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Abstract

:

The Chinese project, better known as the Grain for Green Project (GGP), has changed the land-use type in the karst area of Puding county, Guizhou province, southwest China, and this study is aimed at evaluating the Hg distribution and determining factors in soils after the land-use change. A total of ten soil profiles were selected in the typical karst region, and the land-use types were divided into native vegetation land (NVL), farmland (FL), and abandoned farmland (AFL). Total Hg concentration under different land-use types increased in the order: NVL (average 63.26 μg∙kg−1) < FL (average 71.48 μg∙kg−1) < AFL (average 98.22 μg∙kg−1). After agricultural abandonment for four to five years with a cover of native vegetation in the AFL, a higher concentration of Hg compared to the other two land-use types indicate that the Hg accumulation in soil results from vegetation restoration of AFL due to land-use change. Soil organic carbon (SOC) and macro-aggregates were highly correlated to Hg concentration in this study. Macro-aggregates can provide a stable condition for Hg due to the thin regolith and high porosity in the karst region. A high proportion of macro-aggregates can reduce the mobility of Hg in the karst area. Intense tillage can significantly reduce the formation of macro-aggregates in FL, but the macro-aggregates in AFL were recovered as well as those in NVL, resulting in the accumulation of Hg.
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1. Introduction


Mercury (Hg) has been identified as a bioaccumulative and toxic contaminant due to its global distribution [1,2] and neurotoxic properties [3]. Inorganic Hg has an adverse effect on the normal metabolism of cells [4], while organic Hg can destroy brain function and cause cardiovascular diseases [5]. When brought into contact with plants, Hg can inhibit seed germination and decrease growth rates [6]. Elemental mercury emitted by natural processes and anthropogenic activities tends to be transported long-distance through the atmosphere, causing widespread problems like Minamata disease and negative effects on the intelligence of newborns [7,8,9]. In the natural environment, soil security was threatened by mercury deposition because of the rapid development of agriculture and industry [10,11,12]. The persistence, high toxicity, and bioaccumulation of heavy metals in the soil have become more and more significant hazards and cause adverse effects on the quality of soil and human health [13,14,15,16].



Soil organic carbon (SOC) and soil aggregates are taken into consideration as factors that influence Hg enrichment. Soil organic matter has significant importance because it not only retains nutrients but also pollutants in the soil [17]. Previous studies have reported a strong relationship between Hg and SOC [18,19], which is a significant binding agent for Hg in soil. SOC storage in the soil would significantly change with the conversion of land-use types, such as deforestation, afforestation, and agricultural abandonment [20]. The stabilization of SOC is highly related to land-use change, tillage, and soil aggregates which determine the residence time of organic matter in the soil. Soil aggregates are a basic unit of soil structure and have a big influence in the SOC storage [21,22] and Hg in soil [23]. Furthermore, macro-aggregates can indicate land-use change because of its sensitivity [24] and reflect the influence of intense tillage in soil.



The largest karst region (~550,000 km2) is located in Southwest China [25,26,27]. The range of Hg concentration in the Chinese karst area is 27–20201 μg∙kg−1 at the topsoil and 25–60,001 μg∙kg−1 at the deep soil [28]. Ecosystems are highly fragile and vulnerable in the karst area due to frequent human activities like cultivation [29]. Long-term cultivation has caused severe soil erosion and nutrient loss in karst areas. With the low quality and steeply sloping farmland in the agricultural environment, many low-yielding farmlands have been abandoned due to the Grain for Green Project (GGP) [30]. The GGP is the largest forest ecological construction project in the world, aiming to improve the soil loss, desertification, and adverse effects of cultivation [30,31]. The program implemented the conversion of farmland into forest of about 14.67 million ha in 2010, successfully reducing runoff and soil erosion by land-use modification [32]. However, the GGP also has some adverse effects [33], like pollutant adsorption [34,35]. Therefore, the land-use change due to GGP in the karst area has motivated the interest of exploring the distribution characteristics of Hg after the abandoned farmland evolved into native vegetation land in this study. The objectives of this study were: (1) to evaluate the enrichment of Hg after the influences of GGP in the karst area and (2) to explore the influence of SOC and soil aggregates in Hg distribution under different land-use types in the karst area.




2. Materials and Methods


2.1. Study Area


The study area was located in Puding county (26°15′ to 26°16′ N, 105°46′ to 105°47′ E), which is a typical karst critical zone with a cover of 1.54 km2 in Anshun city, Guizhou province, southwest China (Figure 1). The study area is dominated by a sub-tropical monsoonal climate, and the annual average temperature is approximately 15.1 °C, the annual average rainfall is approximately 1400 mm, and the rainy season is from May to October [36]. This region is surrounded by hills with slopes generally over 30° and an elevation of about 1310–1524 m.a.s.l. [37]. The main land-use types include dry farmland (55.65%), shrubland (23.35%), paddy land (14.39%), and secondary forest land (6.61%) in this catchment [38]. The range of soil layer thickness is 10 to 160 cm, with an average of 30 cm [39]. In the topsoil layer (0–30 cm), the primary mode of cultivation is plowing and crop rotation, including the urea and compound fertilizer applied in the farmland [40]. Intensive tillage was conducted in the study area resulting in severe soil degradation; thus, many farmlands were abandoned and turned into native vegetation land after the GGP [41]. Dolomite and limestone, primarily located on the hilltops and hillsides, were developing into calcareous soil first; then, the calcareous soil was transported into the central depression of the catchment and formed quaternary deposits according to a previous study conducted by Zhao et al. [41].




2.2. Sample Collection


To evaluate the influences of land-use change caused by GGP, sample collection in the study area was conducted in three different land-use types in June 2016. In total, three soil profiles from abandoned farmland (AFL), three soil profiles from farmland (FL), and four soil profiles from native vegetation land (NVL) (including three shrublands and one secondary forest land) were collected (Figure 1). The selection of locations was considered from paired sites, similar soil conditions, and the number of conversion years was clearly given or derived, aiming to compare the influence of GGP. The detailed information on land-use condition was described in Table 1, including the land-use change and dominant plant. The humus layer of NVL is black, loose, and has abundant plant roots. The soil profiles of FL and AFL are generally yellow and have a block structure. The collection of soil samples was done from bottom to top in each soil profile to avoid mixed pollution. The interval of the sample collection was 10 cm at 0–30 cm depth and 20 cm below 30 cm depth. The depth of each soil profile and data of each sample are shown in Table A1.




2.3. Sample Analysis Methods


The stones and coarse materials in soil samples were removed before being dried at room temperature (25 °C) by air. After being ground into powder, part of the dried samples was sieved through a 100-mesh sieve (<150 μm). Another part was unground for aggregates analysis. Diluted hydrochloric acid (HCl, 0.5 mol L−1) was used to soak soil samples for 24 h to remove inorganic carbonates [42,43,44]; then, the samples were treated using deionized water to make the supernatant liquid neutral. Soil organic carbon (SOC) was analyzed using an elemental analyzer (Vario TOC cube; Elementar, Langenselbold, Germany) after pretreatment [45,46]. For analysis of soil aggregates, the initial samples were uniformly separated into triplicate subsamples by quartering and macro-aggregates (250–2000 μm), micro-aggregates (53–250 μm), and silt and clay fraction (<53 μm) were separated by wet sieving [47]. The absolute content of Hg in soils, better known as total mercury (THg), was performed using an RA−915M mercury analyzer with the direct injection of a solid module (Lumex Instrument, St. Petersburg, Russia) [48]. For the standard reference materials (GBW07402 and GBW07405) and parallel random samples, every ten soil samples were tested in order to ensure the accuracy of the analyzer. The standard reference materials were from the China National Standard Materials Research Center. The detection limit of the mercury analyzer is 0.10 μg∙kg−1. With adequate accuracy and precision, the mercury analyzer was fast and low cost without soil digestion, and had reduced losses of Hg during the pretreatment.




2.4. Statistical Analysis


The data was analyzed by a two-tailed test among the THg, SOC, and proportion of aggregate size in each land-use type; the least significant difference was p < 0.05. Pearson correlation coefficient was performed at bivariate correlations to analyze the association among the THg, SOC, and proportion of aggregate size. The linear regression analysis using coefficient (R) and p-values to describe the best-fit line express the relationships between variables. The data was carried out by SPSS 18.0 (SPSS Inc., Chicago, IL, USA) and Microsoft Office 2019 (Microsoft Corporation, Redmond, Seattle, WA, USA). The figures were constructed by SigmaPlot 12.5 (Systat Software GmbH, Erkrath, Germany) software package.





3. Results and Discussion


3.1. Increased THg Concentration after Agricultural Abandonment


The data concerning THg in soils is presented in Appendix A Table A1, and the vertical distribution of THg is shown in Appendix A Figure A1. An overview of THg concentration, SOC concentration, and proportion of macro-aggregates under different types of land use is shown in Figure 2. THg concentration presents a visible increasing order among the three land-use types (Figure 2a). The THg concentration under abandoned farmland (AFL) is higher than that under the other land-use types. Generally, both farmland with an average THg concentration of 71.48 μg∙kg−1 and native vegetation land with an average THg concentration of 63.26 μg∙kg−1 are lower than the background Hg concentration (110 μg∙kg−1) in Guizhou province [49]. On the contrary, the THg concentration under abandoned farmland (average 98.22 μg∙kg−1) is close to or little higher than the background value. Land-use change may play a key role in the enrichment of Hg in the soil according to relatively high Hg concentration in AFL. The GGP effectively changed the quality of soil, such as soil conservation, nutrient, and oxygen release [50,51]. Less soil and water loss may be a contributor to the enrichment of Hg in the abandoned farmland due to land-use change under GGP. The enrichment of Hg is a potential ecological risk for the forest; furthermore, when the AFL becomes FL again, the risk of Hg to public health will increase.



As for the SOC concentration and proportion of macro-aggregates, the characteristics of soil profiles under FL are significantly different from those under NVL and AFL. A possible explanation is that the highest SOC concentration under farmland is a result of anthropogenic input like agricultural activities with fertilizers (Figure 2b). Previous research has reported that land-use change under GGP in initial years led to the reduction of soil carbon [31,52]. This can probably be attributed to the soil loss from a change of land-use disturbance and lower degree recovery of vegetation [53,54].



Long-term tillage can impede the formation of macro-aggregates in the farmland [55]. For similar reasons, an intense tillage probably results in the lowest proportion of macro-aggregates under farmland (Figure 2c). After agricultural abandonment for years, the SOC concentration and macro-aggregates under abandoned farmland were recovered to a slightly similar level to that under native vegetation land. After the land-use change, the influence of tillage under AFL was gradually eliminated because SOC concentration and macro-aggregates need time to reach a new balance [45,56].




3.2. Effects of SOC Concentration


Soil organic carbon plays a critical role in the Hg concentration in soil profiles. Ionic mercury tends to be combined with organic matter like humic acids and fulvic acids to be a more stable form [57]. Particular S-rich varieties have a high affinity for Hg in organic matter, resulting in the accumulation of Hg in soil [58,59]; thus, the SOC is beneficial for the soil mercury accumulation due to raising the adsorption of Hg [60]. SOC concentrations are generally expected to have high correlations with THg concentrations, thus are considered a controlling factor in the Hg cycle [61,62,63]. As shown in Figure 3, SOC concentration shows a significant correlation with THg concentration under all three different land-use types. The soil profile under FL has the highest SOC concentration, which is expected to have a higher THg concentration compared to those under the other two land-use types. However, the THg concentration in abandoned farmland is much higher than that in the other two types (Figure 2a). Therefore, not only the quantity but also the quality of SOC ia related to soil or sediment samples [64,65,66]. A possible explanation is attributed to the special soil profile of the karst region. Previous studies have reported that soils in the karst region were characterized by thin regolith and high porosity due to surface and underground water flow [67,68]. Agricultural and soil microbial activities focus on the topsoils of the karst region [69]. The thin thickness of soil layers (average 30 cm) in the karst region probably enhances the influence of cultivation for the transport of Hg.




3.3. Effects of Soil Aggregate Size on Hg Concentrations


With further study on the reason of Hg enrichment in abandoned farmland rather than farmland, soil aggregates are involved. Macro-aggregates are sensitive to the change in land management and reflect the effects of land-use change [70,71]. After agricultural abandonment, the plant biomass, enzyme, and soil microbial activity increase [72,73]. As significant organic binding agents, the soil microorganisms and plant debris play an essential role in the formation of macro-aggregates [24]. Hg mobility is probably reduced by this process, which enhances the binding between Hg and organic agents. As shown in Figure 3, THg concentration shows a high correlation with the proportion of macro-aggregates under NVL and AFL. Besides, the correlation between THg concentration with micro-aggregates and silt and clay is shown in Appendix A Figure A2. However, a previous study reported that fine soil aggregate size showed higher THg concentration [23]. This result may be attributed to more new SOC in micro-aggregates than macro-aggregates. However, the new SOC probably decreases due to long-term cultivation activities in this study [45]. Furthermore, the aggregate hierarchy model proposed that the macro-aggregates formation wrap the OC-enriched fresh residues [55]; thus, micro-aggregates will be wrapped into macro-aggregates during the process of formation without disturbance of cultivation activities after agricultural abandonment. Visible differences in the distribution of aggregate size with a depth between native vegetation land and farmland show that tillage significantly reduces the macro-aggregate formation (Figure 4). The distribution pattern in abandoned farmland, which is similar to that in native vegetation land, indicates the gradual recovery from the influence of tillage. Less formation of macro-aggregates results in destroyed soil organic matter in micro-aggregates [47]. Soil aggregates protect the soil organic matter from microbial and enzymatic attack [74], resulting in more stable bonding between Hg and organic matter.





4. Conclusions


The Grain for Green Project (GGP) has changed the land-use type in the karst area and caused adverse effects, like Hg enrichment in soils. This study has shown that agricultural abandonment can significantly lead to the enrichment of Hg in the soil of the karst region. The THg concentration under different land-use types in the study area increased in the following order: native vegetation land < farmland < abandoned farmland. SOC concentration and macro-aggregates are the most evident contributions of Hg distribution in these types of soil. Macro-aggregates protect SOC, which is the binding agent of Hg, and provide a stable condition to reduce the mobility of Hg in the karst region. Long-term tillage reduces the formation of macro-aggregates in the farmland, resulting in low THg concentration. However, after agricultural abandonment, the macro-aggregates under abandoned farmland gradually recover without tillage disturbance, resulting in the enrichment of Hg in the soil. This study preliminarily explored the effect of GGP on mercury accumulation in soils. Although soil mercury concentrations in the study area were relatively low, the GGP led to mercury enrichment and this consequence should be considered going forward.
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Table A1. The data of samples.






Table A1. The data of samples.





	
Profile

	
Depth (cm)

	
THg (μg∙kg−1)

	
SOC (g∙kg−1)

	
Proportion (%)




	
Macro-Aggregates

	
Micro-Aggregates

	
Silt and Clay






	
Native vegetation land (NVL)




	
NVL1

	
5

	
80.60

	
38.40

	
76.88

	
9.41

	
13.71




	
NVL1

	
15

	
59.30

	
14.73

	
76.04

	
9.18

	
14.78




	
NVL1

	
25

	
34.50

	
10.89

	
69.58

	
10.61

	
19.81




	
NVL1

	
40

	
32.30

	
9.75

	
66.87

	
10.95

	
22.18




	
NVL1

	
60

	
20.80

	
6.80

	
67.25

	
8.83

	
23.92




	
NVL1

	
80

	
18.90

	
6.49

	
61.07

	
9.72

	
29.21




	
NVL2

	
5

	
55.20

	
32.80

	
80.70

	
8.84

	
10.46




	
NVL2

	
15

	
53.70

	
33.96

	
75.12

	
9.49

	
15.39




	
NVL2

	
25

	
47.90

	
32.03

	
79.16

	
8.42

	
12.43




	
NVL2

	
40

	
63.90

	
22.97

	
84.72

	
6.88

	
8.39




	
NVL2

	
60

	
54.30

	
15.65

	
71.70

	
12.88

	
15.42




	
NVL2

	
80

	
65.70

	
10.38

	
67.82

	
15.51

	
16.67




	
NVL3

	
5

	
82.30

	
55.15

	
81.50

	
7.81

	
10.68




	
NVL3

	
15

	
85.50

	
46.84

	
85.03

	
8.61

	
6.37




	
NVL3

	
25

	
73.90

	
24.72

	
90.83

	
4.65

	
4.51




	
NVL3

	
40

	
61.00

	
12.72

	
81.15

	
10.86

	
7.98




	
NVL4

	
5

	
161.40

	
119.33

	
90.47

	
5.58

	
3.95




	
NVL4

	
15

	
98.50

	
56.49

	
83.56

	
6.20

	
10.24




	
NVL4

	
25

	
54.80

	
21.69

	
72.95

	
6.80

	
20.25




	
NVL4

	
40

	
64.70

	
8.03

	
58.28

	
8.27

	
33.44




	
NVL4

	
60

	
63.00

	
4.28

	
64.79

	
10.26

	
24.95




	
NVL4

	
80

	
59.90

	
4.62

	
68.19

	
13.58

	
18.23




	
Farmland (FL)




	
FL1

	
5

	
51.70

	
16.42

	
61.30

	
16.93

	
21.77




	
FL1

	
15

	
41.10

	
22.85

	
74.09

	
11.13

	
14.78




	
FL1

	
25

	
48.70

	
24.69

	
74.15

	
10.58

	
15.26




	
FL2

	
5

	
95.20

	
47.85

	
63.21

	
19.27

	
17.52




	
FL2

	
15

	
54.30

	
45.77

	
71.43

	
15.76

	
12.81




	
FL2

	
25

	
89.70

	
53.41

	
84.86

	
8.10

	
7.04




	
FL3

	
5

	
84.70

	
44.03

	
66.20

	
16.52

	
17.28




	
FL3

	
15

	
82.80

	
45.54

	
68.33

	
18.37

	
13.30




	
FL3

	
25

	
91.90

	
46.88

	
58.27

	
20.78

	
20.95




	
FL3

	
40

	
74.70

	
53.29

	
84.54

	
7.93

	
7.53




	
Abandoned farmland (AFL)




	
AFL1

	
5

	
118.10

	
37.12

	
82.91

	
8.02

	
9.07




	
AFL1

	
15

	
100.00

	
33.60

	
80.79

	
6.76

	
12.46




	
AFL1

	
25

	
87.20

	
27.41

	
80.09

	
7.90

	
12.02




	
AFL1

	
40

	
76.80

	
18.22

	
70.36

	
10.94

	
18.70




	
AFL1

	
60

	
13.00

	
3.26

	
26.45

	
12.67

	
60.88




	
AFL2

	
5

	
119.60

	
32.01

	
80.81

	
7.11

	
12.08




	
AFL2

	
15

	
110.60

	
24.36

	
84.53

	
5.61

	
9.85




	
AFL2

	
25

	
109.40

	
18.77

	
77.43

	
9.88

	
12.69




	
AFL2

	
40

	
92.30

	
13.69

	
75.37

	
9.19

	
15.44




	
AFL2

	
60

	
94.40

	
10.13

	
72.37

	
14.15

	
13.49




	
AFL3

	
5

	
107.80

	
33.58

	
57.24

	
16.36

	
26.40




	
AFL3

	
15

	
110.50

	
29.50

	
76.19

	
9.22

	
14.59




	
AFL3

	
25

	
106.10

	
33.29

	
72.41

	
12.36

	
15.22




	
AFL3

	
40

	
129.40

	
28.24

	
80.07

	
11.07

	
8.86
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Figure A1. The total mercury concentration distributes with depth under native vegetation land (NVL), farmland (FL), and abandoned farmland (AFL). 
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Figure A2. Line regression relationships between THg concentration, SOC concentration, the proportion of micro-aggregates, and proportion of silt and clay. NVL: native vegetation land; AFL: abandoned farmland. 
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Figure 1. Land use and sampling sites of study area. 
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Figure 2. THg concentration (a), SOC concentration (b), and proportion of macro-aggregates (c) in soil profiles from NVL, FL, and AFL (o represents outliers). NVL: native vegetation land; FL; farmland; AFL: abandoned farmland. 
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Figure 3. Line regression relationships between THg concentration, SOC concentration, and proportion of macro-aggregates. NVL: native vegetation land; FL: farmland; AFL: abandoned farmland. 
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Figure 4. The soil aggregate size distributes with depth under native vegetation land (NVL), farmland (FL), and abandoned farmland (AFL). 
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Table 1. The information on the land-use condition in three types stage.
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	Stage
	Dominant Plant
	Land-Use Condition





	Native vegetation land (NVL)
	Eleusine indica, Ailanthus altissima
	Shrub-grass land and Mixed evergreen broadleaved deciduous forest



	Farmland (FL)
	Arachis hypogaea, Zea mays
	Long-term cultivation activities, crop rotation, mixed application of fertilizer



	Abandoned farmland (AFL)
	Oxalis corniculat, Eleusine indica
	Agricultural abandonment over 3–8 years, cover with shrubland or grassland











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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