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Abstract

:

The soil quality index (SQI) is based on several key indicators and is used to assess soil quality. More than 250,000 ha of walnut saplings (Juglans regia L.) were planted in previous cropland areas in the Sichuan Basin, China, using a range of soil cover types that may affect soil quality with effects that are unclear. We investigated the effects of white film (WF), black film (BF), shade netting (SN), and maize straw (MS) soil cover types and an uncovered control type (CK) on soil chemical and biological indicators and the SQI in the 0–15 cm soil layer in a young walnut forest in the Sichuan Basin over a 27-month study period. The results showed that all soil cover types increased the soil organic matter (SOM), total potassium (TK), and available potassium (AK) concentrations (p < 0.05), whereas the total nitrogen (TN) and available nitrogen (AN) concentrations were greater only in soils covered by MS than in CK (p < 0.05). The available phosphorus concentrations were 64.1 and 193.2% greater in soils covered by BF and MS treatments, respectively, than in the CK (p < 0.05). The numbers of soil faunal groups (N) were 45.7, 36.4, 37.2, and 101.5% higher in WF, BF, SN, and MS, respectively, than in CK (p < 0.05); the individual numbers (S) were 92.3, 36.2, 100.8, and 154.5% greater in WF, BF, SN, and MS, respectively, than in CK (p < 0.05). The microbial biomass carbon (MBC) was 15.5, 32.3, 45.0, and 77.1% greater in WF, BF, SN, and MS than in CK, respectively (p < 0.05). Redundancy discriminant analysis revealed strong positive interactions between biological indicators (MBC, N, and S) and SOM, AN, and AK concentrations. SOM, TN, AK, S, and MBC were the minimum required variables for the effective assessment of the SQI. All four soil cover types led to an improved SQI (p < 0.05), and MS had the greatest effect on SOM, TN, AN, AP, N, S, MBC, and SQI (p < 0.05). In conclusion, all four soil cover types increased the SOM levels, TK, AK, and MBC concentrations, soil faunal diversity, and SQI. The MS treatment was the most cost-effective and efficient measure to improve soil fertility, ecological function, and overall soil quality in the studied walnut forest.






Keywords:


soil quality; soil cover; forest soil; microbial biomass carbon; soil fauna; biogeochemical cycle












1. Introduction


Soil quality, also known as soil health, is defined as the functional capacity of soil within an ecosystem or land-use boundary to sustain biological productivity, maintain environmental quality, and promote plant and animal health [1,2]. The soil quality index (SQI), which is based on a number of indicators of soil productivity and soil ecosystem function [3,4,5], is a composite descriptor of soil quality. The estimation of a single SQI is complex due to variations in the properties of the solid, liquid, and gaseous soil phases, thus the accuracies of contrasting soil quality evaluation methods have been compared [1,6,7]. The most effective approach is the multiparameter SQI using the static and dynamic properties of soil [4,6,8,9]. Globally, the soil organic matter (SOM), nitrogen (N), phosphorus (P), potassium (K), and soil pH were commonly used variables that largely reflect static soil properties [1,2]. Additionally, as dynamic soil properties, soil fauna and microorganisms are sensitive to changes in management and play central roles in soil function [10,11]. Therefore, soil nutrient, soil microorganisms, and soil fauna (such as nematodes and arthropods) are important in the assessment of SQIs [2,10]. However, the specific variables in the multiparameter SQI models differ with the study site [3,4,5,6,12,13], increasing the complexity of soil quality evaluation.



The global production of walnut (Juglans regia L.) ranks second among tree nut and fruit crops [14,15], and the fruit has high nutritional and economic value [16]. Walnut has become an important tree for the conversion of cropland to forest in the Sichuan Basin, which is characterized by hilly terrain [17], due to the optimal soil, temperature, light, and topographical conditions [16]. More than 250,000 ha of walnut forests have been planted in this region, much of which is on land previously managed for agriculture [16]. Traditionally, vegetation is removed prior to planting walnut trees, increasing the risks of soil erosion and soil nutrient leaching [18,19] and the likelihood of reduced soil quality in young walnut forests. In the last few years, the soil surface covered with white film, black film, shade netting, and maize straw have been widely used in newly planted walnut forests in the Sichuan Basin, which may have affected soil fertility, ecological function and overall soil quality [20,21]. However, the specific effects of soil cover on soil quality in these young walnut forests are not studied before and are still unclear.



In this study, we carried out a 27-month experiment in the region to examine the effects of soil cover on soil nutrient concentrations, microbial biomass carbon (MBC), the numbers of soil fauna groups (N) and individuals (S), and the SQI in the 0–15 cm soil layer. Most previous studies show that the maintenance of soil cover in forests can preserve soil moisture [5,22,23], increase soil nutrient concentrations [8], and improve soil biodiversity [24,25,26]. Thus, we hypothesized that (1) soil cover would increase soil fertility, soil faunal diversity, MBC, and the SQI in the studied young walnut forest. In addition, the responses of soil quality to soil cover usually vary with the types of cover [5,20], thus we also hypothesized that (2) different soil cover types would have different effects on soil fertility, soil faunal diversity, MBC, and the SQI in this forest. The objectives of this study are to improve the understanding of the effects of particular soil cover amendments on the soil quality of the young walnut forests of the Sichuan Basin to provide a reference for the management of walnut forests.




2. Materials and Methods


2.1. Study Site


The study site was located in the Sichuan Basin ecological zone, which covers an area of approximately 84,000 km2 in Southwest China, and where the altitude ranges from 250 to 600 m a.s.l. The mean annual temperature and rainfall are approximately 17.2 °C and 900 mm, respectively. The field experiment was located at the National Science and Technology Support Program site (31°4′31”N, 104°25′29”E; 400 m a.s.l.) at Deyang City, in the west of the Sichuan Basin (Figure 1a,b), which has a subtropical monsoon climate with distinct cool dry (December-February and March-May) and warm rainy (June-August and September-November) seasons. The annual occurrence of drought conditions in early spring since 1980 has been >60%. Over the 27 month experimental period, the average annual rainfall was 891 mm, with >90% occurring between May and October and <50 mm falling between November and April (Supplementary Material Figure S1). The average annual temperature of the surface soil layer (0–5 cm) was 17.9 °C, with the lowest and highest temperatures recorded in January (6.08 ± 1.06 °C) and August (29.4 ± 2.2 °C), respectively.



Prior to planting walnut saplings for the experiment, the study site was cultivated for agriculture for approximately 30 years. The purple soils at the study site are classified as Pup-Orthic Entisol (according to the Chinese Soil Taxonomy) or Red Entisol (according to the USDA Soil Taxonomy) [17], with an average depth to bedrock of approximately 80 cm. The upper soil layer contained (means ± SD) 15.2 ± 0.8 g kg−1 of C, 1.28 ± 0.06 g kg−1 of N, and 0.419 ± 0.056 g kg−1 of P, with a pH of 8.1 ± 0.05 (H2O extraction) and a soil bulk density of 1.73 ± 0.35 g−1 cm−3 at the beginning of this experiment.




2.2. Experimental Design


2.2.1. Walnut Planting and Management


In June 2012, walnut saplings were planted at spacing of 3 × 4 m2 in 40 × 40 × 40 cm3 holes atop 5 kg of air-dried cow dung (149 ± 4.2 g kg−1 organic matter) and 2 kg of chemical fertilizer (N, P, and K 40% w/w) that had been placed at the base of each hole. The planting holes were filled with weed-free, friable soil. From 2013 to 2015, 2 kg of air-dried cow dung (149 ± 4.2 g kg−1 organic matter) and 0.5 kg of chemical fertilizer (N, P, and K 40% w/w) were applied in March, and 0.5 kg of chemical fertilizer (N, P, and K 40% w/w) was applied in September to the 0–10 cm soil layer in a 80 cm diameter area around the base of the saplings.




2.2.2. Plot Design


At the end of March 2013, fifteen plots (20 × 20 m2) were established in the study forest (Figure 1c). We removed weeds from the plots and applied four soil cover types (white film: WF; black film: BF; shade netting: SN; and sundried maize straw: MS) to the soil surface and an uncovered control (CK), with three replicated plots of each treatment and control arranged as randomized blocks to reduce errors caused by slope, topography, and nutrient heterogeneity (Figure 1c,d). The mean basal diameter, height, and crown width of the walnut saplings at the beginning of the experiment were 28.2 mm, 149.9 cm, and 1.2 × 1.1 m2, respectively. The white and black films comprised 0.01 mm thick biodegradable polyethylene; white film shading rate was approximately 15%; black film shading rate was approximately 95%; shade netting was black with a shading rate of approximately 80%; and maize straw (5 t ha−1 with 182 ± 7.2 g kg−1 of organic matter) was applied in a thickness of 2–4 cm. To avoid herbicidal effects, weeds were removed four times per year throughout the duration of the experiment (27 months) using hoes. The white and black films were replaced with new ones in December 2013 and October 2014, whereas the original shade netting and maize straw remained in situ for the duration of the experiment. The economic costs of the WF, BF, SN, and MS treatments were approximately 360, 360, 320, and 200 USD ha−1 year−1, respectively.





2.3. Soil Sampling and Analysis


Soil samples were collected in June, September, and December 2013; March, June, September, and December 2014; and March and June 2015. The samples were collected from the central 10 × 10 m2 area of the plots to reduce the impact of field management activities (Figure 1d).



2.3.1. Soil Chemical Indicators and MBC


Before soil sampling, moss and leaf litter were removed from the soil surface. Five samples of the 0–15 cm soil layer were collected at random from each plot (avoiding the fertilized area around the base of the saplings) using a 5-cm diameter soil auger [27,28] and then mixed to form a single composite sample. In the laboratory, roots, gravel, and impurities were removed from the soil using forceps before the samples were homogenized and divided into two subsamples. One subsample was passed through a 2-mm sieve and stored at 4 °C prior to measuring the MBC contents within one week, while the second subsample was air-dried and passed through 2- and 0.149-mm sieves prior to measuring the SOM, total nitrogen (TN), total phosphorus (TP), total potassium (TK), available nitrogen (AN), available phosphorus (AP), and available potassium (AK) contents and pH.



The SOM content was determined using the dichromate oxidation-ferrous sulfate titration method [28], and TN and AN contents were determined using the Kjeldahl method [27] and the alkaline hydrolysis–diffusion method [27,28], respectively. The TP and AP contents were determined using the molybdenum colorimetric method [27], where samples for TP determination were heated with NaOH at 750 °C for 15 min and samples for AP determination were extracted with double acid (0.05 mol L−1 hydrochloric acid and 0.025 mol L−1 sulfuric acid) for 5 min. The TP and AP contents were determined at 700 nm using a spectrophotometer (Hitachi U-1800, Tokyo, Japan). The TK and AK contents were determined using the flame photometry method [27], where samples for TK determination were heated with NaOH at 750 °C for 15 min and samples for AK determination were extracted using acetic acid (1.0 mol L−1) for 30 min. The TK and AK contents were determined using an atomic absorption spectrophotometer (Analytik Jena AG AAS nov AA 400, Jena, Germany). We determined soil pH using H2O extraction, where CO2 was removed by boiling [28]. The MBC was determined using the chloroform fumigation method [29], where samples were extracted in K2SO4 (0.5 mol L−1); the MBC content was determined using an automatic total organic C analyzer (Elementar Vario TOC, Langenselbold, Germany).




2.3.2. Soil Fauna


Soil was sampled at three depths (0–5, 5–10, and 10–15 cm) from six randomly selected points in each plot using a 5-cm diameter soil auger fitted with a 15-cm long plastic tube insert [28]. Soil cores were cut into equal 5-cm lengths using a knife and were individually placed into black nylon bags. Three samples per plot were randomly selected for nematode or arthropod extraction using wet (Baermann) and dry (Tullgren) funnel methods, respectively [28]. Soil samples were cut to a thickness of approximately 3 cm and the water content was maintained at 80% prior to extraction using 60-W electric lamps to accelerate the process. The numbers of soil faunal groups (N, identified minimum unit) and individuals (S) were recorded every 4 h until no further individuals had been extracted within the previous 8 h period. Nematodes were identified in classes, and arthropods were identified in families (Table S1), according to previous studies [30].





2.4. Calculation of the SQI


We used principal component analysis (PCA) to select the most appropriate variables for inclusion in the SQI [5,31,32], and positive matrix factor analysis was then used to determine the weight for each variable to be used for the SQI calculation [4,12]. We ran the initial PCA with the eight soil chemical indicators (SOM, TN, TP, TK, AN, AP, AK, and pH) and three biological indicators (N, S, and MBC), and then we selected those with the largest eigenvectors (>90% of the maximum) from each of the first three principal components (PCs) [12]. As a result, we selected three soil chemical (SOM, TN, and AK) and three biological (N, S, and MBC) indicators (Table S2). This selection criterion did not guarantee that the variables were uncorrelated. Therefore, we carried out a second PCA using only the set of variables previously selected to identify and remove those that were strongly correlated. We retained the variables with Pearson’s correlation coefficient (r) values < 0.750 as the minimum required soil variables (SOM, TN, AK, S, and MBC; Table S3) to assess the SQI [4]. We standardized these variables (Table S4) and then used positive matrix factor analysis, with the PC as the extraction method, to obtain the weights for the variables on the first two PCs. The analysis was corrected using three iterations of the Caesar maximum rotation method.



The additive index of the ith PC (PCzi) was calculated by multiplying the component weights by the standardized variables (Equation (1)), and the PCSi (SQI of the ith PC) was calculated by multiplying PCzi by the variance explained (%) by the ith PC (Equation (2)); the PCSi values were then added to calculate the SQI (Equation (3)) [4,12]:


  P  C  z i   =   ∑   z = 1  5   w  z i   ×  y z   



(1)






  P  C  S i   =  W i  × P  C  z i    



(2)






  SQI =   ∑   i = 1  2  P  C  S i    



(3)




where wzi is the component weight of the standardized variable (yz) of the ith PC from the factor analysis, z is the number of selected variables for each component, and Wi is the variance explained (%) by the ith PC. A greater SQI value indicates a higher soil quality and vice versa.




2.5. Statistical Analyses


We used linear mixed-effects models, using restricted maximum likelihood estimations, to test for the effects of soil cover type on the SOM, TN, TP, TK, AN, AP, AK, and MBC concentrations, pH, N, S, and SQI during the 27-month experimental period, where we included treatment and sampling time as fixed factors and blocks and plots nested in blocks as random factors. Then, Bonferroni adjustments were applied to the confidence intervals and significance values to account for multiple comparisons. Statistical analyses, at p < 0.05, were performed using SPSS 25.0 for Windows (SPSS Inc., Chicago, IL, USA).



We used redundancy discriminant analysis (RDA) in Canoco 5.0 (Microcomputer Power, New York, NY, USA) to analyze the relationships between soil biological indicators (MBC, N, and S) and soil chemical indicators (SOM, TN, TP, TK, AN, AP, AK, and pH).





3. Results


3.1. Effect of Soil Cover on Soil Chemical Indicators


The main effects of soil cover, sampling time, and their interactions on SOM, AN, AP, TK, and AK were significant (p < 0.05; Figure S2). The effects of all soil cover type on the pH and the TP concentration were not significant (p > 0.05; Figure 2b,e), but all cover types increased the SOM, TK, and AK concentrations during the study period (p < 0.05; Figure 2a,g,h). The concentrations of TN and AN were 19.3 and 39.8% greater, respectively, only with maize straw as a cover (MS) than CK (p < 0.05; Figure 2c–d). The AP concentration was 64.1 and 193.2% greater in soils covered with BF and MS, respectively, than in CK during the study period (p < 0.05; Figure 2f).




3.2. Effect of Soil Cover on Soil Fauna


The main effects of soil cover, sampling time, and their interactions on N and S were significant (p < 0.05; Figure S3a,b). The values of N in soils covered with WF, BF, SN, and MS were 45.7, 36.4, 37.2, and 101.5% greater than in CK during the study period, respectively (p < 0.05; Figure 3a), and similarly, the values of S were 92.3, 36.2, 100.8, and 154.5% greater in soils covered with WF, BF, SN, and MS than in CK (p < 0.05; Figure 3b). Across soil cover types, N and S were greatest in soils covered with MS (p < 0.05; Figure 3a,b).



During the study period, the soil fauna mainly gathered in the 5–15 cm soil layer in CK (78.2%; Figure 4a) and in the 0–10 cm soil layer in soils covered with WF, BF, and MS (75.8, 77.3, and 81.1%, respectively). The fauna in the soils covered with SN was found in 33.8, 35.9, and 30.3% in the 0–5, 5–10, and 10–15 cm soil layers, respectively. The vertical distribution of soil fauna was different in different sampling months (Figure 4b–f).




3.3. Effect of Soil Cover on Soil MBC


The main effects of soil cover, sampling time, and their interactions on soil MBC were significant (p < 0.05; Figure S3c). The MBC was 15.5, 32.3, 45.0, and 77.1% greater in soils covered with WF, BF, SN, and MS, respectively, than in CK during the study period (p < 0.05; Figure 3c). Across all cover types, the MBC was greatest in soils covered with MS (p < 0.05).




3.4. Effect of Soil Cover on SQI Value


The minimum required soil variables for the assessment of the SQI comprised SOM, TN, AK, S, and MBC (Table 1). The weights of the five variables on the two PCs ranged from −0.743 to 0.890. The equations for the first and second PCs were PCz1 = 0.848SOM + 0.133TN + 0.161AK + 0.890S + 0.867MBC and PCz2 = 0.038SOM − 0.743TN + 0.740AK + 0.161S − 0.159MBC, respectively. The first PC was mainly represented by soil biological indicators (S and MBC), and the second PC was represented by soil nutrient indicators (TN and AK). The first and second PCs explained 46.1 and 23.1% of the total variance, respectively.



The SQI was greater in soils covered by WF, BF, SV, and MS than in CK (p < 0.05; Table 2). Among the different cover types, the SQI was greatest in the soils covered with MS (p < 0.05). The SQI was greater in PCS1 and PCS2 in soils covered with WF, SV, and MS than in CK (p < 0.05) and greater in PCS1 in soils covered by BF than in CK (p < 0.05). The S and MBC explained 21.1 and 44.1% of the variation in SQI, respectively.




3.5. Relationships between Soil Biological Indicators and Soil Chemical Indicators


RDA showed that two roots explained 87.2% of the total variance in soil biological indicators and soil chemical indicators (Figure 5). The main explanatory variables in Roots 1 and 2 comprised MBC, N, S, SOM, AK, and AN; and soil pH and TK, respectively. There were strong positive interactions among MBC and the AN, SOM, AK, and AP concentrations; N and the SOM, AK, and AN concentrations; and S and the SOM, AK, AN, and TK concentrations, while there were strong negative interactions among soil pH and MBC, S, and N. SOM, TN, AN, and pH were the main variables that explained the effects of soil cover type on biological indicators.





4. Discussion


4.1. Soil Cover Altered Soil Nutrient Concentrations


In our study, each of the four soil cover types increased the SOM, TK, and AK concentrations overall, supporting the first hypothesis predicting that soil cover would increase soil fertility in the studied forest. This result agreed with most of the previous studies [10,21]. Two explanations can account for the phenomenon. First, soil temperature and moisture are considered to be two of the most important environmental factors that control soil nutrient cycling [20,33]. From December to April, total rainfall of <50 mm and a mean temperature of the surface soil layer (0–5 cm) of 8.8 °C (Figure S1) have led to drought conditions and reduced soil nutrient cycling in the surface soil layer in the study forest [5,22,23]. The soil cover can maintain a milder soil temperature, improve soil moisture retention [20], and promote the return of resources from plant to soil [21], resulting in higher soil fertility. Second, frequent and high levels of rainfall (>800 mm) from May to October increased the risk of soil nutrient leaching [17,34]. The soil cover usually reduces the levels of rainwater-mediated soil erosion and soil nutrient leaching [34], thus resulting in higher SOM, TK, and AK concentrations than in CK in the studied forest.



The TN and AN concentrations were increased in soils covered by maize straw but were unaffected by the other three cover types, which was in agreement with our second hypothesis positing that different soil cover types would have different effects on soil fertility. The decomposition of litter is a pivotal link between material cycling and energy flow and is essential in the plant–soil biogeochemical cycle [35], where the feedback of soil nutrients creates an important soil N resource [11,36]. The maize straw is rich in N-containing organic substances [36], such as crude protein, which was released back to the soil through maize straw decomposition [11], thereby increasing soil N concentration; whereas it did not exist under the other soil cover treatments. However, da Silva et al. [20] reported that the soils covered by plastic film and maize straw did not have altered TN concentrations in a tropical Smallanthus sonchifolius where the soil is Red-Yellow Latosol, which was inconsistent with our result. First, the large differences in soil types in the experiment site studied by da Silva et al. [20] (Red-Yellow Latosol) and our site (Red Entisol) can account for the inconsistent result between the two studies. Second, the time of soil cover was considerably different between the study of da Silva et al. [20] (210 days) and our study (27 months), which can also explain the different results between the two studies. Third, the climatic type in the da Silva et al. [20] study was a tropical climate whereas the climate at our study site was subtropical, resulting in the different responses of soil TN concentration to soil cover between the two studies. Taken together, the effect of soil cover on the soil N concentration may be related to not only the cover materials but also the cover time, climatic condition, and soil type. Therefore, more contributors, e.g., soil type, should be considered in the future to further improve the understanding of how soil cover affects soil N concentration in the studied forest area.



In this study, the soil cover, regardless of type, did not affect the soil TP concentrations, which was consistent with previous studies [37,38]. The rates of P cycling in soils tend to be slow because soil P is mainly derived from natural weathering of rock [38], resulting in relatively stable soil TP concentrations that are largely unaffected by external environmental conditions [37]. In contrast, we found that BF and MS treatments led to increases in soil AP concentrations, which indicated that the rate of soil P cycling was accelerated [37,38].



Furthermore, soil N, P, and K are essential elements for plant growth and development [6,39], and soil AN, AP, and AP, which can be directly absorbed by plants, are often used as predictors of crop yields [9,21]. Thus, the increases in soil AN, AP, and AK under soil cover treatments, especially the MS cover type, in our study indicated that soil cover may benefit the growth and development of walnut saplings.




4.2. Soil Cover Increased Soil MBC and Faunal Diversity


As expected from the first hypothesis, all four soil cover types increased the faunal total individual number and diversity and MBC, which may link to the increased SOM, TK, and AK concentrations. Soil microorganisms and fauna require soil nutrients for growth, and growth rates tend to be positively related to soil nutrient concentrations [40,41,42]. Thus, increases in soil nutrient concentrations (SOM, TK, and AK; Figure 2) can lead to rapid increases in microorganisms and associated increased densities of fauna in the covered soils [40,41,42]. Moreover, the greatest increases in N, S, and MBC were observed in soils covered with maize straw, supporting our second hypothesis. The result may be related to the higher AN concentrations in soils covered with maize straw than in the other cover treatments (Figure 2 and Figure 5), because soil N availability usually limits the growth of soil fauna and microorganisms [43].



We found that soil cover type affected the vertical distribution of soil fauna. For example, soil fauna mainly gathered in the 0–10 cm soil layer in soils covered by WF, BF, and MS. In contrast, soil fauna mainly gathered in the 5–15 cm soil layer in the CK. Moreover, the fauna in soils covered by shade netting were evenly distributed throughout the 0–15 cm soil layer. These phenomena may be related to the fact that soil water concentrations, nutrient availabilities, and oxygen levels tend to vary by soil layer and are affected by soil cover [5,22,23]. This result, however, should be further studied. In summary, soil cover types overall increased the soil faunal diversity in 0–15 cm soil layer, but the impacts differed among 0–5, 5–10, and 10–15 cm layers.




4.3. Soil Cover Improved the SQI


Soil biotas are important indicators of soil quality due to their sensitivity to changes in environment conditions [1,2,32]. However, these indicators tend to be absent from soil quality assessments [1,2]. Our study showed that SOM, TN, AK, S, and MBC comprised the minimum required soil variables for the effective evaluation of the SQI in the studied walnut sapling forest. Additionally, more than 65% of the variation in SQI was explained by MBC and S. These results indicated that soil biological indicators were the most sensitive and were essential for the assessment of the SQI of young walnut forests in the Sichuan Basin.



Moreover, SOM, TN, and AK are indicators of soil fertility [1,2] and S and MBC are indicators of soil ecological function [6,31,32]. In our study, S and MBC were the main variables of the first PC of the SQI, indicating that soil quality was principally associated with soil ecological function, whereas the strong associations of TN and AK with the second PC indicated the low contribution of the soil fertility status to soil quality. We found that soils covered by WF, SN, and MS increased SQIs in the first two PCs, while covering soils with BF only increased the SQI in the first PC. These increases in SQI indicated that soils covered by WF, SN, and MS improved the soil quality, including soil fertility and ecological function, supporting our first hypothesis. Additionally, the positive effects of MS on soil quality were greater than those of the other soil cover types, which supported the second hypothesis. Therefore, soil covering with maize straw should be a strongly suggested management measure to improve the soil quality in the studied forest area.





5. Conclusions


The results highlighted that SOM, TN, AK, S, and MBC were the minimum required soil variables for the effective assessment of the SQI in the 0–15 cm soil layer in the studied young walnut forest. All four types of soil cover increased the concentrations of SOM, TK, AK, MBC, N, and S and the SQI, indicating that soil cover improved soil fertility, ecological function, and soil quality. Additionally, maize straw cover, which had the lowest economic cost, led to the greatest increases in soil fertility, soil microbial biomass, soil faunal diversity, and the SQI. Thus, we recommend the soil surface covering with maize straw in newly planted walnut forests to improve the ecological function and productivity of soils in the Sichuan Basin. Soil cover types affected the vertical distribution of soil fauna, so the impacts among 0–5, 5–10, and 10–15 cm may be different. Finally, the soil MBC and soil faunal diversity were the most important indicators assessing the SQI in this forest, thus soil microorganisms and fauna should be considered as key indicators to evaluate the soil quality of young walnut forests in the Sichuan Basin.
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Figure 1. Location of study site in Deyang City, Sichuan province, China, and the schematic design of soil cover. (a): Sichuan province in China; (b): Deyang City in Sichuan province; (c): blocks distribution; (d): plot diagram. 
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Figure 2. Effects of soil cover type on SOM (a), total N (c), available N (d), total P (e), available P (f), total K (g), available K (h) concentrations and pH (b) during the 27-month study period. Different lowercase letters denote treatment differences at p < 0.05. SOM: soil organic matter; WF: white film; BF: black film; SN: shade netting; MS: maize straw; and CK: uncovered control. Values are the averages of three plot replicates ± SD; n = 1080. 
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Figure 3. Effects of soil cover type on the number of faunal groups (a) and individuals (b) and on microbial biomass carbon (c) during the 27-month study period. Different lowercase letters denote treatment differences at p < 0.05. MBC: microbial biomass carbon; WF: white film; BF: black film; SN: shade netting; MS: maize straw; and CK: uncovered control. Values are the averages of three plot replicates ± SD; n = 405. 
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Figure 4. Proportional (percent of the number of individuals) vertical distribution of soil fauna in the soil cover type treatments during the 27-month study period (a) and at each sampling occasion (b–f). WF: white film; BF: black film; SN: shade netting; MS: maize straw; and CK: uncovered control. n = 405. 
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Figure 5. Redundancy discriminant analysis root plot of soil organic matter (SOM), total nitrogen (TN), total phosphorus (TP), total potassium (TK), available nitrogen (AN), available phosphorus (AP), available potassium (AK), acidity (pH), number of soil faunal groups (N) and individuals (S), and microbial biomass carbon (MBC). Blue and red arrows indicate biological and environmental variables, respectively. Data are means during the 27-month study period. n = 165. 
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Table 1. Eigenvalues, variance explained, and rotated component weight matrix for the soil variables of the first two principal components (PC1 and PC2) using a factor analysis based on the minimum number of required soil variables with the Caesar normalized maximum variance method (rotation converged in three iterations). SOM: soil organic matter; total N: total nitrogen; available K: available potassium; S: number of soil fauna individuals; and MBC: microbial biomass carbon. Analysis was conducted during the 27-month study period; n = 675.
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	Variable
	PC1
	PC2





	SOM (g kg−1)
	0.848
	0.038



	Total N (g kg−1)
	0.133
	−0.743



	Available K (mg kg−1)
	0.161
	0.740



	S
	0.890
	0.161



	MBC (mg kg−1)
	0.867
	−0.159



	Eigenvalue
	2.31
	1.15



	Variance explained (%)
	46.1
	23.1
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Table 2. Effects of soil cover type on the soil quality index (SQI). Different lowercase letters denote treatment differences at p < 0.05. PCz1 and PCz2: additive indices of the first and second principal components, respectively; PCS1 and PCS2: SQI of the first and second principal components, respectively, calculated as PCz × variance explained (%) for the respective PCs. WF: white film; BF: black film; SN: shade netting; MS: maize straw; CK: uncovered control. Values are the averages of three plot replicates ± SD; analysis was conducted during the 27-month study period; n = 675.
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	Treatment
	PCz1
	PCz2
	PCS1
	PCS2
	SQI





	WF
	−0.266 ± 0.197 c
	0.087 ± 0.086 a
	−0.123 ± 0.0.091 c
	0.02 ± 0.020 ab
	−0.103 ± 0.096 c



	BF
	−0.445 ± 0.207 c
	−0.091 ± 0.088 b
	−0.205 ± 0.096 c
	−0.021 ± 0.016 bc
	−0.226 ± 0.133 c



	SN
	0.745 ± 0.241 b
	0.274 ± 0.152 a
	0.344 ± 0.111 b
	0.063 ± 0.041 a
	0.407 ± 0.097 b



	MS
	2.09 ± 0.131 a
	0.088 ± 0.030 a
	0.966 ± 0.060 a
	0.02 ± 0.007 ab
	0.986 ± 0.068 a



	CK
	−2.13 ± 0.090 d
	−0.359 ± 0.099 b
	−0.982 ± 0.042 d
	−0.083 ± 0.046 c
	−1.06 ± 0.049 d
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