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Abstract

:

Changes in land use have several impacts on soil organic carbon (C) and nitrogen (N) cycling, both of which are important for soil stability and fertility. Initially, the study area was barren uncultivated desert land. During the late 1960s, the introduction of a canal in the arid region converted the barren deserts into cultivated land. The objectives of the present study were to evaluate the effects of various land use systems on temporal changes in soil organic C and N pools, and to evaluate the usefulness of different C and N management indices for suitable and sustainable land use systems under arid conditions. We quantified soil organic C and N pools in five different land uses of the Ghaggar flood plains, in hot, arid Rajasthan, India. The study focused on five land use systems: uncultivated, agroforestry, citrus orchard, rice–wheat, and forage crop. These land use systems are ≥20 years old. Our results showed that total organic carbon (TOC) was highest (7.20 g kg−1) in the forage crop and lowest in uncultivated land (3.10 g kg−1), and it decreased with depth. Across different land uses, the very labile carbon (VLC) fraction varied from 36.11 to 42.74% of TOC. In comparison to the uncultivated system, forage cropping, rice–wheat, citrus orchard, and agroforestry systems increased active carbon by 103%, 68.3%, 42.5%, and 30.6%, respectively. Changes in management and land use are more likely to affect the VLC. In soil under the forage crop, there was a considerable improvement in total N, labile N, and mineral N. Lability index of C (LIC), carbon management index (CMI), and TOC/clay indices were more sensitive to distinguishing land uses. The highest value of CMI was observed in the forage crop system followed by rice–wheat and agroforestry. In the long term, adoption of the forage crop increased soil quality in the hot, arid desert environment by enhancing CMI and VLC, which are the useful parameters for assessing the capacity of land use systems to promote soil quality.
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1. Introduction


Hot, arid regions of India spanning across ~31.7 million hectares are characterized by a variety of landforms, soils, fauna, flora, and water resources as well as human activities [1,2]. As population and food demand continuously increase, these desert soils of hot, arid regions of India are being converted into arable lands, and more rapidly for the last 60 years. Desert soils, however, have been harmed by increased wind erosion and salinity due to agricultural exploitation. There is an enormous amount of carbon (C) stored in desert ecosystems, and they store almost one-third of all terrestrial C (total C) [3,4], whereas 10% of the worldwide soil organic carbon (SOC) stock is found in arid and semiarid regions [5]. However, intensive cultivation, shrinking water resources, low biological productivity, severe erosion, and extreme climatic conditions in the arid regions of India have decreased the SOC [4,6]. As a result, identifying and implementing appropriate management techniques and land uses for arid regions to maintain or improve the SOC stock and recalcitrant or passive C pool are needed to enhance and sustain productivity while mitigating climate change.



Soil organic matter (SOM) is a critical component of soil quality and consequently a primary predictor of agricultural system sustainability [7]. Climate and management methods or cropping systems are the primary determinants of SOM maintenance in diverse land use systems. An important function of the SOM is to store nutrients, promote plant growth, and also sustain soil biodiversity, drive the nutrient cycle, maintain soil structural stability, increase infiltration of water, maintain porosity, and prevent erosion [8]. The dynamics of soil quality are determined by changes in SOM under crop cultivation. The primary constituents of SOM, SOC, and total nitrogen (TN) are strongly linked to a wide range of physical, chemical, and biological aspects of soil. Therefore, SOC and TN are used as important indicators of soil quality [9,10]. Since these labile forms of C and N are particularly sensitive to changes caused by agricultural management, they are employed to quantify SOM [11]. The total soil N content is the sum of all N pools in soil, most of which are organic in form and turn inorganic upon decomposition of SOM. For many arable crops, organic N mineralization is the primary process of N nutrition, and its potential in soil is regarded as a superior measure of fertility. Therefore, derived C and N indices such as carbon/N lability, carbon lability index, carbon pool index, and carbon management index (CMI)/nitrogen management index (NMI) may be used to analyze changes in SOM [7,12].



Knowledge of variations in SOC and TN under diverse land uses is required to understand the feasibility of applying conservation techniques to maintain production and safeguard the environment. CMI and NMI are good early indicators of whether or not a specific agricultural system is contributing to better soil quality. Land use changes can have a big influence on soil C storage. Agroforestry systems, diversified crop cycles, higher cropping intensity, and horticultural crops might all help to boost soil C sequestration [13]. However, very little information is available on these aspects for sandy desert soils of India. The current study examines the impact of diverse land uses on various soil organic C and N pools, as well as CMI and NMI. The objectives of this research were (a) to assess the effects of different land use patterns/systems on temporal variations in soil organic C and N pools in India’s hot desert area; and (b) to evaluate the use of several C and N management indices as early indicators of overall C and N changes in various land uses in dry (arid) conditions. This knowledge would enable farmers to cultivate desert soils appropriately for long-term sustainability.




2. Materials and Methods


2.1. Study Sites


The study sites were the central state farm and central cattle breeding farm in the Suratgarh block of Sri Ganganagar district, Rajasthan, which lie between 29°20′53′′ N to 29°24′47′′ N latitude and 73°30′0′′ E to 73°37′38′′ E longitude and are situated at 171 m above mean sea level (Figure 1). The physiography was western plain–semiarid transitional plains, which constitute hot, arid sandy plains, and the agro-eco sub-region of the Ghaggar flood plains. The major soil series was Suratgarh soil series (fine, loamy, mixed (cal.) hyperthermic family of Ustochreptic Haplocambids). The dominant soils are deep to very deep. The soils are slightly alkaline (pHw of 8.31) and organic C and CaCO3 were 0.20 and 4.8%, respectively [14].




2.2. Land Use Changes


Initially, the study area was barren uncultivated desert land during the 1950s. In the late 1960s, the introduction of a canal in the arid region converted the barren deserts into cultivated land. The lands were brought under field as well as plantation crops and agroforestry trees since 1955. For this study, five different land use systems, namely (i) uncultivated, (ii) agroforestry, (iii) citrus orchard, (iv) rice–wheat system, and (v) forage crops were selected. All of the selected land uses were more than 20 years old, to examine the long-term impact of land uses on the buildup of SOC and N and their pools. Here, we compared SOC and N pools of different land uses with uncultivated land considering the initial soil condition with reference to climatic and topographic conditions (Table 1).




2.3. Soil Sampling and Analyses


During May 2015, three composite soil samples were taken using an auger at five intervals of 0–20, 20–40, 40–60, 60–80, and 80–100 cm from each land use type. Each sampling site had three plots, and as a result a total of 75 (5 land uses × 5 depths × 3 plots) composite samples were considered for laboratory analysis. Core samples were collected separately for determination of bulk density (BD).



The collected samples were analyzed for BD, pH, electrical conductivity (EC), cation exchange capacity (CEC), texture, and different pools of soil organic C and N following standard protocols. Soil BD was determined by core sampler (with known value) method [15]. Soil texture, pH, EC, and CEC were measured by Jackson’s technique [16]. The rapid titration technique was used to examine calcium carbonate (CaCO3) [17]. Wet oxidation method was used to determine total organic C (TOC) in soil [18]. By treating the soil with 0.02 M KMnO4, oxidizable carbon (KMnO4-C) was calculated [19]. Particulate organic carbon (POC) was determined following the procedure as outlined by Camberdella and Elliot [20]. The difference between TOC and POC was used to determine mineral-associated organic carbon (MOC). Wet oxidation was used to estimate the oxidizable organic C (OOC) content of soil [21]. For the estimation of very labile C (VLC), labile C (LC), less labile C (LLC), and non-labile C (NLC), the modified Walkley and Black technique was used [22] with different concentrations of H2SO4 (5, 10, and 20 mL of concentrated (36.0 N) H2SO4 in the ratios of 0.5:1, 1:1, and 2:1). The amount of TN in the soil was assessed by digesting it with concentrated H2SO4 [23]. Keeney and Nelson’s approach for determining inorganic N (NH4+-N and NO3—-N) was followed [24]. Organic N (Org-N) was calculated by deducting inorganic N from TN. The mineralizable N (labile N) was determined by the alkaline potassium permanganate (KMnO4-N) method [25].




2.4. Soil Quality Indices


Carbon management index (CMI) and nitrogen management index (NMI) were derived using the dynamics of SOC and N. The reference was an uncultivated soil near the experimental field; CMI and NMI were both set to 100.



CMI was calculated using the Blair et al. [7] mathematical methodologies, which are detailed below:


  CMI =  CPI    ×  LIC    × 100  



(1)







CPI is for C pool index, while LIC stands for C lability index. The following are the formulas for calculating the CPI and LIC:


   Carbon   Pool   Index      CPI   =    Total   C   in   sample         mg   g    − 1        Total   C   in   reference   soil         mg   g    − 1        



(2)






   Lability   Index   of   C      LIC   =    Lability   of   C   in   sample   soil     Lability   of   C   in   reference   soil     



(3)






   Lability   of   C      LC   =    C   in   fraction   oxidized   by   KMnO  4        mg   labile   C   g    − 1      soil       C   remaining   unoxidized   by   KMnO  4        mg   labile   C   g    − 1      soil       



(4)







The NMI was estimated using the techniques described by Gong et al. [26], which are identical to CMI [7]:


  NMI =  NPI    ×  LIN    × 100  



(5)







NPI stands for N pool index, while LIN stands for N lability index. The NPI and LIN are calculated using the following method:


   Nitrogen   Pool   Index      NPI   =    Total   N   in   sample         mg   g    − 1        Total   N   in   reference   soil         mg   g    − 1        



(6)






   Lability   Index   of   N      LIN   =    Lability   of   N   in   sample   soil     Lability   of   N   in   reference   soil     



(7)






   Lability   of   N      LN   =    N   in   fraction   oxidized   by   KMnO  4        mg   labile   N   g    − 1   soil      N   remaining   unoxidized   by   KMnO  4        mg   labile   N   g    − 1      soil       



(8)







C/N, POC/TOC, OOC/LBN, TOC/clay, C stratification ratio (CSR), and N stratification ratio (NSR) have all been proven to be good indicators for assessing soil quality (SQI) [27]. The ratio of TOC concentration to the TN concentration gave soil C/N ratio, and the other indices were derived by considering the same criteria. CSR and NSR were determined by comparing parameter values in the surface soil (0–20 cm) to those at a deeper depth [27,28].




2.5. Carbon and Nitrogen Stock


The SOC and N stock was calculated by multiplying their respective TOC and TN value with BD and depth of soil as:


SOC stock (Mg ha−1) = TOC (or TN) (g kg−1) × BD (Mg m−3) ×Depth (m) × 10



(9)








2.6. Statistical Analysis


Duncan’s multiple range test (DMRT) at p < 0.05 was performed to find out specific differences between means of different soil depths as well as land use systems. Pearson’s correlation matrix was used to assess the link between distinct pools of organic C and N and soil characteristics. A principal component analysis (PCA) was used to summarize the entire variance of the data for the examined depth (0–100 cm) data utilizing land use systems, which included all fractions of soil organic carbon and nitrogen as well as soil quality indicators (SQI). All these statistical analyses were performed by the R software version 3.6.2 [29]. The prncomp() function and ggplot2 package of R were used for principal component analysis and graph preparation, respectively.





3. Results


3.1. Effects of Land Use Systems on Soil Properties


The mean BD varied from 1.47 (forage crop) to 1.52 Mg m−3 (agroforestry) (Table 2). The mean BD, on the other hand, was not significantly altered depending on the land use scheme. The soil EC varied from 0.18 to 0.51 dS m−1 across the land use systems, with forage crop soils having considerably lower soil EC (p < 0.05) than the other land use systems. However, there was no substantial change in soil pH and EC across soil depths within the land use system. The pattern of CEC became more uneven as soil depth increased across all land uses. The agroforestry system showed higher total CaCO3 compared to all land uses. CaCO3 concentration rose by 57.8%, 72.8%, 16.6%, and 1.11% in 0–20 cm soil depth in fodder crop, rice–wheat, citrus orchard, and agroforestry, respectively, over uncultivated soil. With respect to particle size fractions, i.e., sand and silt contents, which varied from 23.0 to 37.65% and 34.19 to 47.74%, respectively, soils under diverse land uses did not differ substantially (p < 0.05). The clay content ranged from 22.69 to 39.64% across various land uses and the mean clay content of the various land use systems did not differ much. However, with increasing depth there were significant changes in clay contents in forest and rice–wheat land use systems.




3.2. Effects of Land Use on TOC, POC, MOC, and KMnO4-C


Although the content of TOC, POC, MOC, and KMnO4-C varied greatly amongst land uses, their order of magnitude remained stable throughout different depths (Table 3). The average TOCs for various land uses were varied in the order of forage crop (7.20 g kg−1) > rice–wheat (4.70 g kg−1) > citrus orchard (4.11 g kg−1) > agroforestry (3.54 g kg−1) > uncultivated (3.10 g kg−1). It was observed that different land uses significantly affected the MOC fraction. In uncultivated, agroforestry, citrus orchard, rice–wheat, and fodder crops, MOC varied from 1.10 to 2.81, 0.97 to 3.79, 1.76 to 3.67, 0.94 to 5.51, and 2.92 to 7.38 g kg−1, respectively, along the depth. In comparison to uncultivated land, the KMnO4−C rose by 31.7 to 104.8% in various cultivated land uses.




3.3. Effects of Land Use on OOC and its Fractions


The OOC and its fractions are extensively used in several agricultural sustainability or environmental quality monitoring programs. In the forage crop, rice–wheat, citrus orchard, and agroforestry systems, OOC buildup was 7.29, 5.95, 5.17, and 4.34 g kg−1, respectively, compared to 2.95 g kg−1 in uncultivated soil (0–20 cm depth) (Table 4). The increases in OOC under the forage crop and rice–wheat was 116% and 74% greater over the uncultivated soil. The magnitude OOC under a gradient of oxidizing environments was as follows: under all land uses, NLC > LLC > LC > VLC. VLC concentrations in diverse land uses ranged from 0.19 to 1.27 g kg−1 along the soil profile up to a depth of 100 cm. The LC and LLC concentrations of various land uses ranged from 0.46 to 2.60 g kg−1 and 0.43 to 3.41 g kg−1, respectively. NLC concentration was found to be maximum (3.78 g kg−1) in 0–20 cm of the forage crop and minimum (0.92 g kg−1) in 80–100 cm of uncultivated land. In all land uses, the share of passive carbon pools (LLC and NLC) was higher than the active carbon pools (VLC and LC). There was no significant difference in OOC fractions with depth in agroforestry and uncultivated land.




3.4. Effects of Land Use on TN and its Fraction


Higher accumulation of TN, Org-N, and KMnO4-N in the surface layers observed under all the land uses and different pools of lability showed a decreasing trend with increasing soil depth (Table 5). With respect to concentration of C fractions, the distribution of N fractions throughout depth in each land use followed a decreasing pattern. Average TN content followed the order: forage crop (488 mg kg−1) > rice–wheat (323 mg kg−1) > citrus orchard (316 mg kg−1) > agroforestry (244 mg kg−1) > uncultivated (254 mg kg−1). However, a similar pattern was observed in the distribution of TN and Org-N contents with respect to organic carbon distribution and was comparatively higher in the forage crop followed by the rice–wheat system than in other land uses. Significantly higher mean KMnO4-Nwas maintained up to 100 cm soil depth in the forage crop (50.1 mg kg−1) over the rice–wheat (47.9 mg kg−1) and uncultivated land (28.3 mg kg−1). All the land uses showed higher accumulation of mineral N in the 0–20 cm soil depth and then decreased with depth.




3.5. Carbon and Nitrogen Stock


The SOC stock distribution revealed a diminishing trend with depth across all land uses (Figure 2). The forage crop showed a maximum SOC stock (26.36 Mg ha−1) at 0–20 cm soil depth. It was found to be highest in the rice–wheat system at soil depths of 20–40 and 40–60 cm, with 18.01 Mg ha−1 and 12.59 Mg ha−1, respectively. SOC stock in the soil profile up to 100 cm depth was highest in fodder crops (52.74 Mg ha−1) and lowest in uncultivated land (22.92 Mg ha−1). TN stock followed a similar pattern as SOC stock across various land uses and depths. When compared to rice–wheat, citrus orchard, and agroforestry land use systems, forage crop land use systems had considerably larger TN stock (1.42 Mg ha−1) at the 0–20 cm depth. Rice–wheat (1.13 Mg ha−1) TN stock was also different from citrus orchard and agroforestry systems. Only in the 0–20 cm depth, the difference in TN stock between the fodder crop (0.78 Mg ha−1) and rice–wheat (0.25 Mg ha−1) was significant (p < 0.05). The TN stock did not differ between land use systems at 60–80 and 80–100 cm depths. All land uses showed no significant changes in N stock in the bottom soil layer.




3.6. Relationship with Soil Properties and Pools of Soil C and N


KMnO4-C displayed a negative and substantial connection with BD (r = −0.447b), pH (r = −0.691b), CaCO3 (r = −0.396b), and silt fractions (r = −0.290a) according to Pearson’s correlation matrix (Table 6). However, it was shown to have a strong and positive relationship with CEC (r = 0.453b). TOC was significantly (p < 0.01) and inversely linked with BD (r = −0.421b), pH (r = −0.766b), and CaCO3 (r = −0.364b). The SOC and N fractions had a substantial and positive relationship with the silt fractions. CEC and KMnO4-N were shown to have a substantial correlation (r = 0.504b). BD, pH, CaCO3, and silt fractions all exhibited a negative and substantial relationship with N fractions. SOC and N fractions were not related to EC, sand, and clay.




3.7. Soil Quality Indices


Under all land uses, the LI and CPI ranged from 0.92 to 1.18 and 1.00 to 2.54, respectively (Table 7). The ranking of the mean CMI under various land uses was as follows: forage crop (299) > rice–wheat (251) > citrus orchard (220) > agroforestry (169) > uncultivated land (147). Simple linear regression analysis revealed that OOC, KMnO4-C, VLC, and POC have strong linear correlations with CMI (Figure 3). In the 0–20 cm depth, a higher regression coefficient was found between CMI with KMnO4-C (R2 = 0.94) followed by OOC (R2 = 0.85), VLC (R2 = 0.75), and AC (R2 = 0.73). Lower soil depths had a lower regression coefficient. Rice–wheat and agroforestry had much lower CMI than forage crop systems in this study. Because rice–wheat systems exhibited considerably lower rates of soil C rehabilitation than forage systems, these data suggest that forage systems provide better choices for C sequestration in soils in arid ecosystems than rice–wheat systems. The highest value of NMI was observed in rice–wheat followed by forage crop, agroforestry, and citrus orchard. The impacts of land use on soil NPI and NMI followed the same pattern as soil TN. The reference (uncultivated) value is 100. Values below 100 suggest that the system is deteriorating, while values over 100 show that the system is improving in terms of N. The highest NMI values were obtained in the forage crop land use (205 at 0–20 cm, 165 at 20–40 cm, 138 at 40–60 cm, 158 at 60–80 cm, and 157 at 80–100 cm soil depth). The correlation between NMI and KMnO4-N (R2 = 0.89) was stronger than the correlation between NMI and mineral N (R2 = 0.60) (Figure 4). However, significantly higher NMI values were obtained from the continuous agricultural intensification compared to uncultivated soil.



The C/N ratio is a nutrient mineralization and immobilization indicator; a lower C/N ratio (<15:1) implies a higher mineralization rate. In the top 0–20 cm depth, the forage crop and rice–wheat systems showed significantly higher C/N ratios as compared to other land uses. In most land uses, C/N ratios declined from 0–20 cm to 20–40 cm depth, except for fodder crops, which exhibited a minor rise (Figure 5). Moreover, the C/N ratio in forage crops was considerably greater (p < 0.05) than in rice–wheat and agroforestry systems below 40 cm depth.



The C/N ratio in the research region was found to be greater above the standard range of 10:1 predicted in mineral soils. On the other hand, POC/TOC, OOC/LBN, and TOC/clay ratio showed differences between land use systems, with the highest values in the forage crop. Average CSR and NSR in the different land uses decreased in the following order: rice–wheat > forage crop > citrus orchard > agroforestry > uncultivated (Figure 6). As a result, the stratification ratio of C and N at lower depths was larger than in the top layers.



PCA is a more precise data selection approach of which variables or indices were more influential in differentiating land uses from the combined 0–100 cm data. The dimensionality of the data set in a PCA was defined by correlations and scatter plot matrices between variables, which selected variable candidates that may explain the variance in sensitivity indices for various fractions with respective pool sizes. The first two principal components (PCs) of the data set explained 83.9% and 8.32% of total variance, respectively (Table 8). The highly weighted variable in PC1 included TOC, OOC, POC, AC, TN, profile C, and N stock. In the PC2, variables of NLC, NH4-N, and NO3-N were found highly weighted. Regarding SQI, the PCA allowed a clearer differentiation of the land uses. The PC1 explained 32.0% of the variance where CMI, NPI, CPI, and CSR presented a positive and significant association (Table 9). The second PC explained 19.2% of the variance, where LIN, LIC, and POC/TOC ratio exhibited positive and significant associations in that component. Therefore, considering the mean value of SQI, it can be assumed that CMI, NPI, CPI, CSR, LIN, LIC, and POC/TOC ratio were the most sensitive indices for segregating land uses.



The loading of each variable (arrows) and the scores of each land use (points) are shown in the PCA bi-plot (Figure 7). The length of the arrows and angle between them (cosine) approximates the variance and their correlations, respectively. The bi-plot between PC1 and PC2 has four quadrants. Our objective here is to establish some relation between the land use systems in different quadrants with the SOC and N fractions and their indices. The bi-plot showed an overlapping pattern while considering individual scores of each land use. For the TOC, NLC, MOC, PC, and TN, the forage crop was somewhat tilted to the right along the PC1 axis. Along the PC2 axis, rice–wheat scores were considerably biased toward greater negative values. The rice–wheat scores were clearly more impacted toward more positive values along the PC1 axis for the CMI, NPI, CPI, CSR, LIN, LIC, and POC/TOC ratios, according to SQI in the bi-plot.





4. Discussion


The soil characteristics along with C and N fractions varied greatly depending on the land use, but the order of magnitude remained similar throughout the depths. The difference in BD with soil depth was found to be substantial, with the lower depth layer having a greater BD than the topsoil layer, because of the overlying soil’s weight, which produces compaction and a decrease in SOM content [11]. In all land uses, the pH and EC patterns were more erratic as depth increased. The impacts of land use on soil pH were not significant. In lower depths, there was no influence on EC. However, in the rice–wheat combination, a significant drop in EC was noted, which could be ascribed to the use of an irrigation source to leach off soluble salt [30]. Although there was an increase in clay and silt in the subsurface layers, along with a decline in sand content, the soils were primarily sandy [31]. Long-term irrigation under rice–wheat systems may have resulted in increased fine soil particles due to sediment movement by the canal [1,32].



The current study found that cultivating desert soil for 60 years enhanced TOC and its fractions under a variety of land uses. Due to the minimal vegetation found in desert soils, organic matter input into the soil is limited. However, differing land uses and soil layers were found to have a considerable impact on the KMnO4-C fraction [11,33]. In the surface depth of the forage crop, TOC and its fraction were much higher than in the lower depths. Overall, all land use systems and soil management approaches resulted in higher organic C buildup than uncultivated land. Land use changes can have a significant influence on SOC dynamics and carbon transport [34]. High TOC might be linked to high vegetative growth, fast root proliferation, organic matter breakdown, and subsequent organic matter retention in soil aggregates owing to clay complexes, as seen by the abundance of fine soil particles. The development of clay–organic complexes and soil aggregates in the arid region was likely facilitated by soil moisture resulting from alternating wet and dry conditions, accumulating the greatest amount of SOC. The decrease in TOC on uncultivated land is due to a drop in organic matter input and oxidation of SOC because of exposing soils to the blazing sun [35].



In terms of turnover time, the particulate organic matter pool is halfway between the active and passive organic matter pools (i.e., a slow pool) [20]. The primary sources of POC in this study were leftover root biomass, agricultural residues, leaf litter, and increased microbial biomass and plant debris. The various land uses investigated had a significant impact on the POC values. The high results under land uses were consistent with the findings of Kalambukattu et al. [36] that changes in land uses can lead to particle organic matter buildup. POC accounted for 37.7% (uncultivated) to 42% (citrus orchard) of the TOC across all land uses. In dry or cold climates, the POC reported a 50% greater level of SOC [37]. The lower POC to TOC ratios in our samples are most likely owing to the hot, dry environment, which favors biological decomposition of recent organic material inputs, resulting in less POC buildup [2]. The findings of Camberdella and Elliott [20] and Six et al. [38] demonstrated that soil disturbances such as tillage can lower POC levels.



Both OOC and TOC decreased with depth in all the land uses studied, probably due to a decrease in surface litter intake in lower soil layers [33,39,40]. These results are similar to those reported by Moharana et al. [30] for rice-based cropping systems in India’s hot, dry region, where long-term farming increased the labile and recalcitrant fractions (LLC and NLC). Changes in land use were also particularly sensitive to the VLC and LC fractions of SOC [22]. This showed that monitoring the efficacy of various land uses in sustaining active C pools, which play a larger role in nitrogen cycling, is crucial. After 60 cm of soil depth, no significant difference in MOC and KMnO4-C concentrations was observed across all land uses. These findings corroborated those of Lal [41] and Gelaw et al. [42], who found that grazing field soils have greater SOC stock than agricultural soils due to more root biomass and residue returning to the surface.



Below 40 cm deep, a significant fall in the level of N fractions was seen for all land uses. The higher TN in soil cultivated with the forage crop might be attributed to the higher organic carbon, which came from the return of plant and root biomass as well as residues to the soil system [42,43]. Because of changes in SOM content and cultivation, Moharana et al. [2] found a substantial difference in KMnO4-N between barren and cultivated land. Mineral N concentrations in rice–wheat were similarly greater than in the citrus orchard and uncultivated land, showing that a higher rate of mineral fertilizer application in the rice–wheat system might boost N concentrations. Surface soil had higher KMnO4-N levels than subsurface soil, regardless of land use. This might be linked to the breakdown of root biomass in the surface layer, which releases nitrogen when organic matter is mineralized, re-leaving available nitrogen.



Despite the fact that pool sizes varied greatly among land use regimes, sensitivity indices for various fractions demonstrated that their susceptibility to change was comparable to total pools [26]. Due to different land use changes, no single pool could be employed as a sensitive indicator for SOC and N changes. VLC, LC, CMI, NPI, CPI, CSR, LIN, LIC, and POC/TOC ratio could be used as sensitive C and N indicators. The VLC was shown to be substantially more sensitive to management than the TOC. The LLC fraction, on the other hand, was far less affected by changes in land use than the TOC fraction. LBN (KMnO4-N) has a lower sensitivity than Org-N and TN, implying that it is ineffective as a sensitive indicator of land use changes. Westerhof et al. [44] indicated that the NMI was an excellent indication of N availability but not of total N. This was most likely owing to tillage’s fast mineralization of labile organic materials. Labile N by KMnO4 is a quick and easy approach to assess the nitrogen status in soils.




5. Conclusions


Influence of land use and soil depth on variations in soil C and N fractions was investigated under arid conditions in India. The VLC, CMI, and NMI, among other soil quality indices, changed dramatically with land use. The VLC was substantially more responsive to changes in land use than the TOC. Forage crop and rice–wheat soils had greater TOC and TN than uncultivated soils, showing a large potential for adopting these methods to adsorb SOC and TN in these soils. The top 0–20 cm of the forage crop contained the majority of the SOC and TN. The sensitivity indices can be used to assess their utility and detect changes in SOC and N fractions caused by land use changes. NMI demonstrated to be a valuable indicator for analyzing changes in soil quality induced by rice–wheat land use because of the significant correlations between NMI and the OOC and N fractions. The study found that anthropogenic modifications of desert soils by changing to various land uses resulted in considerable improvements in C and N stock. In the arid region, therefore, integrating appropriate forage crops and agroforestry trees into agricultural fields and adopting restorative land uses can greatly influence the sequestration of both SOC and TN. Among the various land uses, forage crops, which have a larger biomass, have a higher TOC and CMI, and are considered the optimal systems for maintaining soil health in desert soil of India. The findings are particularly unique and useful for researchers, planners, and policymakers in desert ecosystems; nevertheless, such research can be improved in the future by considering climate, management, and socioeconomic factors of the region.
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Figure 1. Study area and soil sampling locations in various land use systems of a hot, arid desert climate. 
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Figure 2. (a,b) Soil organic carbon and nitrogen stock at different soil depths in different land use systems in hot, arid environment. UC, uncultivated; AF, agroforestry; CO, citrus orchard; RW, rice–wheat system; FC, forage crop. 
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Figure 3. Relationship between carbon management index (CMI) with (a) oxidizable organic carbon (OOC), (b) KMnO4 oxidizable organic carbon (KMnO4-C), (c) very labile carbon (VLC), and (d) active carbon (AC) at different soil depths. 
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Figure 4. Relationship between nitrogen management index (NMI) with (a) KMnO4 oxidizable organic nitrogen (KMnO4-N) and (b) mineral N (NH4-N + NO3-N) at different soil depths. 
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Figure 5. Indicators of soil organic carbon and nitrogen (a) C/N ratio, (b) POC/TOC ratio, (c) OOC/LBN ratio and (d) TOC/Clay ratio at various soil depths in various land use systems. UC, uncultivated; AF, agroforestry; CO, citrus orchard; RW, rice–wheat system; FC, forage crop. 
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Figure 6. (a) Carbon stratification ratio (CSR) and (b) nitrogen stratification ratio (NSR) at different soil depths in different land use systems. UC, uncultivated; AF, agroforestry; CO, citrus orchard; RW, rice–wheat system; FC, forage crop. 
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Figure 7. Principal component analysis (PCA) bi-plot for all land use systems involving soil organic carbon (SOC) and N fractions (a) and indices (b). 
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Table 1. Description of land use systems prevailed in the hot arid regions of India.
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	Land Use Systems
	Year Started
	Age (Year)
	Management Practices





	Uncultivated
	1955
	60
	Uncultivated areas—mixed shrub and uncontrolled wild grass species, had not been disturbed in over six decades.



	Agroforestry
	1995
	20
	Agroforestry systems—Eucalyptus plantation + pulse crop, either mung (Vigna radiata)/black gram (Vigna mungo) (summer).



	Citrus orchard
	1995
	20
	Citrus (4 m × 4 m). Fertilizer application @ 0.6 kg N plant−1, 0.2 kg P2O5plant−1, and 0.3 kg K2O plant−1. FYM at the rate of 30 kg plant−1.



	Rice–wheat
	1975
	40
	Rice (summer)–wheat (winter) cropping system. Fertilizer application at the rate of 150 kg N, 80 kg P2O5, and 60 kg K2O ha−1 (rice crop). Wheat at the rate of 120 kg N, 60 kg P2O5, and 40 kg K2O ha−1. FYM at the rate of 5 Mg ha−1 (wheat every year).



	Forage crops
	1985
	30
	Forage crops (Berseem, oat, and Lucerne). Fertilizer application at the rate of 25 kg N, 120 kg P2O5, and 40 kg K2O ha−1. FYM at the rate of 25 Mg ha−1. First harvest—60–65 days after sowing. Following harvests were performed every 20 to 25 days after that.
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Table 2. In a hot, arid climate, the depth-wise distribution of soil attributes as influenced by various land use systems.
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	Land Use
	Depth

(cm)
	BD

(Mg m−3)
	pHw
	EC

(dS m−1)
	CaCO3

(%)
	CEC

(cmol (p+) kg−1)
	Sand

(%)
	Silt

(%)
	Clay

(%)





	Uncultivated
	0–20
	1.46 abA
	8.47 aA
	0.39 aA
	2.73 aA
	11.36 bAc
	23.00 bA
	45.85 aA
	31.15 aA



	
	20–40
	1.49 aA
	8.64 aA
	0.50 aA
	2.36 abAB
	11.63 bA
	26.71 aA
	44.36 aA
	28.92 aA



	
	40–60
	1.56 aA
	8.54 abA
	0.51 aA
	2.47 abAB
	11.19 cA
	29.19 aA
	40.04 aA
	30.77 aA



	
	60–80
	1.58 aA
	8.64 aA
	0.32 aA
	2.30 bAB
	11.00 aA
	30.52 aA
	39.96 bA
	29.52 aA



	
	80–100
	1.50 abA
	8.92 aA
	0.37 aA
	2.05 aB
	10.00 bB
	37.65 aA
	39.65 aA
	22.69 bA



	
	Mean
	1.52 yz
	8.64 z
	0.42 z
	2.38 yz
	11.04 y
	29.42 z
	41.97 z
	28.61 z



	Agroforestry
	0–20
	1.46 abA
	8.22 abA
	0.30 abA
	2.70 aA
	11.07 cBC
	34.53 abA
	40.28 aB
	25.20 aB



	
	20–40
	1.52 aA
	8.64 aA
	0.26 bA
	2.79 aA
	11.76 abAB
	32.30 aA
	44.77 aAB
	22.92 aB



	
	40–60
	1.52 aA
	8.75 aA
	0.30 bA
	2.81 aA
	13.39 abA
	26.04 aAB
	46.58 aB
	27.38 aB



	
	60–80
	1.55 abA
	8.75 aA
	0.33 aA
	2.82 aA
	9.33 bD
	20.87 aB
	47.74 aB
	31.39 aAB



	
	80–100
	1.53 aA
	8.78 abA
	0.28 abA
	2.35 aA
	10.00 bCD
	17.72 bB
	42.64 aAB
	39.64 aA



	
	Mean
	1.52 yz
	8.63 z
	0.29 y
	2.70 z
	11.11 y
	26.29 z
	44.40 z
	29.31 z



	Citrus orchard
	0–20
	1.56 aA
	8.05 abcB
	0.32 abA
	2.34 abA
	11.07 cB
	28.21 abA
	44.19 aA
	27.59 aA



	
	20–40
	1.57 aA
	8.39 bAB
	0.35 bA
	2.31 abA
	13.23 aA
	27.53 aA
	38.24 aA
	34.23 aA



	
	40–60
	1.53 aA
	8.69 aA
	0.23 bA
	2.65 abA
	13.62 aA
	25.14 aA
	43.06 aA
	31.80 aA



	
	60–80
	1.52 abA
	8.66 aA
	0.21 abA
	2.37 abA
	11.00 aB
	30.50 aA
	41.34 bA
	28.15 aA



	
	80–100
	1.52 abA
	8.63 abA
	0.23 bA
	2.09 aA
	10.10 bB
	31.52 aA
	43.44 aA
	25.04 bA



	
	Mean
	1.54 z
	8.48 z
	0.27 y
	2.35 xyz
	11.80 yz
	28.58 z
	42.06 z
	29.36 z



	Rice–wheat
	0–20
	1.42 abB
	8.00 bcB
	0.25 bA
	1.58 bB
	12.74 bA
	37.21 aA
	34.19 aA
	28.59 aAB



	
	20–40
	1.49 aAB
	8.08 cAB
	0.27 bA
	2.08 bA
	12.56 abA
	28.86 aA
	36.91 aA
	34.23 aA



	
	40–60
	1.53 aA
	8.21 bAB
	0.21 bA
	2.19 bA
	11.79 bcA
	24.48 aA
	42.73 aA
	32.80 aAB



	
	60–80
	1.50 bAB
	8.40 aA
	0.26 abA
	2.21 bA
	12.27 aA
	30.17 aA
	42.68 abA
	27.15 aAB



	
	80–100
	1.51 abAB
	8.37 bAB
	0.25 bA
	1.99 aA
	11.86 aA
	31.18 aA
	43.44 aA
	25.37 bB



	
	Mean
	1.49 yz
	8.21 y
	0.25 y
	2.01 x
	12.25 z
	30.38 z
	39.99 z
	29.63 z



	Forage crops
	0–20
	1.39 bB
	7.70 cB
	0.29 abA
	1.73 bA
	15.01 aA
	37.21 aA
	34.19 aA
	28.59 aA



	
	20–40
	1.48 aAB
	8.08 cA
	0.28 bA
	1.79 bA
	12.69 abB
	32.19 aA
	41.24 aA
	26.56 aA



	
	40–60
	1.50 aA
	8.17 bA
	0.27 bA
	2.32 abA
	10.70 cC
	24.48 aA
	42.73 aA
	32.80 aA



	
	60–80
	1.48 bAB
	8.35 aA
	0.18 bB
	2.39 abA
	12.18 aB
	30.17 aA
	43.68 abA
	26.15 aA



	
	80–100
	1.49 bAB
	8.40 bA
	0.24 bAB
	2.30 aA
	12.10 aB
	31.18 aA
	43.44 aA
	25.37 bA



	
	Mean
	1.47 y
	8.14 y
	0.25 y
	2.11 xy
	12.54 z
	31.05 z
	41.06 z
	27.90 z







According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript letters are significantly different (p < 0.05) between land uses for each soil depth and between soil depths for each land use, respectively, while mean values in a column with different lower case letters (w–z) are significantly different (p < 0.05). BD, bulk density; EC, electrical conductivity; CEC, cation exchange capacity.
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Table 3. Depth-wise distribution of total organic carbon (TOC), particulate organic carbon (POC), mineral-associated organic carbon (MOC), and KMnO4 oxidizable carbon (KmnO4-C) as affected by different land use systems in a hot, arid environment.
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	Land Use
	Depth (cm)
	TOC (g kg−1)
	POC (g kg−1)
	MOC (g kg−1)
	KMnO4-C (g kg−1)





	Uncultivated
	0–20
	4.27 dA
	1.46 dA
	2.81 cA
	0.24 dA



	
	20–40
	3.60 cB
	1.37 dAB
	2.23 bB
	0.21 bAB



	
	40–60
	3.24 cB
	1.19 cB
	2.05 bcB
	0.19 cB



	
	60–80
	2.36 cC
	0.94 dC
	1.42 cC
	0.14 dC



	
	80–100
	2.02 bC
	0.91 bC
	1.10 bcC
	0.12 cdC



	
	Mean
	3.10 v
	1.17 v
	1.92 x
	0.18 w



	Agroforestry
	0–20
	6.06 cA
	2.27 cA
	3.79 bcA
	0.35 cA



	
	20–40
	3.48 cB
	1.48 dB
	2.01 bB
	0.28 bB



	
	40–60
	3.12 cB
	1.42 cB
	1.70 cB
	0.21 bcC



	
	60–80
	2.95 bcB
	1.47 bB
	1.49 bcBC
	0.26 bBC



	
	80–100
	2.10 bC
	1.14 aB
	0.97 cC
	0.27 aB



	
	Mean
	3.54 w
	1.55 w
	1.99 x
	0.27 x



	Citrus orchard
	0–20
	6.72 cA
	3.06 bA
	3.67 bcA
	0.38 cA



	
	20–40
	4.20 bcB
	2.11 cB
	2.09 bB
	0.33 bA



	
	40–60
	3.68 cBC
	1.21 cC
	2.47 bcB
	0.18 cB



	
	60–80
	3.20 bC
	1.28 bcC
	1.92 bB
	0.19 cB



	
	80–100
	2.75 bC
	0.99 abD
	1.76 bB
	0.17 bB



	
	Mean
	4.11 x
	1.73 x
	2.38 xy
	0.25 x



	Rice–wheat
	0–20
	8.59 bA
	3.08 bA
	5.51 bA
	0.56 bA



	
	20–40
	5.20 bB
	2.53 bB
	2.67 bB
	0.53 aA



	
	40–60
	4.76 bB
	1.97 bC
	2.79 bB
	0.29 bB



	
	60–80
	2.86 bcC
	1.11 cdD
	1.75 bcC
	0.13 dC



	
	80–100
	2.09 bD
	1.16 aD
	0.94 cC
	0.12 dC



	
	Mean
	4.70 y
	1.97 y
	2.73 y
	0.32 y



	Forage crops
	0–20
	11.07 aA
	3.69 aA
	7.38 aA
	0.90 aA



	
	20–40
	8.62 aB
	3.11 aB
	5.51 aAB
	0.63 aB



	
	40–60
	7.04 aBC
	2.38 aC
	4.66 aBC
	0.42 aC



	
	60–80
	5.23 aCD
	2.07 aC
	3.16 aC
	0.34 aD



	
	80–100
	4.04 aD
	1.12 aD
	2.92 aC
	0.16 bcE



	
	Mean
	7.20 z
	2.47 z
	4.73 z
	0.49 z







According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript letters are significantly different (p < 0.05) between land use for each soil depth and between soil depths for each land use, respectively, while mean values in a column with different lower-case letters (w–z) are significantly different (p < 0.05).
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Table 4. In a hot, arid environment, the depth-wise distribution of oxidizable organic C (OOC) and its fractions as impacted by different land use systems.






Table 4. In a hot, arid environment, the depth-wise distribution of oxidizable organic C (OOC) and its fractions as impacted by different land use systems.
















	Land Use
	Depth (cm)
	OOC

(g kg−1)
	VLC

(g kg−1)
	LC

(g kg−1)
	LLC

(g kg−1)
	NLC

(g kg−1)
	AP

(g kg−1)
	PC

(g kg−1)





	Uncultivated
	0–20
	2.95 eA
	0.46 dA
	1.07 cA
	1.43 cA
	1.31 bA
	1.53 cA
	2.74 dA



	
	20–40
	2.21 dB
	0.40 dA
	0.85 bB
	0.95 bB
	1.39 bA
	1.25 dB
	2.35 bAB



	
	40–60
	1.77 cC
	0.29 cB
	0.65 cBC
	0.82 abBC
	1.47 bA
	0.95 bC
	2.29 cAB



	
	60–80
	1.30 cD
	0.21 cBC
	0.46 cC
	0.62 aBC
	1.06 cA
	0.67 bD
	1.69 cBC



	
	80–100
	1.10 cD
	0.19 cC
	0.47 bC
	0.43 bC
	0.92 abA
	0.67 bD
	1.35 bC



	
	Mean
	1.87 w
	0.31 v
	0.70 w
	0.85 w
	1.23 y
	1.01 w
	2.08 x



	Agroforestry
	0–20
	4.34 dA
	0.69 cA
	1.21 cA
	2.44 bA
	1.72 bA
	1.90 cA
	4.16 cA



	
	20–40
	2.46 cdB
	0.64 cA
	0.99 bB
	0.83 bB
	1.02 bABC
	1.63 cdB
	1.85 bB



	
	40–60
	1.79 cB
	0.42 bcB
	0.75 bcC
	0.61 bB
	1.33 bAB
	1.17 bC
	1.95 cB



	
	60–80
	2.17 abB
	0.31 abBC
	0.86 aBC
	0.99 aB
	0.79 cBC
	1.18 aC
	1.77 cB



	
	80–100
	1.68 bB
	0.22 cC
	0.50 cD
	0.95 abB
	0.42 bC
	0.73 bD
	1.38 bB



	
	Mean
	2.49 x
	0.46 w
	0.87 x
	1.17 x
	1.06 y
	1.32 x
	2.22 x



	Citrus orchard
	0–20
	5.17 cA
	0.90 bA
	1.80 bA
	2.47 bA
	1.56 bA
	2.70 bA
	4.03 cA



	
	20–40
	3.08 cB
	0.82 bA
	1.24 abA
	1.02 bB
	1.12 bA
	2.06 bcB
	2.14 bB



	
	40–60
	2.35 bcC
	0.47 abB
	0.62 cC
	1.25 abB
	1.33 bA
	1.09 bC
	2.59 bcB



	
	60–80
	1.57 cD
	0.28 bcC
	0.41 cC
	0.87 aB
	1.63 bA
	0.69 bC
	2.51 bB



	
	80–100
	1.37 bcD
	0.25 bcC
	0.39 bC
	0.73 abB
	1.39 abA
	0.64 bC
	2.11 bB



	
	Mean
	2.71 x
	0.54 x
	0.89 x
	1.27 xy
	1.41 y
	1.44 x
	2.68 y



	Rice–wheat
	0–20
	5.95 bA
	1.04 bA
	2.10 bA
	2.81 abA
	2.64 abA
	3.14 bA
	5.45 bA



	
	20–40
	4.33 bB
	0.89 bB
	1.61 aB
	1.83 aB
	0.88 bC
	2.49 abB
	2.71 bBC



	
	40–60
	2.88 abC
	0.62 aC
	0.88 abC
	1.39 abBC
	1.88 bAB
	1.50 aC
	3.27 bB



	
	60–80
	1.74 bcD
	0.35 abD
	0.50 cCD
	0.90 aCD
	1.11 bcBC
	0.84 bD
	2.01 bcCD



	
	80–100
	1.41 bcD
	0.33 bD
	0.39 bD
	0.68 abD
	0.69 bC
	0.72 bD
	1.37 bD



	
	Mean
	3.26 y
	0.65 y
	1.09 y
	1.52 y
	1.44 y
	1.74 y
	2.96 y



	Forage crops
	0–20
	7.29 aA
	1.27 aA
	2.60 aA
	3.41 aA
	3.78 aA
	3.87 aA
	7.20 aA



	
	20–40
	5.18 aB
	1.02 aB
	1.75 aB
	2.40 aB
	3.44 aA
	2.78 aB
	5.84 aAB



	
	40–60
	3.22 aC
	0.50 abC
	0.99 aC
	1.73 aC
	3.82 aA
	1.49 aC
	5.55 aAB



	
	60–80
	2.34 aD
	0.41 aC
	0.70 bD
	1.24 aC
	2.89 aA
	1.10 bD
	4.13 aBC



	
	80–100
	2.21 aD
	0.44 aC
	0.61 aD
	1.17 aC
	1.83 aA
	1.04 aD
	3.00 aC



	
	Mean
	4.05 z
	0.73 z
	1.33 z
	1.99 z
	3.15 z
	2.06 z
	5.14 z







According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript letters are significantly different (p < 0.05) between land use for each soil depth and between soil depths for each land use, respectively, while mean values in a column with different lower-case letters (w–z) are significantly different (p < 0.05). OOC, oxidizable organic C; VLC, very labile C; LC, labile C; LLC, less labile C; NLC, non-labile C; AC, active C; PC, passive C.
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Table 5. Depth-wise distribution of total N and its fractions as impacted by different land use systems.
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	Land Use
	Depth (cm)
	TN

(mg kg−1)
	KMnO4-N

(mg kg−1)
	Org-N

(mg kg−1)
	NH4-N

(mg kg−1)
	NO3-N

(mg kg−1)





	Uncultivated
	0–20
	338 cA
	42.5 cA
	324 cA
	7.07 cA
	6.40 bA



	
	20–40
	307 bcA
	25.8 cB
	299 bcA
	4.57 bcB
	2.90 dB



	
	40–60
	244 cB
	24.4 bB
	239 cB
	2.53 aC
	2.38 abBC



	
	60–80
	200 cBC
	26.5 aB
	196 cB
	2.10 abC
	1.77 abBC



	
	80–100
	181 bC
	22.4 bB
	178 bB
	1.69 aC
	1.39 aC



	
	Mean
	254 x
	28.3 x
	247 x
	3.59 xy
	2.97 x



	Agroforestry
	0–20
	392 cA
	45.6 cA
	380 cA
	6.07 cA
	6.40 bA



	
	20–40
	244 cB
	39.4 bB
	237 cB
	3.90 cB
	2.99 dB



	
	40–60
	243 cB
	25.6 bC
	239 cB
	2.38 aC
	2.05 bBC



	
	60–80
	198 cBC
	24.6 aC
	195 cBC
	1.43 bC
	1.40 bC



	
	80–100
	144 bC
	21.7 bC
	141 bC
	1.69 aC
	1.25 aC



	
	Mean
	244 x
	31.4 x
	238 x
	3.10 x
	2.82 x



	Citrus orchard
	0–20
	504 bA
	61.9 bA
	489 bA
	7.73 bcA
	8.07 abA



	
	20–40
	308 abB
	56.3 aA
	297 bcB
	6.23 abA
	4.66 cB



	
	40–60
	252 cB
	34.9 aB
	247 cB
	2.87 aB
	2.72 abC



	
	60–80
	261 bB
	28.3 aBC
	256 bB
	2.37 aB
	2.10 abC



	
	80–100
	257 aB
	23.9 abC
	253 aB
	2.03 aB
	1.85 aC



	
	Mean
	316 y
	41.1 y
	308 y
	4.25 yz
	3.88 y



	Rice–wheat
	0–20
	548 bA
	98.6 aA
	528 bA
	9.73 aA
	10.07 aA



	
	20–40
	350 bB
	54.8 aB
	335 bB
	6.90 aB
	7.90 aB



	
	40–60
	338 bB
	33.8 aC
	332 bB
	3.20 aC
	3.05 aC



	
	60–80
	220 bcC
	26.8 aD
	215 bcC
	2.70 aC
	2.37 aC



	
	80–100
	160 bD
	25.5 abD
	155 bD
	2.36 aC
	2.18 aC



	
	Mean
	323 y
	47.9 z
	313 y
	4.98 z
	5.11 z



	Forage crops
	0–20
	815 aA
	100.4 aA
	799 aA
	9.07 abA
	7.73 bA



	
	20–40
	585 aB
	57.8 aB
	573 aB
	6.23 abB
	5.90 bB



	
	40–60
	462 aC
	36.6 aC
	457 aC
	2.87 aC
	2.72 abC



	
	60–80
	317 aD
	28.8 aD
	312 aD
	2.37 aC
	2.10 abC



	
	80–100
	262 aD
	26.9 aD
	258 aD
	2.13 aC
	1.95 aC



	
	Mean
	488 z
	50.1 z
	480 z
	4.53 z
	4.08 y







According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript letters are significantly different (p < 0.05) between landscape for each soil layer and between soil layers for each land use, respectively, while mean values in a column with different lower-case letters (w–z) are significantly different (p < 0.05). TN, total N; KMnO4-N, KMnO4oxidizableN; Org-N, organic N; NH4-N, ammoniacal N; NO3-N, nitrate N.
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Table 6. Correlation coefficient (r) between soil properties and various organic C and N pools in soils under different land use systems.
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	Parameters
	BD
	pH
	EC
	CaCO3
	CEC
	Sand
	Silt
	Clay





	TOC
	−0.421 b
	−0.766 b
	−0.097
	−0.364 b
	0.455 b
	0.210
	−0.280 a
	−0.016



	WBC
	−0.462 b
	−0.731 b
	−0.072
	−0.373 b
	0.461 b
	0.170
	−0.253 a
	0.012



	POC
	−0.390 b
	−0.747 b
	−0.106
	−0.356 b
	0.405 b
	0.169
	−0.266 a
	0.026



	MOC
	−0.408 b
	−0.724 b
	−0.086
	−0.343 b
	0.449 b
	0.215
	−0.268 a
	−0.036



	KMnO4-C
	−0.447 b
	−0.691 b
	−0.104
	−0.396 b
	0.453 b
	0.145
	−0.290 a
	0.084



	VLC
	−0.329 b
	−0.735 b
	−0.109
	−0.378 b
	0.596 b
	0.179
	−0.272 a
	0.019



	LC
	−0.432 b
	−0.703 b
	0.037
	−0.349 b
	0.476 b
	0.124
	−0.202
	0.026



	LLC
	−0.473 b
	−0.658 b
	−0.128
	−0.342 b
	0.346 b
	0.181
	−0.253 a
	−0.003



	NLC
	−0.221
	−0.571 b
	−0.105
	−0.232 a
	0.299 b
	0.201
	−0.230 a
	−0.054



	AC
	−0.405 b
	−0.726 b
	−0.011
	−0.364 b
	0.524 b
	0.144
	−0.229 a
	0.025



	PC
	−0.388 b
	−0.712 b
	−0.134
	−0.327 b
	0.373 b
	0.224
	−0.280 a
	−0.037



	TN
	−0.433 b
	−0.726 b
	−0.072
	−0.375 b
	0.445 b
	0.208
	−0.286 a
	−0.008



	Org-N
	−0.431 b
	−0.722 b
	−0.076
	−0.376 b
	0.442 b
	0.208
	−0.285 a
	−0.008



	KMnO4-N
	−0.419 b
	−0.657 b
	−0.060
	−0.419 b
	0.504 b
	0.208
	−0.346 b
	0.051



	NH4+-N
	−0.357 b
	−0.634 b
	0.114
	−0.260 a
	0.446 b
	0.155
	−0.202
	−0.017



	NO3--N
	−0.413 b
	−0.657 b
	0.001
	−0.257 a
	0.367 b
	0.180
	−0.246 a
	−0.009







a Correlation is significant at the 0.05 probability level; b correlation is significant at the 0.01 probability level.
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Table 7. In a hot, arid environment, depth-wise distribution of carbon and nitrogen management indices as influenced by different land use systems.
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	Land Use
	Depth (cm)
	CPI
	LIC
	CMI
	NPI
	LIN
	NMI





	Uncultivated
	0–20
	1.00 dA
	1.00 bA
	100 dA
	1.00 cA
	1.00 bA
	100 cA



	
	20–40
	1.00 cA
	1.00 bA
	100 bA
	1.00 bA
	1.00 bA
	100 cA



	
	40–60
	1.00 cA
	1.00 aA
	100 cA
	1.00 bA
	1.00 aA
	100 bA



	
	60–80
	1.00 cA
	1.00 bA
	100 dA
	1.00 bA
	1.00 aA
	100 aA



	
	80–100
	1.00 bA
	1.00 bA
	100 bcA
	1.00 bcA
	1.00 abA
	100 aA



	
	Mean
	1.00 w
	1.00 y
	100 w
	1.00 x
	1.00 y
	100 y



	Agroforestry
	0–20
	1.42 cA
	1.06 bB
	150 cAB
	1.17 cA
	0.93 bB
	107 bcB



	
	20–40
	0.98 cB
	1.45 abB
	142 bAB
	0.81 bA
	2.11 aA
	169 bA



	
	40–60
	0.97 cB
	1.23 aB
	115 bcC
	0.98 bA
	1.13 aB
	106 abB



	
	60–80
	1.25 bcAB
	1.55 aB
	190 bAB
	1.02 bA
	0.97 aB
	97 aB



	
	80–100
	1.04 bB
	2.23 aA
	232 aA
	0.80 cA
	1.31 abB
	103 aB



	
	Mean
	1.13 xw
	1.51 x
	166 y
	0.96 x
	1.29 z
	116 y



	Citrus orchard
	0–20
	1.58 cA
	1.05 bA
	162 cA
	1.51 bA
	1.00 bBC
	147 bB



	
	20–40
	1.18 cB
	1.43 abA
	161 bA
	1.01 bB
	2.52 aA
	249 aA



	
	40–60
	1.15 cB
	0.85 aA
	93 cB
	1.04 bAB
	1.48 aB
	152 aB



	
	60–80
	1.35 bAB
	1.01 bA
	137 cAB
	1.32 abAB
	0.81 abBC
	109 aB



	
	80–100
	1.36 bAB
	0.98 bcA
	134 bAB
	1.47 abAB
	0.73 bC
	105 aB



	
	Mean
	1.32 xy
	1.06 y
	137 x
	1.27 y
	1.31 z
	152 z



	Rice–wheat
	0–20
	2.02 bA
	1.21 abB
	242 bA
	1.63 bA
	1.56 aAB
	249 aA



	
	20–40
	1.46 bB
	1.82 aA
	267 aA
	1.15 bBC
	2.04 aA
	237 abA



	
	40–60
	1.48 bB
	1.07 aBC
	158 bB
	1.40 bAB
	1.05 aB
	141 abB



	
	60–80
	1.21 bcBC
	0.76 bC
	90 dC
	1.11 bBC
	0.93 aB
	103 aB



	
	80–100
	1.04 bC
	0.89 bcBC
	93 cC
	0.88 cC
	1.48 aAB
	123 aB



	
	Mean
	1.44 y
	1.15 y
	170 y
	1.24 y
	1.41 z
	171 z



	Forage crops
	0–20
	2.59 aA
	1.53 aA
	395 aA
	2.42 aA
	0.98 bAB
	236 aA



	
	20–40
	2.39 aAB
	1.28 abAB
	306 aB
	1.92 aAB
	1.22 bA
	233 abA



	
	40–60
	2.19 aAB
	1.05 aB
	226 aC
	1.92 aAB
	0.83 aAB
	150 aB



	
	60–80
	2.22 aAB
	1.07 bB
	237 aC
	1.61 aB
	0.67 bB
	108 aB



	
	80–100
	2.01 aB
	0.67 cC
	130 bcD
	1.51 aB
	0.81 bAB
	118 aB



	
	Mean
	2.28 z
	1.12 y
	259 z
	1.88 z
	0.90 y
	169 z







According to Duncan’s multiple range test, values with different lower case (a–d) and upper case (A–D) superscript letters are significantly different (p < 0.05) between land use for each soil depth and between soil depths for each land use, respectively, while mean values in a column with different lower case letters (w–z) are significantly different (p < 0.05). CPI, carbon pool index; LIC, lability index of carbon; CMI, carbon management index; NPI, nitrogen pool index; LIN, lability index of nitrogen; NMI, nitrogen management index.
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Table 8. Principal component (PC) study of soil organic carbon and nitrogen pools in a hot, arid environment under various land use systems.
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	Label
	PC1
	PC2
	PC3





	Eigenvalue
	15.10
	1.50
	0.38



	Variance (%)
	83.87
	8.32
	2.12



	Cumulative variance (%)
	83.9
	92.2
	94.3



	Variables
	
	
	



	TOC
	0.98
	0.20
	0.05



	OOC
	0.97
	−0.17
	0.09



	POC
	0.94
	−0.07
	−0.08



	MOC
	0.93
	0.31
	0.11



	KMnO4-C
	0.93
	−0.01
	−0.22



	VLC
	0.92
	−0.22
	−0.18



	LC
	0.94
	−0.24
	−0.15



	LLC
	0.89
	−0.09
	0.36



	NLC
	0.67
	0.70
	−0.04



	AC
	0.95
	−0.24
	−0.16



	PC
	0.90
	0.41
	0.16



	TN
	0.96
	0.11
	−0.08



	Org-N
	0.96
	0.13
	−0.08



	KmnO4-N
	0.91
	−0.25
	−0.01



	NH4-N
	0.85
	−0.39
	0.16



	NO3-N
	0.84
	−0.43
	0.16



	Profile C stock
	0.97
	0.22
	0.04



	Profile N stock
	0.95
	0.13
	−0.08
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Table 9. In a hot, arid environment, principal component analysis of soil organic carbon and nitrogen indices under various land use systems.
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	Label
	PC1
	PC2
	PC3





	Eigenvalue
	3.84
	2.31
	1.92



	Variance (%)
	32.0
	19.2
	16.0



	Cumulative variance (%)
	32.0
	51.2
	67.2



	Variables
	
	
	



	CPI
	0.76
	−0.11
	0.43



	LIC
	0.19
	0.75
	0.14



	CMI
	0.77
	0.42
	0.35



	NPI
	0.79
	−0.18
	0.37



	LIN
	−0.05
	0.79
	−0.33



	NMI
	0.60
	0.64
	−0.08



	C/N
	0.27
	0.00
	0.50



	POC/TOC
	−0.46
	0.62
	0.09



	OOC/LBN
	0.40
	−0.18
	0.21



	TOC/clay
	0.64
	−0.25
	−0.42



	CSR
	−0.71
	0.10
	0.56



	NSR
	−0.54
	0.01
	0.74
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