to examine soil acidification of croplands in the Poyang Lake Basin of China, was based on 507 topsoil samples taken in 2012 and 503 samples taken in 2018. Specifically, the objectives of the study were to (1) identify the spatial distribution of soil pH and pH change during the study period, (2) detect the potential factors influencing soil pH change, and (3) evaluate the effects of N-fertilizer inputs and precipitation on soil pH dynamics.




2. Materials and Methods


2.1. Study Area


The Poyang Lake Basin is on the south bank of the middle reach of the Yangtze River. It is in Jiangxi province, in the monsoon region of eastern China. It has a subtropical climate with an average annual precipitation of 1341 to 1940 mm and an average annual temperature of 11.6–19.6 °C. The soil types in this region can be divided into eight subtypes based on Chinese soil genetic classification, namely red earth, yellow earth, mountain meadow soil, mountain yellow brown soil, purple soil, lime soil, alluvial soil, and paddy soil. Among them, red earth, paddy soil, and yellow earth dominate, accounting for 56%, 12%, and 10% of the total area, respectively. The composition of the Poyang Lake water system is complex. Besides the Poyang Lake itself, there are various rivers such as Xiushui, Raohe, Xinjiang, Fuhe, the five reaches of the Ganjiang River, etc.



The study area covered most of Poyang Lake Basin and is specifically composed of three sub-basins with a total area of 512.19 hectares. The geographical delimitation is 27.50°–30.07° N and 115.18°–118.60° E. Soil parent material types mainly include quaternary red clay, acid crystal rock weathering, and red sandstone weathering. The location of the study area is given in Figure 1.




2.2. Data Sources


The data of N-fertilizer inputs in the study area, Jiangxi province, and China were collected in the government statistical yearbooks of Jiangxi and China (2013–2017), respectively. The average pH values of precipitation in Jiangxi province were extracted from the Monthly Report of Environmental Quality in Jiangxi Province (http://www.jxepb.gov.cn). Landscape factors were calculated based on the DEM downloaded from Geospatial Data Cloud (http://www.gscloud.cn). Water system data was downloaded from the National Catalogue Service for Geographic Information (http://www.webmap.cn).




2.3. Soil Sampling and Analysis


The soil sampling was conducted in the croplands; 507 and 503 composite soil samples were collected in 2012 and 2018, respectively. All the sampling locations were planned in the center of typical, large agricultural land parcels. Each soil sample was composed by mixing five subsamples collected randomly within 10 m of the planned location. Soil subsamples were collected at depths of 0–20 cm. All soil samples were air-dried (72 h), ground, and sieved through 2 mm mesh sieves for further analysis. Soil pH was measured in a soil slurry (1:2.5, soil: distilled water) using a pH meter.




2.4. Statistical Analysis


The experimental soil pH data was analyzed via descriptive statistics, one-way analyses of variance (ANOVA), and Pearson’s correlation analyses. All statistical analyses and figures were performed and constructed using SPSS ver. 19.0 (SPSS Inc., Chicago, IL, USA) and SigmaPlot ver. 12.5 (Systat Software Inc., San Jose, CA, USA). The spatial distribution was interpolated by IDW (Inverse Distance Weighted) using ArcGIS software 10.2 (ESRI, 2009, Redlands, CA, USA). Terrain factors and water densities were calculated based on DEM and water system data of the study area using ArcGIS software. Water densities were represented by line density, which is the total length of river channel per unit area.





3. Results and Discussion


3.1. Descriptive Statistics of Soil pH


Table 1 shows the descriptive statistics of soil pH values on the two sampling dates. The average topsoil pH values in 2012 and 2018 were 5.06 and 4.96, respectively. Soil pH ranged from 3.96 to 7.95 in 2012, and from 3.34 to 8.19 in 2018, with most samples being acidic (pH < 7) in both sets of data. Compared with soils in other regions where soil acidification has occurred in China, such as topsoil in the Yangtze River Delta region (with pH ranging from 5.72 to 6.80 during 1980 to 2015) [21] and topsoil in three cities of central subtropical China (with the average pH of 5.30 in 2014) [23], pH values in the study area were lower. The soil pH values in 2012 and 2018 in this study showed kurtosis values greater than zero, which suggests a steeper than normal distribution of the pH values in the soil samples. Furthermore, the skewness values recorded for pH were greater than one, indicating right-handed skewness and leptokurtic kurtosis. Soil pH is not a homogeneous value in time and space [13,24]. According to the classification standard proposed by Nielsen and Bouma [25], the variations in soil pH in 2012 and 2018 were moderate, with coefficients of variation (CV) of 10.47% and 11.29% and standard deviations (SD) of 0.53 and 0.56. Similar results were also reported by Li et al. [26] for moderate variability of soil pH.




3.2. Temporal Dynamics of Soil pH


Soil acidification is a very slow process under natural conditions [27], and an acidification trend in soil is commonly regarded as undesirable [28]. Nevertheless, the two soil datasets in our study showed a significant decline (p < 0.05) of 0.1 pH units over the past six years (0.017 pH unit yr−1), indicating that soil acidification occurred in the study area. This is in line with the early reports by Li et al. [29] and Wen et al. [30] that soil pH values declined near Poyang Lake and in Jiangxi province over the past decades. Compared with the forest soil acidification rate in China (about 0.018 pH unit yr–1) [31], the rate in our study is almost the same.



To further investigate the downward shift process and grasp the details of the change, soil samples were equally spaced and divided into five groups based on pH values (A: < 4.5, B: 4.5–5.0, C: 5.0–5.5, D: 5.5–6.0, E: > 6.0). The difference between sample numbers in the five groups between the two dates is given in Figure 2. As shown, the number of samples in the five groups clearly differed, and the pH values of most samples were concentrated in group B (4.5–5.0). Specifically, 49.90% of samples in 2012 and 53.35% of samples in 2018 fell into this group, indicating strong acidity in the soils of the study area. Zhu et al. [32] also found that acidic soils with a pH of 4.5–5.5 dominated in cultivated land, paddyfield, and dry land during 2005–2012 in Jiangxi province. The percentage of soil samples that fell into group C (5.0–5.5) was also relatively high, with 30.57% and 24.67% in 2012 and 2018, respectively. The number of soil samples with pH values exceeding 6.0 was the least, with 4.93% of samples in 2012 and 4.59% in 2018 falling into this group. The soil samples exhibited a clear uptrend in the groups of pH < 4.5 and 4.5–5.0 from 2012 to 2018. From 2012 to 2018, the percentage of samples with pH < 4.5 increased from 6.31% to 11.47%, and the percentage of samples with pH 4.5–5.0 increased from 49.90% to 53.35%. In contrast, the percentage of soil samples with pH values ranging from 5.0 to 6.0 decreased over the past six years. Specifically, the percentage of samples with a pH of 5.0–5.5 decreased from 30.57% to 24.67%, and those with a pH of 5.5–6.0 decreased from 8.28% to 5.93%, exhibiting an overall shift of soil pH from the higher values (5.0–6.0) to the lower values (<5.0). Similar results regarding the number of soil samples with different acidity levels over time have been found in other regions [21], with the percentage of soil samples with pH values exceeding 6.0 being low and a minor changing scale over the period from 2012 to 2018.



It should be noted that most literature regarding soil acidification was based on pH data at different times and differing in both location and record numbers (i.e., unpaired data) [31]. To compare the differences of pH values in soil samples with the same spatial location in the two datasets, samples with the shortest distance within 5 km in 2012 and 2018 were paired and assumed to have the same location in our study. In total, 280 samples were paired and the subtractions between the pH values in 2012 and those in 2018 are shown in Figure 3. The number of samples with a subtraction value higher than zero (N = 114) was smaller than the number with a subtraction value lower than zero (N = 166), indicating that pH values decreased in most paired samples. The average subtraction of pH (2018) > pH (2012) was 0.50, slightly lower than that (–0.51) of pH (2018) < pH (2012).




3.3. Spatial Distribution Patterns of Soil pH and Identification of Areas with Clearly Changed pH


The distribution of soil pH across a large geographical space is determined by different environmental factors [33,34] and thus shows different characteristics. The spatial distribution patterns of soil pH in 2012 and 2018 are presented in Figure 4. Overall, the distribution patterns of pH from the two sampling dates were similar. The soils with a pH ranging from 4.5–5.0 in the two datasets covered most of the study area, and the soils with a pH of 5.0–5.5 dominated in the northwestern and southeastern portions of the study area. However, local details of pH spatial distribution patterns differed among the two datasets. In 2012, areas with soil pH values lower than 4.5 were small and scattered. Soils with pH values exceeding 5.5 were mainly distributed in the central and eastern areas. In comparison, areas with soil pH < 4.5 expanded and were mainly concentrated on the north central part of the study area in 2018. Meanwhile, areas with soil pH values ranging from 5.5 to 6.0 shifted to the extreme northwestern part of the study area. Different spatial distribution patterns of soil pH in the same scope but with various sampling dates were also reported in the other regions [21].



To identify the clearly changed pH areas across the study area, the spatial pattern of soil pH in 2012 was subtracted from that in 2018. Areas with a subtraction value (Δ pH) exceeding 0.1 or lower than –0.1 were assumed to be notably changed. A similar method was successful in detecting changes in soil environmental parameters in the lower Changjiang plain, China [35]. The spatial distribution of the clearly changed pH is shown in Figure 5. Overall, zones with clearly decreased soil pH (49.56% of the total area) covered most of the study area, indicating a decreasing trend of soil pH values over the last six years. Nevertheless, 24.27% of the study area showed elevated pH values. They were mainly distributed in the northwestern and south-central areas. Unchanged areas accounted for 26.17% of the total area and had a banded distribution in the north-south direction. This result indicated that pH changes were highly variable across the study area. The spatial distribution of pH change can be used in the fertilizer recommendation strategy [13].




3.4. Soil pH Change Among Different Terrain Conditions, Land use Types, Soil Types, and Water Densities


Terrain attributes act as soil forming factors and, therefore, are related to soil forming processes and their properties [20]. The pH value showed the same trend, with a significant correlation to elevation only at the topsoil. The correlations between soil pH value and main terrain factors including elevation, aspect, and slope are given in Table 2. Across the entire study area, we found a significant correlation (p < 0.05) between soil pH and aspect, while elevation and slope showed no significant correlation with pH value. This indicates that aspect exerts a relatively strong effect on soil pH in this area. Our result was not in line with some earlier literature [36], which found that a significant correlation exists between pH values and elevation at the topsoil. Samples collected in the same basin with no significant change of elevation may weaken the correlation of soil pH and elevation in our study. Similarly, Fang et al. [37] and Tu et al. [38] also concluded the correlation of soil pH and elevation did not exhibit statistical significance (p > 0.05).



The effects of land use types and environmental factors, including soil types and water densities, on soil pH values were also analyzed and are presented in Figure 6. Among different land use types (Figure 6A), soils in irrigable land had significantly higher pH values (5.76). The average pH value of soil in dryland was 5.00, followed by that in paddyfield (4.94) and garden plot (4.49). Filippi et al. [17] also found a more pronounced acidification trend under non-irrigated land uses than the other land uses. However, the differences in pH values among dryland, paddyfield, and garden plot were not significant at p < 0.05. Soil pH changes across the study area in different soil types are shown in Figure 6B. Different types of soil with various parent materials play a vital role in modifying soil buffering systems and can result in divergent pH values [39]. Considering the average pH values, the following order was observed in different soil types: fluvo-aquic soils (5.14) > red earths (4.97) > paddy soils (4.93) > lakes and reservoirs (4.83). Nevertheless, no significant differences were observed among the four soil types at p < 0.05 and as tested by ANOVA. The difference of soil pH values in different water densities is given in Figure 6C. Overall, pH values tended to decrease with increasing water densities. The average soil pH values in the water density ranges of 6.27–19.94 and 64.49–108.19 were 5.03 and 4.82, respectively. ANOVA showed that pH values in the water density range of 6.27–19.94 were significantly higher than the other water densities, implying that low water density contributed to elevated pH values. Lardner et al. [40] also reported that a highly significant interaction effect exists between soil pH and soil water content.




3.5. Relationships of Soil pH Change with N-Fertilizer Inputs and Acidic Precipitation


Moderate levels of N-fertilization can stimulate plant nitrogen uptake and growth, but high N loading can cause nitrate loss and base cation depletion [41]. The effects of N addition on soil acid buffering capacity and acidification rates have been well documented [42,43,44]. Generally, soil H+ is mainly derived from acid deposition, microbial decomposition of organic matter, and soil nitrification [45]. Long-term N input increases NH4+ and H+ concentrations in soil solutions via enhanced N mineralization and nitrification leading to the decrease of soil pH values [46]. The data of N-fertilizer application amounts in the cultivated land of the study area, Jiangxi province, and China in 2017 was extracted from the Jiangxi statistical yearbook and China statistical yearbook. The statistical figures of N-fertilizer application rates are given in Figure 7.



As shown, N-fertilizer application rates in cultivated land decreased from 2013 to 2017. Specifically, they decreased from 127.00 kg/hm2 in 2012 to 117.94 kg/hm2 in 2018 in the study area. In the past five years, N-fertilizer application rates also decreased by 10.78% and 7.21% in Jiangxi province and China, respectively, showing the effect of the policy of rational fertilization in China. Compared with Jiangxi province and China, N-fertilizer application rates in the study area are clearly lower. The N-fertilizer application rates in the study area accounted for 89.72%–95.53% and 70.08–71.61% of the average values in Jiangxi province and China, respectively, during 2013–2017. This indicates that N-fertilizer application rates in the study area were relatively lower, and the assumption of N-fertilizer input being among the main causes of soil acidification is strengthened. A similar result was also reported by Damgaard et al. [47] who found no significant effect of N deposition on soil pH on wet heathlands. Li et al. [26] certified that soil pH decreased significantly when nitrogen fertilizer rates exceeded 200 kg/ha, whereas only small changes in pH were observed when nitrogen fertilizer rates were below that threshold. Yang et al. [48] also confirmed that a high nitrogen fertilizer application rate can accelerate soil acidification, while low and moderate nitrogen treatments showed non-significant effects upon soil pH. Moreover, the initial soil pH in our study was more concentrated at 4.5–5.0, and the effect of N addition on soil acidification was weakened by the low initial soil pH [13,44,49].



Recent syntheses suggest that precipitation also influenced the response of soil pH [44] and acid deposition decreased soil pH [50,51,52]. The monthly average pH values of precipitation each month during 2013 to 2017 in Jiangxi province are summarized in Figure 8. Overall, pH values tended to increase from January to December of each year. Elevated pH values were also found during the past years when compared with the pH change curves of different years. The monthly average pH values ranged from 4.78–5.66, and the yearly average pH values had a range of 5.13–5.38 over the past five years. According to the China Environmental Status Bulletin [53], the yearly average pH value of precipitation in China was 5.58, and the study area was divided into areas with severe acid rain. The large amount of precipitation with low pH values was an important factor that influenced soil pH.





4. Conclusions


This paper provides a comprehensive assessment of soil acidification and detects potential factors of soil pH change in croplands near Poyang Lake at the basin scale. A significant decline (p < 0.05) in soil pH values was found during 2012–2018. Although the spatial distribution of pH at the two sampling dates was similar, local details were different, and areas with lower pH values expanded in 2018. Among the potential factors, soil pH showed a significant difference (p < 0.05) between various aspect, land use types, and water densities. Nevertheless, the difference between the four soil types was not significant. N-fertilizer application was proved not to be one of the most important factors that control soil pH in the study area. The large amount of precipitation with low pH values plays an important role in the control of soil pH change. This suggests that the role of environmental factors seems to be more evident in influencing soil acidification when compared to human activities in the study. However, the relationship between the influencing factors is complex, and in most cases, there will be interactions between the factors. Some environmental factors were influenced by industrial activities (e.g., the pH value of precipitation). To slow down the soil acidification rate of cropland in Poyang Lake Basin, the local government must continue to work hard to reduce the emission of acid pollutants. Further, we will conduct a more in-depth study on the influence of different types of human activities on soil acidification.
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Figure 1. Study area and sampling locations in the Poyang Lake Basin. 
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Figure 2. Temporal dynamics of pH groups from 2012 to 2018. The samples were divided into five groups based on the following pH value ranges. A: < 4.5, B: 4.5–5.0, C: 5.0–5.5, D: 5.5–6.0, E: > 6.0. 
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Figure 3. Difference of pH values in paired soil samples. Soil samples collected in 2012 and 2018 were paired based on spatial location within 5 km of each other. 
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Figure 4. Spatial distribution of pH in 2012 and 2018. 
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Figure 5. Areas showing clear pH changes from 2012 to 2018. Unchanged refers to pH changes in the range of 0.1. Decreased and increased indicate pH changes over 0.1. 
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Figure 6. pH differences in various land use types, soil types, and water densities. (A) L1 represents dryland (N = 66), L2 represents paddyfield (N = 444), L3 represents irrigable land (N = 10), and L4 represents garden plot (N = 3). (B) S1 represents fluvo-aquic soils (N = 23), S2 represents paddy soils (N = 263), S3 represents red earths (N = 213), and S4 represents lakes and reservoirs (N = 8). (C) W1 represents 6.27–19.94 (N = 223), W2 represents 19.94–38.19 (N = 200), W3 represents 38.19–64.49 (N = 66), and W4 represents 64.49–108.19 (N = 34). Lowercase letters on the histogram represent significant differences (p < 0.05). 
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Figure 7. Comparison of N-fertilizer application rates between Jiangxi Province and China in cultivated land. Carbamide is the most frequently used N-fertilizer. 
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Figure 8. Average pH values of rain every month during 2013 and 2017 in Jiangxi Province. Data were extracted from the Monthly Report of Environmental Quality in Jiangxi Province. 
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Table 1. Descriptive statistics of soil pH in the study area.
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	Year
	N
	Range
	Average Value
	SD
	Kurtosis
	Skewness
	CV (%)





	2012
	507
	3.96–7.95
	5.06
	0.53
	6.83
	2.05
	10.47



	2018
	523
	3.34–8.19
	4.96
	0.56
	7.40
	2.10
	11.29
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Table 2. Correlation coefficients between pH and main terrain factors.
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	Parameter
	pH
	Elevation
	Cos (Aspect)
	Slope





	pH
	1
	
	
	



	Elevation
	0.076
	1
	
	



	Cos (Aspect)
	0.106 *
	–0.041
	
	



	Slope
	0.078
	0.719 **
	–0.085
	1







* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). 
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