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Abstract:



Soil organic carbon (SOC) plays a critical role in carbon cycling and soil quality of agroecosystems. Understanding the factors influencing SOC and the main indicators for soil quality can help in better soil management and sustainable agriculture. In this study, we selected three upland fields (U1, U2 and U3) and three paddy fields (P1, P2 and P3) of saline-alkali agroecosystems to study the impacts of soil physico-chemical properties (soil pH, exchangeable sodium percentage, electrical conductivity and bulk density) and enzyme activities (soil amylase, invertase, catalase and polyphenol oxidase) on SOC dynamics. The soil pH and exchangeable sodium percentage (ESP) had profoundly negative effect on SOC. Soil amylase and invertase activities were significantly positively correlated with SOC in both upland and paddy fields. Catalase promoted the accumulation of paddy SOC and polyphenol oxidase led to the acceleration of decomposition of upland SOC. Additionally, we combined SOC contents, soil physico-chemical properties and soil enzyme activities together to obtain the main indicators of soil quality. The results suggested that, in upland sites, the main factors affecting the soil quality were soil pH, ESP and SOC. As for paddy sites, the main indicators of soil quality were soil pH, amylase and invertase. By comparing the soil quality indicators between upland and paddy fields, it was observed that the inhibiting effect of ESP on paddy soil quality was not as significant as on upland soil quality due to the irrigation practice of rice planting, which could reduce the degree of soil alkalization. Therefore, paddy development has been widely used to improve the saline-alkali land in western Jilin Province of China.
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1. Introduction


Soils, acting as an important component in terrestrial ecosystem, contain the largest organic carbon sink [1,2]. According to previous studies [3,4,5], the global soil organic carbon (SOC) pool is more than twice that of the terrestrial vegetation carbon pool and nearly three times that of atmospheric carbon pool, thus any small variation of SOC could affect the global carbon cycling and climate change [6]. SOC is a key attribute in maintaining soil tilth and quality and energy source for microorganisms in soils. It also influences other soil functions, such as the charge characteristics, aggregate stability, water holding capacity, and so on [7,8]. Various factors could affect SOC dynamics, while soil enzyme activities and soil physico-chemical properties are more important among these factors and more easily determined [9,10,11].



Soil enzymes are involved in nutrient cycling in soil ecosystems [12,13]. The types and quantity of enzymes depend on the soil quality and environmental conditions; hence, enzyme activities may be used as good indicators for soil fertility in different ecosystems. In addition, the formation and decomposition of SOC are regulated by almost all enzymes, so they are comparatively vital in soil carbon cycling [14,15]. Amylase and invertase can catalyze hydrolysis of polysaccharides and release monosaccharides to provide labile carbon and energy sources for supporting microbial living [16,17,18,19]. Catalase and polyphenol oxidase belong to soil oxidoreductases and they are the kind of enzymes that can carry out redox reaction in soil, participating in the cycling of carbon [20]. Previous works reported that SOC had significant positive relation with the activities of soil amylase, invertase [21] and catalase [22]. It was found that polyphenol oxidase was an enzyme capable of degrading protein polyphenol complexes, thus having a strong effect on carbon mineralization [23,24].



Soil physico-chemical properties are basic indicators for estimating the level of soil nutrient contents and characteristics. It was observed that available nutrient balance in soil was influenced by soil pH, moreover phytotoxicity of aluminate was reported in alkaline soil (with pH greater than 9) [25,26]. The ESP is also an important property of soil and it has a great impact on soil structure, porosity and permeability [27]. Soil electrical conductivity can serve as a measurement of soluble nutrients and it is useful in monitoring the mineralization of organic matter in soil [28,29]. Besides, Islam et al. [30] pointed out that the SOC sequestration responded to the difference of soil physico-chemical properties and concluded that bulk density had a significant negative correlation with carbon sequestration. Additionally, soil enzyme activities are commonly influenced by soil pH, and the relation between soil pH and enzyme activities also has control on SOC [31,32,33]. In general, soil physico-chemical properties and soil enzymes do great effort on SOC dynamics together.



Previous studies about SOC and its influencing factors mostly focused on forests, wetlands, grasslands and so on [34,35,36]. However, the subject about saline-alkali agriculture ecological systems has not been extensively studied. Western Jilin Province (in northeast China) is one of the three major saline-alkali regions in the world and it belongs to the Northeast China Transect of IGBP Terrestrial Transects [37]. After several decades of cultivation development, this region has formed special saline-alkali agroecosystems and also become an important agricultural production base in China. These agroecosystems are cultivated with maize and rice. We selected saline-alkali agroecosystems as our research subject and studied: (1) the variation of SOC in different soil layers, growing periods of crops and sampling sites; (2) the effect of physico-chemical properties and enzyme activities on SOC dynamics; and (3) the main indicators for soil quality among all selected factors. Understanding the factors influencing SOC and the main indicators for soil quality of the saline-alkali agroecosystems is important for soil resource conservation, environmental management and sustainable agricultural development in western Jilin Province of China.




2. Materials and Methods


2.1. Study Sites and Sampling Design


The study area was located in western Jilin Province (43°22′–46°18′ N, 121°38′–126°11′ E) (Figure 1) of northeast China where climate is semi-arid and sub-humid continental monsoon with four distinct seasons. Mean annual precipitation of this area is 558.3 mm with maximum mean monthly temperature (23.5 °C) in July (Figure 2). Three upland farmlands (U1, U2, and U3) as well as three paddy farmlands (P1, P2, and P3) differing in soil characteristics were chosen for the research (Table 1), and three parallel sample points were randomly selected at each site. Topsoil (T, 0–30 cm) and subsoil (S, 30–60 cm) samples were taken from study sites during the growing periods of maize and rice in 2016, respectively, in May, July and September, corresponding to the seedling stage (I), tillering to heading stage (II) and fructicative stage (III) for rice, and the seedling stage (I), jointing to heading stage (II) and ripening stage (III) for maize, respectively. Stainless steel rings (5 cm height, 5 cm diameter) were used to collect undisturbed soil for bulk density (BD) measurement.


Figure 1. Location of study area.
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Figure 2. Mean precipitation and temperature in the study area in 2016.
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Table 1. Background information of sampling sites.





	Sampling Sites
	U1
	U2
	U3
	P1
	P2
	P3





	Soil classification
	Loam
	Silty loam
	Sandy loam
	Loam
	Silty loam
	Sandy loam



	Clay (%)
	14.03
	8.52
	7.94
	14.07
	10.75
	4.58



	Silt (%)
	40.73
	73.48
	24.98
	40.18
	67.33
	31.30



	Sand (%)
	45.24
	18.00
	47.08
	45.75
	21.92
	64.12



	Fertilization treatment
	N, P and K
	N, P and K
	N, P and K
	N, P and K
	N, P and K
	N, P and K



	Experimental area
	95 m × 100 m
	100 m × 100 m
	90 m × 100 m
	100 m × 100 m
	95 m × 95 m
	95 m × 100 m



	Type of crop
	Maize
	Maize
	Maize
	Rice
	Rice
	Rice










2.2. Soil Analysis


Soil samples were air dried after animal and plant residues and stones were removed, and then sieved (2 mm) for soil properties (except for BD) and enzymes analysis, and further ground (0.149 mm) for SOC assay.



2.2.1. Physico-Chemical Analysis of Soil


The measurement of soil physico-chemical properties followed the methods by Zheng [38]. Soil pH and electrical conductivity (EC) were determined by pH meter (soil: distilled water = 1:5) and BD was measured through oven-drying method. Soil BD was calculated as:


BD = m/V



(1)




where m is the mass of oven-dried soil sample (g) and V is the volume of stainless steel ring (cm3).



Exchangeable sodium percentage (ESP) was calculated as:


ESP = Na+/CEC × 100%



(2)




where Na+ is the concentration of exchangeable sodium (cmol (Na+) kg−1) and CEC is cation exchange capacity (cmol kg−1).



CEC was measured through the EDTA-ammonium acetate salt exchange method and exchangeable Na+ concentration was assayed by using flame photometry (Shimadzu optical double beam atomic absorption spectrophotometer, Shanghai).




2.2.2. Soil Enzymes Activities


Amylase (AMY, EC 3.2.1.2.) and invertase (INV, EC 3.2.1.26) activities were both determined by the method of 3, 5-dinitrosalicylic acid colorimetry [39]. Briefly, the soil samples were incubated in a solution containing phosphate buffer (pH = 5.5, 10 mL for amylase and 15 mL for invertase) and adequate substrate (10 mL 1% starch solution added for amylase and 5 mL 8% sucrose solution for invertase) at 37 °C in darkness for 24 h. The amylase and invertase activities were quantified according to the colorimetric analysis (both at 508 nm) of the products released by the samples after incubation and expressed as mg g−1 24 h−1.



Catalase (CAT, EC 1.11.1.6) activity was measured via potassium permanganate titration as following steps [39]: 2 g soil were mixed with 5 mL 0.3% H2O2 and 40 mL distilled water and then vibrated for 20 min. The mixture should be filtered immediately and added with 5 mL 3 N H2SO4 afterwards. After that, 25 mL filtrate was taken to titration by using 0.1 N KMnO4. The catalase activity was calculated after blank subtraction according to the volume of consuming of KMnO4 standard solution and described as mL 0.1 N KMnO4 g−1. Polyphenol oxidase (PPO, EC 1.10.3.1) was also determined by colorimetric method [40]. The substrate was 1% pyrogalloland and the buffer was citric acid phosphate buffer (pH = 4.5). The mixture was first incubated at 30 °C for 2 h, and then extracted through ethyl ether. The amount of released purpurogallin in ethyl ether phase was measured at 430 nm and the enzyme activity was calculated according to standard curves of potassium dichromate standard solution (mg g−1).




2.2.3. SOC Assay


The SOC content was determined by using a total organic carbon analyzer (Shimadzu TOC-V, Japan) with the SSM-5000A module. Soil samples were delivered into sample boats of TC (total carbon) and IC (inorganic carbon) reaction chambers. The content of total carbon and inorganic carbon was calculated separately and the difference was reported as the SOC (%).





2.3. Statistical Analysis


Statistical significance in soil physico-chemical properties and enzyme activities were determined by one-way analysis of variance (ANOVA) followed by Fisher Least Significant Difference (LSD) test. Differences of SOC between different soil layers, in different sampling sites (U1, U2 and U3 for upland fields and P1, P2 and P3 for paddy fields) and different growing periods of crops were tested using multi-factor ANOVA. Pearson correlation analysis was used to estimate relations between SOC and soil physico-chemical properties and soil enzyme activities. Principal component analysis (PCA) was applied for using data of soil physico-chemical properties, enzyme activities and SOC, to identify the important indicators for soil quality. Statistical analyses were performed using SPSS software (version 19.0).





3. Results


3.1. Soil Organic Carbon Content


The SOC content of topsoil was significantly higher than the content of subsoil no matter at which sampling sites and crop growing periods (Table 2), moreover the SOC content of upland sites and paddy sites averagely decreased 21.82% and 34.40% with the depth of soil layers, respectively. During the different growing periods of crops, a drastic decrease of SOC content was observed in the Stage II maize and rice and showed an increase trend to the third period for all topsoil samples and most subsoil samples (Figure 3 and Table 2). Furthermore, all the possible interactions among influence factors (soil layers × sampling sites, soil layers × growing periods and sampling sites × growing periods) showed significant effect on SOC (P < 0.05), except for the triple interaction (soil layers × sampling sites × growing periods), which showed no significant effect in paddy soil (P > 0.05).


Figure 3. SOC content during different growing periods in different sites. (U): Upland sites; (P): Paddy sites. Error bars are the standard deviation of the mean values (T = topsoil and S = subsoil).



[image: Sustainability 10 01529 g003]





Table 2. Probability levels of the effects of soil layers (topsoil versus subsoil), sampling sites (U1, U2, and U3 for upland sites and P1, P2, and P3 for paddy sites), and growing periods (I, II and III) were determined by multi-factor analysis of variance. (SOC = soil organic carbon).





	

	
SOC

	




	
Upland Soil

	
Paddy Soil






	
Soil Layers (SL)

	
P < 0.01

	
P < 0.01




	
T > S

	
T > S




	
Sampling sites (SS)

	
P < 0.01

	
P < 0.01




	
U1 > U2 > U3

	
P1 > P2 > P3




	
Growing periods (GP)

	
P < 0.01

	
P < 0.01




	
III = I > II

	
III > I > II




	
SL × SS

	
P < 0.01

	
P < 0.01




	
U1T > U1S

	
P1T > P1S




	
U2T > U2S

	
P2T > P2S




	
U3T > U3S

	
P3T > P3S




	
SL × ST

	
P < 0.01

	
P < 0.05




	
IT > IS

	
IT > IS




	
IIT > IIS

	
IIT > IIS




	
IIIT > IIIS

	
IIIT > IIIS




	
SS × GP

	
P < 0.01

	
P < 0.01




	
IU1 > IU2 > IU3

	
IP1 > IP2 > IP3




	
IIU2 > IIU1 > IIU3

	
IIP1 > IIP2 > IIP3




	
IIIU1 > IIIU2 > IIIU3

	
IIIP1 > IIIP3 > IIIP2




	
SL × SS × GP

	
P < 0.01

	
P > 0.05










For the upland soil, significant difference was found among different sampling sites, and the SOC value was the highest at U1 and the lowest at U3 (Table 2), which was in contrast to the trend for soil pH and ESP. However, when taking sampling times into account, U2 became the site containing the highest SOC content in the Stage II maize.



As for paddy soil, the value of SOC was the highest at P1 and the lowest at P3 (Table 2). Due to the interaction effect of “SS × GP”, P2 became the site containing the lowest SOC content instead of P3, in the Stage III rice.




3.2. Soil Physico-Chemical Properties


The soil physico-chemical properties of six plots are summarized in Table 3. Mean values of soil pH in upland fields were lowest at U1 (8.54), medium at U2 (8.99), and highest at U3 (9.32). In paddy soil, the mean pH values were lowest at P1 (8.22), medium at P2 (9.00) and highest at P3 (9.10). These trends (in both upland and paddy fields) were positively related with the values of ESP in different fields, as the soil of U1 had the lowest ESP value of 5.42%, and U3 had the highest value of 15.73%. In paddy fields, the lowest ESP was recorded at P1 (5.85%) and the highest at P3 (13.43%). When comparing different soil layers, it was found that topsoil showed lower pH, ESP and BD than the subsoil in both upland fields and paddy fields. For upland fields, EC in topsoil was lower than that in subsoil. In comparison, for paddy fields, EC in topsoil was greater than the subsoil.


Table 3. Physico-chemical properties of soil at six sampling sites. The data are mean values of three crop growing periods, respectively in topsoil (T) and subsoil (S). Significant differences analyses between different soil layers were based on one-way ANOVA followed by the Fisher LSD test. Letters mean difference significant at P < 0.05 between different soil layers within each site. (ESP, exchangeable sodium percentage; EC, electrical conductivity; and BD, bulk density).





	
Soil Properties

	
U1

	
U2

	
U3

	
P1

	
P2

	
P3






	
pH

	
T

	
8.23b

	
8.82b

	
9.03b

	
8.07b

	
8.90b

	
9.02b




	
S

	
8.85a

	
9.16a

	
9.60a

	
8.38a

	
9.11a

	
9.17a




	
ESP (%)

	
T

	
5.22b

	
5.51b

	
13.51b

	
5.70b

	
6.29b

	
12.64b




	
S

	
5.63a

	
10.20a

	
17.95a

	
6.00a

	
6.47a

	
14.22a




	
EC (ms cm−1)

	
T

	
0.14b

	
0.26b

	
0.22a

	
0.40a

	
0.28a

	
0.50a




	
S

	
0.20a

	
0.46a

	
0.25a

	
0.30b

	
0.23a

	
0.40b




	
BD (g cm−3)

	
T

	
1.16b

	
1.26b

	
1.30b

	
1.25b

	
1.12b

	
1.39b




	
S

	
1.27a

	
1.31a

	
1.40a

	
1.32a

	
1.20a

	
1.45a











3.3. Soil Enzyme Activities


Values of amylase, invertase, catalase and polyphenol oxidase activities in upland soil varied from 0.96 to 1.87 mg g−1 24 h−1, 3.81 to 9.30 mg g−1 24 h−1, 1.41 to 2.45 mL g−1 and 0.82 to 2.51 mg g−1, respectively, at topsoil; and the ranges of four enzyme activities at subsoil are 0.46 to 1.24 mg g−1 24 h−1, 0.44 to 4.94 mg g−1 24 h−1, 1.19 to 2.29 mL g−1, and 0.50 to 3.05 mg g−1, respectively. In the paddy soil, the results are 1.41–2.29 mg g−1 24 h−1, 3.17–12.02 mg g−1 24 h−1, 2.09–2.53 mL g−1 and 0.12–0.65 mg g−1 at topsoil; and 1.00–1.76 mg g−1 24 h−1, 1.76–8.34 mg g−1 24 h−1, 0.77–2.33 mL g−1 and 0.23–0.63 mg g−1 at subsoil (values of amylase, invertase, catalase and polyphenol oxidase activities, respectively). When comparing soil enzyme activities at different soil layers, ANOVA revealed significant difference (P < 0.05) between different soil layers with higher values of topsoil than that of subsoil, whether in upland or in paddy fields (Figure 4a–c), except for polyphenol oxidase. The polyphenol oxidase activities at topsoil are less than the subsoil in most plots and growing periods (Figure 4d). In the meantime, the difference of polyphenol oxidase activities between soil layers was not as significant as the other three enzymes, especially in paddy fields (P > 0.05).


Figure 4. Soil enzyme activities during different growing periods in different sites (T = topsoil and S = subsoil): (a) Amylase; (b) Invertase; (c) Catalase; and (d) Polyphenol oxidase. The data are mean values of three parallel samples (n = 3). The bars represent the standard deviation of mean values. Capital letters mean significant difference among different growing periods (in the same soil layer) and lowercase letters mean difference between different soil layers within each growing stage (P < 0.05).
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For the whole growing periods, the amylase and invertase of topsoil showed highest activities at Stage II in all the plots, besides, significant difference was found at most plots when comparing different periods of these two enzyme activities (P < 0.05). However, the amylase and invertase of subsoil had no consistent changing trends, although the activities are different among the periods. Soil catalase and polyphenol oxidase activities were diverse during different periods, but with no obvious trend.




3.4. The Effect of Soil Physico-Chemical Properties on SOC


Pearson’s correlation analysis was used to understand the relation between soil properties and SOC content. The results (Table 4) showed that in upland fields soil pH (r = −0.653, P < 0.01), ESP (r = −0.620, P < 0.01) and BD (r = −0.419, P < 0.01) were significantly negatively correlated with SOC. There was no significant correlation between soil EC and SOC (P > 0.05). For paddy soil (Table 4), negative correlations were similarly found among soil properties and SOC (pH: r = −0.523, P < 0.01; ESP: r = −0.533, P < 0.01; BD: r = −0.358, P < 0.05), except for EC (P > 0.05). These results illustrated that soil pH and ESP are the most important physico-chemical factors negatively influencing the variation of SOC in both upland and paddy soil of our study sites. In addition, soil BD also negatively affected SOC content, but not as significant as the former two.


Table 4. Pearson correlation coefficient (r) between soil physico-chemical properties and enzyme activities and SOC in upland and paddy fields (ESP, exchangeable sodium percentage; EC, electrical conductivity; BD, bulk density; AMY, amylase; INV, invertase; CAT, catalase; and PPO, polyphenol oxidase).





	

	

	
pH

	
ESP

	
EC

	
BD

	
AMY

	
INV

	
CAT

	
PPO






	
SOC

	
Upland

	
−0.653 **

	
−0.620 **

	
−0.165

	
−0.419 **

	
0.282 *

	
0.430 **

	
0.017

	
−0.401 **




	
Paddy

	
−0.523 **

	
−0.533 **

	
0.148

	
−0.358 **

	
0.524 **

	
0.677 **

	
0.662 **

	
0.136








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









3.5. The Effect of Soil Enzymes Activities on SOC


Significant positive correlations were observed between activities of amylase and invertase and SOC in upland soil (r = 0.282, P < 0.05; r = 0.430, P < 0.01, respectively) (Table 4), which explained that the SOC was positively responded to these two enzymes. Nevertheless, polyphenol oxidase had negative correlation with SOC (r = −0.411, P < 0.01) and there were no significant correlations between catalase and SOC (P > 0.05). As for rice farmlands (Table 4), amylase, invertase and catalase were all highly positively correlated with SOC (r = 0.524, P < 0.05; r = 0.677, P < 0.01; r = 0.662, P < 0.01, respectively) except for polyphenol oxidase, which had no significant correlations with SOC. The absolute values of the Pearson correlation coefficient between the invertase and polyphenol oxidase and the SOC were much larger than those between the other two enzymes and the SOC in upland soil, and this implied that the invertase had greater positive effect on SOC and polyphenol oxidase had greater negative effect on SOC. Likewise for paddy soil, we could observe that invertase and catalase had more important positive effect on SOC. In summation, the selected enzymes all had effect on SOC content, yet the impact depended on different types of crop cultivation.




3.6. The Main Indictors of Soil Quality


Principal components analysis (PCA) from upland soil indicated that the first two principal components (PCs) explained 59.09% of the variance (PC1:35.02%, PC2:24.0%). In paddy data, the first two PCs accounted for 63.16% of the variability (PC1:41.76%, PC2:21.40%). When the absolute value of factor loading scores is closer to 1, the variables are more strongly correlated to the relevant PCs. As a result (Figure 5), in upland sites, PC1 was significantly positively correlated with soil pH and ESP and negatively correlated with SOC. PC2 had significant positive correlation with amylase and invertase. With regard to paddy sites, PC1 was significantly positively correlated to amylase and invertase, and negatively correlated to soil pH. PC2 was significantly positively correlated to soil ESP, BD and negatively correlated to SOC.


Figure 5. Principal component analysis of the factor loading scores of SOC, soil physico-chemical properties and enzyme activities on PC1 and PC2, respectively. (U): Upland sites; (P): Paddy sites. (ESP, exchangeable sodium percentage; EC, electrical conductivity; BD, bulk density; and PPO, polyphenol oxidase).
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4. Discussion


The results obtained in this study demonstrated higher SOC contents in the topsoil comparing to those of the subsoil and this general trend has also been reported by Teng et al. [41]. The distribution of plant roots directly affects SOC contents, due to a large number of decayed roots providing a rich source of carbon for soil [42], while the roots of rice and maize mainly concentrated in topsoil and hard to penetrate into the deeper layer (>30 cm) [43,44]. On the other side, returning litter is also an important carbon source of surface SOC and therefore topsoil contained more SOC. The growth of crops has also caused SOC dynamics. Previous studies, such as by Aon and Colaneri [45], pointed out that SOC differed significantly along the soybean growth cycle. In our study, during the tillering to heading stage for rice and jointing to heading stage for maize, exuberant growing activities of crops required numerous nutrients and the decomposition of SOC accelerated, and consequently a temporarily decrease in SOC content occurred. In addition, we found that the variability in SOC content were also affected by different sampling sites, mainly because different sites varied in physico-chemical characteristics and enzyme activities.



As shown in our results, the soil of selected farmlands in western Jilin Province was alkaline and sodic. The salts such as sodium bicarbonate and sodium carbonate, present in high concentrations, make the soil alkaline, resulting in high ESP. For this reason, ESP is positively correlated with pH, and sodic soils are likely to have a higher pH [46]. The effect of soil pH on SOC is relatively complicated, because the soil texture, soil microbial biomass and community structure as well as the production and secretion of enzymes are all influenced by pH [47,48,49]. In general, the optimum pH condition of most actinomycetes and bacteria are 6.5–8, and fungi is 5–6 [50], so within the alkaline soil environment (pH > 8), microbe would become less active as pH rises, which may slow down the humification of litters and then result in the decrease of SOC content. Additionally, in an environment where pH is too high (or too low), the enzymes that play an important role in the transformation of nutrients and the formation of humus would be inactivated [51], which also leads to the loss of soil fertility and SOC content in the study area. A soil is considered to be sodic when the ESP is too high, and obvious changes could be found in soil properties. For example, the excess of exchangeable sodium would replace other cations and micronutrients absorbed on soil, such as Ca2+, Mg2+, Cu, Zn and Mn [52], leading to the deterioration of soil fertility and quality. Furthermore, swelling and dispersion of soil with high ESP would reduce the soil porosity and permeability, and increase soil strength, resulting in restriction of water storage, nutrient uptake and root elongation and expansion [27,53].



We measured four enzyme activities related to soil carbon cycling, comprising hydrolase (amylase and invertase) and oxidoreductase (catalase and polyphenol oxidase). In this study, enzyme activities (except for polyphenol oxidase) decreased with soil depth and the findings are similar to Lemanowicz and Krzyżaniak [54], Biró et al. [55] and Das et al. [56]. No consistent temporal trends were observed among soil enzyme activities, however, at the second crop growing stage, i.e., in July (summer in study area), most soil enzymes appeared higher activities, probably because soil enzyme activities increase with the rise of soil temperature [57]. Shao et al. [58] also concluded that alkaline phosphatase, urease and invertase showed higher activities in summer. The correlation analysis in our study claimed that both in paddy and upland fields, soil amylase and invertase activities were positively correlated with SOC, which agreed with Xie et al. and Zhang et al. [22,59]. Furthermore, the activity of catalase was significantly correlated with SOC in paddy soil, yet no significant correlation was found in upland fields. Greater activities of catalase are able to catalyze the decomposition of hydrogen peroxide, which is beneficial to preventing the toxicity of hydrogen peroxide on organisms and good for the accumulation of SOC [39]. In this study, paddy sites were under flooded conditions from mid-May to early September, leading to the aggregation of hydrogen peroxide, as a result, paddy soil relied more on catalase than upland soil. From our results, the average activity of PPO in upland soil (1.45 mg g−1) was more than three times that of paddy soil (0.44 mg g−1) in that PPO is less active in the absence of oxygen [60]. Since the paddy soil contained low activity of PPO and the correlation between PPO and SOC was not significant, there were no distinct interactions between them. On the contrary, the results in upland soil showed that PPO activities had remarkable effect on SOC. PPO was reported to be one of the most important factors in the decomposition of SOC and it promotes the degradation of recalcitrant phenolic compounds [61]. Moreover, the toxicity of some aromatic compounds are likely to inhibit the activities of hydrolases, while PPO can catalyze the oxidation of phenolics in soil, thus PPO also has an important role in releasing extracellular hydrolases from phenolics [62]. Overall, PPO can both directly and indirectly accelerate the decomposition of SOC.



To find the main impact factors for soil quality in the study area, soil physico-chemical properties, enzyme activities and SOC were analyzed through PCA. The PCA analysis suggested that, in upland sites, PC1 mainly contained soil pH, ESP and SOC, and, consequently, they had larger impact on upland soil quality. Additionally, SOC was the positive factors of soil quality, yet pH and ESP were the negative ones. As for paddy sites, PC1 mainly represented soil pH, amylase and invertase. That means the principal positive influence factors of paddy soil quality were amylase and invertase, while soil pH was the dominant negative one. By comparing the main soil quality indicators between upland fields and paddy fields, we could notice that the constraint of ESP on paddy soil quality was not as much as on upland soil. This might be attributed to the farming practices of rice planting that perennial irrigation condition contribute to reducing the alkalization of soil [63,64]. Actually, rice cultivation has been adopted to be an effective method to amend saline-alkaline lands in western Jilin Province since the 1950s. Nevertheless, this method for saline-alkaline lands remediation still needs to be further studied and ameliorated, for instance, combining with fertilization, drainage and vegetation recovery [65,66,67].




5. Conclusions


Our study was conducted to understand the impacts of soil physico-chemical properties and enzyme activities on SOC content of three saline-alkali upland fields (U1, U2 and U3) and three saline-alkali paddy fields (P1, P2 and P3) in western Jilin Province. The content of SOC changed with different soil layers, crop growing periods and sampling sites. In general, SOC decreased along with soil depth as well as appeared lower content at the second growing stage of crops. The trend for SOC content was U1 > U2 > U3 in upland fields, and P1 > P2 > P3 in paddy fields. Among the determined physico-chemical properties, soil pH and ESP had profoundly negative impacts on SOC. Soil BD also had negative correlation with SOC content, but not as significant as the former two. For enzyme activities, amylase and invertase were significantly positively correlated with SOC in both upland and paddy fields. Catalase played an important role in the accumulation of paddy SOC through catalyzing the decomposition of hydrogen peroxide when the soil was under flooded conditions, however, it had less influence on upland SOC. The PPO activities did not have significant correlation with paddy SOC, but had significantly negative correlation with upland soil, leading to the acceleration of decomposition of SOC in upland fields. Finally, we combined selected physico-chemical properties and enzyme activities and SOC together to obtain the main indicators for soil quality by means of PCA. In upland sites, the main indicators of soil quality were pH, ESP and SOC. Soil pH and ESP were the negative factors, yet SOC was the positive one. In paddy sites, amylase and invertase play critical positive roles in soil quality, and soil pH had extensively adverse influence on it. It is noted that the main indicators of the soil quality were different between paddy soil and upland soil, especially for the effect of soil ESP. The inhibiting influence of ESP on paddy soil quality was not as significant as on upland soil quality, and this may be due to the distinction of farming practices. The perennial irrigation methods are conductive to reducing the degree of soil alkalization. Therefore, paddy fields development has been widely used to improve saline-alkali land in western Jilin Province.
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