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Although agro-geotextile (AGT) emplacement shows potential to mitigate soil loss and, thus, increase carbon sequestration, comprehensive information is scanty on the impact of using agro-geotextiles on soil organic carbon (SOC) sequestration, aggregate-associated C, and soil loss in the foothills of the Indian Himalayan Region. We evaluated the impacts of Arundo donax AGT in different configurations on SOC sequestration, aggregate stability, and carbon management index (CMI) since 2017 under maize-based cropping systems on a 4% land slope, where eight treatment procedures were adopted. The results revealed that A. donax placement at 0.5-m vertical-interval pea–wheat (M + AD10G0.5-P-W) treatment had ∼23% increase in SOC stock (27.87 Mg·ha−1) compared to the maize–wheat (M-W) system in the 0–30-cm soil layer. M + AD10G0.5-P-W and maize–pea–wheat treatments under bench terracing (M-P-W)BT had similar impacts on SOC stocks in that layer after 5 years of cropping. The total SOC values in bulk soils, macroaggregates, and microaggregates were ∼24, 20, and 31% higher, respectively, in plots under M + AD10G0.5-P-W treatment than M-W in the topsoil (0–5 cm). The inclusion of post-rainy season vegetable pea in the maize–wheat cropping system, along with AGT application and crop residue management, generated additional biomass and enhanced CMI by ∼60% in the plots under M + AD10G0.5-P-W treatment over M-W, although M + AD10G0.5-P-W and (M-P-W)BT had similar effects in the topsoil. In the 5–15-cm layer, there was no significant effect of soil conservation practices on CMI values. Under the M + AD10G0.5-P-W treatment, the annual mean soil loss decreased by ∼92% over M-W treatment. We observed that CMI, proportion of macroaggregates, aggregate-associated C, labile C, total SOC concentration (thus, SOC accumulation rate), and mean annual C input were strongly correlated with the mean annual soil loss from 2017 to 2021. The study revealed that the emplacement of an A. donax mat and incorporation of a legume in a cropping system (M-W), conservation tillage, and crop residue retention not only prevented soil loss but also enhanced C sequestration compared to farmers’ practice (M-W) in the Indian Himalayas. The significance of this study is soil conservation, recycling of residues and weeds, and climate change adaptation and mitigation, as well as increasing farmers’ income.
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1 INTRODUCTION
Under a changing climate scenario, the Indian Himalayan Region (IHR) is projected to face an increase in the frequency of extreme rainfall events, characterized by precipitation rates exceeding 80–100 mm·h−1. This results in accelerated soil erosion in the region (Mandal and Sharda, 2011). The Himalayas are reported to have extraordinarily high soil erosion rates among the different regions of India, ranging from 20 to 25 Mg·ha−1·yr−1 to even 92 Mg·ha−1·yr−1, based on multiple field-based investigations at different locations and river basins (Sharda and Ojasvi, 2016; Swarnkar et al., 2018).
Soil erosion by water is directly related to the intensity of rainfall. Soil erosion is a naturally occurring process that results in the degradation of landforms and, in particular, results in topsoil loss by water flow. Along with topsoil, clay content and organic matter are also lost, which leads to degradation of cultivable and arable lands (Mandal et al., 2020). This leads to loss of soil organic carbon (SOC) and poor soil fertility in the Indian Himalayas (Bhattacharyya et al., 2009a). Soil conservation practices improve soil health by improving soil aggregation, reduce the risks of soil compaction, increase surface soil organic matter (SOM) and SOC contents, retain moderate soil temperature, and suppress weeds and pathogens (Somasundaram et al., 2020). Although soil properties have decreased over the years due to improper management practices (Singh et al., 2019), the adoption of the best management practices (conservation tillage, nutrient management, etc.) enhanced SOC, available N, P, and K contents of the Himalayan soils (Gogoi et al., 2021).
A potential method to prevent soil loss and degradation is the use of agro-geotextiles (AGTs). Using AGTs can increase the infiltration of water in soil and slow down runoff generation due to increased surface roughness of soil, directly impacting surface water flow velocity and decreasing the splash water erosion rate. It also improves SOM by improving the soil structure and aggregate stability (Bhattacharyya et al., 2010b). Bhattacharyya et al. (2009b)proposed that biological geotextiles could be a very successful and low-cost soil conservation technology with great worldwide potential. Soil erosion can be effectively controlled using vegetation strips. Geotextiles stretch over the soil surface as they become wet, improving their drapability (adherence to surface micro-topography) and, consequently, the ability to limit runoff and erosion (Bhattacharyya et al., 2010a).
In the foothills of the Indian Himalayas, AGT mats can be prepared from the robust stem and stiff leaves of Arundo donax when the culms reach a height of 15–20 feet, coupled with green compact leaf biomass and locally available sources, such as rope and plant fibers, at an economically viable price. A. donax as AGT, having rough texture, high water-holding capacity, and increased weight when wet, has significant characteristics that ensure physical contact between the soil and geotextiles, which can control soil erosion (Bhattacharyya et al., 2015a; Singh et al., 2019). Visconti et al. (2020)noted that the constant release of organic wastes by A. donax creates a mulching effect that may lessen the impact of severe rainfall contributing to soil erosion. Compared to fallow, A. donax drastically reduced the total runoff and sediment concentration by 65%, 78%, and 34% (63 m3·ha−1 vs. 181 m3·ha−1, 0.05 Mg·ha−1 vs. 0.21 Mg·ha−1, and 0.71 g·L−1 vs. 1.08 g·L−1, respectively) (Visconti et al., 2020). It also increased the SOC concentration (Fagnano et al., 2015). A. donax emplacement on soil is a low-cost practice as it is naturally grown, beside the main cropping field, only in torrent beds. When the culms of this perennial grass attain a height of 15–20 ft, along with green compact leaf biomass, it is harvested, and mats are prepared using its sturdy stem and stiff leaves by using some locally available sources (Singh et al., 2019). It is an extremely fast-growing plant with a higher density, which helps increase surface roughness and reduce soil loss, and after biodegradation, it adds nutrients to the soil. This enhances vegetative growth and root growth of test crops, resulting in higher soil aggregate stability. Reduced soil erosion in the plots under AGT further contributes to increased productivity and SOC sequestration. For soils in the Himalayas, minimum and zero tillage also lower cultivation costs, and increase soil water retention and physical protection of SOC (Bhattacharyya et al., 2009c; Bhattacharyya et al., 2012). On croplands with slopes of 2%–8%, conservation methods for soil and water, like contour farming, zero tillage, mulch application, and legume incorporation, not only decreased runoff by 8%–40% and soil loss by 6%–35% but also increased productivity by 3%–28% (Ghosh et al., 2012; Singh et al., 2019).
The application of AGT and adoption of a soil conservation method are helpful ameliorative measures to decrease soil erosion, crop production constraints associated with the soil, and carbon sequestration in high-rainfall areas. Although biological mat emplacement has positive impacts on SOC sequestration, the literature is scanty on its effects on SOC dynamics (C pools and soil aggregation). In conservation tillage, C sequestration increases and more C stability occurs, which increases the carbon management index (CMI) as well. Generally, an increase in CMI decreases soil loss (Ghosh et al., 2016). As a preliminary indicator of soil deterioration or improvement in response to various management practices, the computation of SOC lability within each management practice or land cover type can be used. The development of CMI has been applied to various land uses or management practices in order to employ more sensitive indicators to assess the ability of a land use or practice to improve the soil quality (Maini et al., 2020). Chemical extractants enable the classification of SOC into very labile C, labile C, less labile C, and non-labile C pools. Very labile and labile C pools constitute labile C, and recalcitrant C is the sum of less labile and non-labile C pools (Bongiorno et al., 2019). The labile and recalcitrant pools make up the total SOC. CMI could be calculated from these C pools. The physical fraction, which includes particle organic matter, the chemical fraction (KMnO4–C), and the biological fraction (which includes microbial biomass C), make up the labile organic carbon (LOC) fraction (Mandal et al., 2013). In order to understand soil C dynamics, it is important to understand the relative proportion of these fractions, which impacts the soil quality. LOC changes over a short period of time (1–2 years), and this pool can be used to evaluate the effects of land management (Jat et al., 2019).
Very little research on soil and water conservation has been conducted in the context of the concurrent use of conservation tillage and A. donax AGT in a rainfed maize–pea–wheat cropping system (Singh et al., 2019). Information on the impact of using AGT under conservation-tilled cropping systems on the depth distribution of SOC is scanty. We hypothesized that the use of different configurations of AGT in the no-till rainy season maize has a positive effect on carbon pools within different soil depths, aggregate stability, and CMI to enhance carbon sequestration and reduce soil loss. Thus, two post-monsoon rainfed crops (vegetable pea, followed by wheat) could be effectively raised that are also cultivated under conservation tillage. The aim of this study was to identify an appropriate soil conservation practice for improving soil carbon sequestration, aggregate stability, and CMI under maize-based cropping systems in the foothills of the Indian Himalayas.
2 MATERIALS AND METHODS
2.1 Experimental site and details
The present experiment was carried out at the experimental farm at Selakui of the ICAR-Indian Institute of Soil and Water Conservation, Dehradun, India (Figure 1). The slope of the experimental site was 4%. The site comprises fine loamy mixed hyperthermic Udic Haplustalf soil (United States Department of Agriculture Natural Resource Conservation Service, 1996). The climate in the study region is subtropical, with hot summers and freezing winters. January is the coldest month with mean daily minimum temperatures ranging from 4°C to 5°C, whereas May and June are the hottest months with mean daily maximum temperatures ranging from 36°C to 37°C. The average annual rainfall is 1,615 mm, of which the southwest monsoon from July to September accounts for 80%.
[image: Figure 1]FIGURE 1 | Location map of the study area in the Northwest Indian Himalayas.
Experiments were carried out on zero-tilled maize and minimum-tilled vegetable pea and wheat, planted in rainy (mid-June to mid-September), autumn (October to mid-December), and winter seasons (mid-December to April) from 2017 with eight treatment combinations. The crops, tillage, residue management, and details of emplacement of the Arundo donax mats are given in Table 1. The individual plot size was 100 m × 20 m, and there were four replications laid out in a randomized block design. The recommended amounts of N were applied to the maize crop in three equal splits at the seedling (10–15 days after sowing), knee height (30–35 days after sowing), and tasseling (45 days after sowing) stages of crop growth, respectively. Only 100 kg·ha−1 of di-ammonium phosphate (18-46-0) was used as a basal dose on vegetable pea. In a manner similar to that described previously, P and K were applied as a basal dose, along with 50% of N using a seed cum fertilizer drill, while the remaining N was top-dressed in two equal splits (at crown root initiation and booting stages that generally coincide with the first and second winter rains). Tank-mixed treatments of atrazine (1 kg a.i. ha−1), pendimethalin (1.5 kg a.i.·ha−1), and glyphosate (1.5 kg a.i.·ha−1) were used as pre-emergence herbicides to control weeds in zero-tilled maize. Handweeding was also carried out in maize 20 days after sowing (DAS). In all treatments, maize was given one tembotrione post-emergence spray between 20 and 25 DAS. One spray of Coragen® was used between 30 and 45 DAS to suppress autumn army worm in maize. After the pea pods were harvested, a disc harrow was used to fully incorporate the above-ground biomass (between 0.1 and 0.3 t·ha−1) into the soil. A tank mixture of metsulfuron–methyl (4.0 g a.i.·ha−1) and clodinafop–propargyl (60.0 g a.i.·ha−1) was sprayed at 35–40 DAS of wheat to control weeds in the crop. At the flowering stage in both years, a preventive spray of propicanazole (Tilt) was used to prevent fungal diseases (yellow rust and bunts) in the wheat crop. The treatment layout is given in Figure 2, and treatment-wise tillage and residue management practices are given in Table 1.
TABLE 1 | Cropping systems and treatment details of soil conservation practices in the Indian Himalayas on a 4% slope.
[image: Table 1][image: Figure 2]FIGURE 2 | (A) Plot without A. donax mat emplacement. (B) Plot with A. donax mat emplacement (5/10 cm thick) on a 1-m vertical interval. (C) Plot with A. donax mat emplacement (5/10 cm thick) on a 0.5-m vertical interval. (D) Plot with bench terrace practices.
2.2 Soil sampling and processing
After vegetable pea was harvested, two sets of undisturbed soil samples were collected from the 0–5, 5–15, 15–30, and 30–60-cm soil layers using a core sampler (5 cm diameter and 5.9 cm height). Samples from each soil depth were taken from each plot. One sample set was used to calculate the bulk density (BD) as the oven-dried core mass divided by the core volume (three cores). The second set of samples (three cores) was obtained from individual plots and completely combined before being air-dried and put through an 8-mm filter for aggregate separation. After processing, soil samples were utilized to determine certain soil properties. The values of the initial soil parameters were obtained from the study by Singh et al. (2019).
2.3 Soil aggregate dynamics
The aggregates were separated by size in several sieves using a wet sieving process adopted from the study by Elliott (1986). Using a series of three sieves (2, 0.25, and 0.053 mm), four aggregate fractions were obtained: 1) >2-mm (large macroaggregates (MAs)); 2) 0.25–2-mm (small macroaggregates); 3) 0.053–0.25-mm (microaggregates); and 4) <0.053-mm (silt plus clay-sized particles). Soil aggregate fractions that were retained on various sieves were dried in an oven at 40°C to determine the constant weight and then stored for total SOC analysis. The proportions of large macroaggregates (>2 mm) recovered after wet sieving weighed too little; thus, the large and small macroaggregates were combined to obtain the macroaggregates (Joseph et al., 2023).
2.4 Total SOC in bulk soil and aggregates
Using a CHN analyzer (Foss Heraeus Elemental Analyzer CHN-O-RAPID, Anau, Germany), the total C concentrations were determined in bulk soils and aggregates. Since there were no inorganic carbonates in the samples, the total soil C measurement was interpreted to be similar to the total SOC value.
2.5 Carbon pools in bulk soils and aggregates
The protocol proposed by Chan et al. (2001) was used to divide the SOC concentration into separate pools using 12.0, 18.0, and 24.0 N H2SO4. This resulted in the division of the whole SOC into four distinct pools in the decreasing order of stability: pool 1, pool 2, pool 3, and pool 4. In contrast to pools 3 and 4, which together make up the recalcitrant pool, pools 1 and 2 are the labile pools (Chan et al., 2001). The method used by Tirol-Padre and Ladha (2004) was used to determine KMnO4–C.
2.6 Carbon management index
Since the size of the overall pool and the lability (an estimation of the turnover rate) both need to be taken into account in order to develop a CMI, the consistency of the C supply is dependent on labile and recalcitrant C pools. The labile fraction of carbon can be estimated by first oxidizing some of the carbon in a soil sample by treating it with 333 mM KMnO4 (Blair et al., 1995).
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CMI can then be calculated as (Blair et al., 1995)
[image: image]
where X is oxidized C by KMnO4–C, Y is remaining C un-oxidized by KMnO4, A is lability of C in the sample soil, B is lability of C in the reference soil, T is sample total C (mg g−l)/R = reference total C (mg g−l), P is the C pool index, and I is the lability index.
2.7 Estimated carbon input
The mean annual total above-biomass residue addition (grain + straw) was estimated during 2017–2021. The average residue (kg·ha−1) added every year was estimated for root and crop stubble of wheat, vegetable pea, and maize; Arundo donax mat residue input; and weed biomass input. Replicated fresh samples of crop residues (stubble) and weed biomass were taken from the quadrats of 1.0 × 1.0 m2 in size, and AGT biomass was taken from the running length of 0.5 m (0.5 m × 0.5 m) at the time of maize harvest and then placed in an oven for 48 h to obtain the constant weight. The oven-dried biomass weight of residues was then converted to kg·ha−1.
The root biomass was calculated by multiplying the above-ground biomass of maize, vegetable pea, and wheat by the root-to-- shoot ratio, which was 0.13, 0.19, and 0.14 (Williams et al., 2013; Zhao et al., 2021), respectively. C concentrations of all residues/roots were analyzed using a CHN analyzer (Foss Heraeus Elemental Analyzer CHN-O-RAPID, Anau, Germany). The sum of biomass C inputs through stubble and root, as well as C input through residue retention, was used to calculate the cumulative C inputs to the soil (Kundu et al., 2007).
2.8 Carbon stock and carbon accumulation rate
Soil organic carbon concentrations were converted to total SOC stocks in the corresponding soil layers as follows (Ellert and Bettany, 1995):
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[where C is the total SOC concentration (g kg−1), D = BD (Mg m−3), and E is the depth (m)]
Soil organic carbon stock on an equivalent soil mass (ESM) basis.
The equivalent soil mass (ESM) method is described by Ellert and Bettany (1995) and Wendt and Hauser (2013), among others. We designated the original soil mass as ESM, and we evaluated soil C stocks using ESM as a base in order to account for the overestimation of the overall SOC stock in the soil with higher BD than the soil with smaller BD. The calculation procedure is as follows (Ellert and Bettany, 1995):
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where Msoil is the soil mass and ESM is the equivalent soil.
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where a is the total SOC concentration (g kg−1), b = (M soil–ESM), c is initial BD (Mg m−3), d is the depth (m), e represents treatment BD (Mg m−3), and f represents total SOC on a soil depth basis.
The following formula was used to determine the SOC accumulation rate (Bhattacharyya et al., 2015b):
[image: image]
where M and N denote the SOC stock (Mg ha−1) of a particular treatment and control plots, respectively. Here, the number of years of experiment (n) is 5 years. The M-W system is considered the control plot or farmers’ practice.
2.9 Soil loss measurement
After each rainfall event during the maize growing season in all the years, runoff data from each plot were recorded at 8:00 a.m. (local time) using a stage-level recorder by measuring the hydrograph coupled with a Coshocton wheel (Sharma et al., 2017). In order to calculate soil loss, the collected runoff water was thoroughly stirred, and 1 L was withdrawn from each tank to estimate the amount of accumulated sediment in each plot’s run-off tank. Using Whatman 42 filter paper, the resultant suspensions were filtered. To determine the amount of soil lost, the sediment in the filter paper was oven-dried for 24 h at 105°C and weighed (Singh et al., 2019).
2.10 Statistical analyses
The data from the soil analyses were processed for analysis of variance (ANOVA) using SAS 9.3 with the methodology suggested by Gomez and Gomez (1984) using a randomized block design to examine differences among the treatment means (SAS Institute, Cary, North Carolina, United States). The significance level for Tukey’s HSD test was set at p < 0.05.
3 RESULTS AND DISCUSSION
3.1 Soil bulk density
In the 0–5-cm soil layer, the bulk density varied from 1.32 to 1.36 Mg·m−3 (Figure 3). According to BD values from the topsoil (0–5 cm), M + AD10G0.5-P-W plots exhibited the lowest BD (1.32 Mg·m−3). Overall, it was observed that plots emplaced with A. donax mats had lower BD than those without A. donax mats, which can be attributed to the adoption of zero tillage, minimum tillage, and residue retention practices. These practices led to minimal soil disturbance, increased organic matter content, and improved soil structural characteristics, resulting in lower bulk density values than those in the control plots (Solomon et al., 2017; Worku, 2017; Meena et al., 2018). There were no significant differences in BD values in different treatments at lower depths (Figure 3).
[image: Figure 3]FIGURE 3 | Effect of different conservation practices on soil bulk density at different depths. Treatment details are given in Table 1. Tukey’s HSD test indicates that means with different lowercase letters within a soil depth are significantly different at p < 0.05.
3.2 Soil aggregate dynamics
Plots under M + AD10G0.5-P-W treatment had ∼34 and ∼37% higher MA than M-W plots in the topsoil and 5–15 cm soil layers, respectively (Figure 4). The M + AD10G0.5-P-W and (M-P-W)BT treatments had similar effects on the proportion of MA in the topsoil. There was ∼21% higher MA in plots emplaced with A. donax mats than in those without mats. Crop residue management considerably increased the proportion of macroaggregates in the residue-added plots due to the release of polysaccharides, formation of organic acids during degradation of crop residues, and increased concentration of glomalin (Singh et al., 2018).
[image: Figure 4]FIGURE 4 | Distribution (%) of soil aggregates in the (A) 0–5-cm and (B) 5–15-cm layers as affected by soil conservation practices. Treatment details are given in Table 1. Tukey’s HSD test indicates that means with different lowercase letters within an aggregate size are significantly different at p < 0.05.
Generally, conservation tillage in all treatments resulted in better soil aggregation. However, A. donax mat emplacement, residue retention, and cultivation of a cover crop caused improved soil macroaggregates (MAs), both in the topsoil and 5–15-cm layer. The higher proportion of MA in M + AD10G0.5-P-W treatment than M-W (Figure 4) was probably due to higher C input, slope protection, and root mass in surface soils, all of which resulted in decreased soil loss. Increased proportion of MA and decreased MI proportion with soil conservation practices enhanced soil aggregation due to zero tillage practiced in maize, minimum tillage in vegetable pea and wheat, and residue retention.
3.3 Total soil organic carbon in bulk soils and aggregates
Across all soil depths, total SOC concentrations were considerably higher in M + AD10G0.5-P-W plots than in M-W plots. Legume incorporation in the M-W cropping system had a higher total SOC concentration in the topsoil than M-W plots (Table 3). The highest total SOC concentration was found in the maize + A. donax mat (10 cm thick) on 0.5-m vertical-interval vegetable pea–wheat (M + AD10G0.5-P-W) plots. In that depth, plots under M + AD10G0.5-P-W and (M-P-W)BT treatments had ∼24 and ∼21% more total SOC concentrations, respectively, than control (M-W) plots. In the 5–15-cm layer, M + AD10G0.5-P-W and (M-P-W)BT plots had ∼22 and ∼20% higher total SOC concentrations than M-W plots, respectively (Tables 2, 3). Plots under M + AD10G0.5-P-W treatment had ∼20 and ∼21% more total SOC concentrations than those of M-P-W plots in the topsoil and 5–15-cm soil layers, respectively (Tables 2, 3). In the 15–30 and 30–60-cm soil depths, there was no significant effect of soil conservation practices on total SOC concentrations (Table 4).
TABLE 2 | Impacts of 5 years of different conservation practices on SOC pools at the 0–5 cm depth.
[image: Table 2]TABLE 3 | Impacts of 5 years of different conservation practices on SOC pools in the 5–15 cm depth.
[image: Table 3]TABLE 4 | Impacts of 5 years of different conservation practices on the total SOC and KMnO4−C concentrations (g kg-1) at 15–30-cm and 30–60-cm depths.
[image: Table 4]In the topsoil, plots under M + AD10G0.5-P-W and (M-P-W)BT treatments had ∼20 and ∼19% higher total SOC within MA, ∼31 and ∼29% higher total SOC within MI, and ∼35 and ∼27% higher total SOC within the SC fraction, respectively, than M-W plots (Table 3). In the 5–15-cm layer, M + AD10G0.5-P-W plots had ∼25, ∼31, and ∼48% higher total SOC concentrations within MA, MI, and SC fractions, respectively, than M-W plots (Table 3).
Presence of crop residues, decomposing root biomass, and hyphae within MA might be the reason for the higher SOC concentration in MA than in MI (Bhattacharyya et al., 2013). Due to less soil disturbance (conservation tillage), a long lasting turn-over rate was observed within MA, especially in the 5–15-cm soil layer. Thus, SOC concentrations were higher in MA for this obvious reason. Conservation-till farming enhanced soil aggregation by reducing soil disturbance, increasing SOM content, and possibly increasing the growth of fungi that bind to soil particles and MI (Helgason et al., 2010; Sithole et al., 2019).
3.4 Carbon pools in bulk soils and aggregates
The labile C-pool concentration was the highest in M + AD10G0.5-P-W plots (6.42 g·kg−1) and least in M-W plots (2.86 g·kg−1) in the topsoil. In that layer, M-W and M + AD5G1-W (non-legume treatments) plots had ∼55% and ∼36% lower labile C concentrations, respectively, than M + AD10G0.5-P-W in bulk soils (Table 2). In the 5–15-cm layer, plots under M + AD10G0.5-P-W and (M-P-W)BT treatments had ∼47% and 40% higher labile C, respectively, than M-W plots in bulk soils (Table 3). The M-W and M-P-W plots had ∼33% and ∼28% lower macroaggregate-associated labile C pools, respectively (Tables 2, 3), than M + AD10G0.5-P-W plots in the topsoil. In the 5–15-cm layer, M + AD10G0.5-P-W and (M-P-W)BT plots had ∼54% and ∼57% higher labile C values within MA, respectively (Tables 2, 3), than the control plots.
A higher concentration of glomalin in maize–vegetable pea–wheat crop rotation may have contributed to higher levels of very-labile C in soil layers. Increased microbial activity in soil may accelerate the conversion of organic matter in plant litter to labile forms of organic carbon (Poirier et al., 2013; Whalen et al., 2014). Emplacement of agro-geotextiles, legume incorporation, and residue management significantly increased labile C within MA compared to the control plots. Short-term residue management and legume-based crop rotation increased C inputs that improved the very labile and labile C concentrations in the soil surface (Bhattacharyya et al., 2009a).
In the 5–15-cm soil layer, M-W plots had ∼24% and ∼20% lower recalcitrant C pools than plots under M + AD10G0.5-P-W and (M-P-W)BT, respectively (Table 3). In the topsoil, M-W plots had ∼11% higher recalcitrant C within MA than M + AD10G0.5-P-W. The M + AD10G0.5-P-W plots had ∼13% and ∼30% higher recalcitrant C pools within MA and MI, respectively, than M-W plots in the 5–15-cm soil layer (Table 3). In the topsoil and 5–15-cm soil layers, M + AD10G0.5-P-W plots had ∼44% and ∼52% higher KMnO4–C, respectively, than control plots. In the topsoil, incorporation of a legume crop (vegetable pea) in the M-W system increased KMnO4–C by ∼17% compared to plots without the legume crop (Table 2). Distribution of recalcitrant C with respect to the total C content within macroaggregates was higher due to the fact that C accumulation was associated with macroaggregate formation, which forms a physical barrier between the microbes and substrates and, in turn, physically protect SOC from microbial decomposition (Zhou et al., 2009; Tripathi et al., 2014).
3.5 Lability index, carbon pool index, and carbon management index
The M-W plot was considered the reference soil for the calculation of CMI. The lability index (LI) of C was not significantly affected by any treatments in the topsoil and 5–15-cm soil depths (Table 5). The carbon pool index (CPI) values in both depths were significantly affected due to the application of A. donax mats and vegetable pea incorporation in the M-W system (Table 5). In the topsoil, M + AD10G0.5-P-W plots had ∼60% more CMI than the control treatment, and A. donax mat-treated plots had ∼9% higher CMI than those without A. donax mat-emplaced plots. In the 5–15-cm layer, soil conservation practices had no impact on CMI values (Table 5).
TABLE 5 | Lability index (LI), C pool index (CPI), and C management index (CMI) in bulk soils, as affected by 5 years of different soil conservation practices at the 0–5-cm and 5–15-cm depths in the foothills of the Indian Himalayas.
[image: Table 5]The sensitive estimate of the rate of changes in the system’s soil C dynamics relative to the more stable reference soil was provided by CMI. With a focus on labile carbon changes rather than non-labile C in SOM, the CMI investigates changes in the total and labile carbon as a function of agricultural practices. As a result, CMI can be used to measure the management systems’ ability to increase soil quality by incorporating both the SOC pool and C lability. Treatments with the application of A. donax mats showed significantly higher CMI than conventional treatments (Table 5). Compared to ZT alone, ZT treatments with cover-crop mixtures showed significantly higher values of CMI (Islam and Reeder, 2014). It was observed that the lability of C was higher in the 0–5-cm soil, and lability of plots emplaced with A. donax mats and residue-added plots was higher, so, CPI was higher. This might be the probable reason of a higher CMI in topsoil (0–5 cm) as well as agro-geotextile and residue-retained plots. The labile carbon pool was higher (Table 2) in the topsoil due to the addition of A. donax mats, causing contact of the mats with organic matter addition.
In surface soil, microbial activity was higher due to residue retention, resulting in the translocation of soluble organic compounds. Higher proportion of MA in plots with A. donax mat application and residue management led to a higher amount of the labile C pool in surface layers. Rhizodeposits that improved the labile C concentrations in the soil surface were boosted by short-term residue management and legume-based crop rotation (Bhattacharyya et al., 2009a). Because more residue biomass was added under A. donax mat-emplaced plots than in those without mat-emplaced plots, total SOC, and labile carbon and recalcitrant carbon fractions were considerably higher (p < 0.05). The most likely causes were increased rhizodeposition, microbial biomass, and changes in crop residue quality, all of which altered the lability of SOC by KMnO4 oxidation (Rudrappa et al., 2006; Purakayastha et al., 2008).
3.6 Estimated carbon input to the soil
It was observed that the maximum amount of crop residue carbon input was by maize, followed by wheat and vegetable pea. The root portion of the crops had the highest C input to soil. In the case of wheat, C input by root and shoot ranged from 46% to 48% and 44% to 47%, respectively. C input by vegetable pea root and shoot ranged from 35% to 38% and 33% to 36%, respectively. In the case of maize, C input in soil ranged from 37% to 40% and 36% to 39% by root and shoot, respectively (Table 6). A. donax contributed 0.24–0.90 Mg·C·ha−1 yr-1 to the soil over different treatments. Total C inputs of eight different treatments ranged from 2.63 to 4.23 Mg·ha−1 yr−1 (Table 6). Plots under M + AD10G0.5-P-W treatment had the highest C input over other treatments, followed by M + AD5G0.5-P-W and M + AD10G1-P-W plots.
TABLE 6 | Estimated total organic carbon inputs (Mg ha-1 yr-1) to soil under various soil conservation practices.
[image: Table 6]3.7 Carbon stock and carbon accumulation rate
Agro-geotextiles with legume integration and soil conservation practices under an M-W cropping system significantly increased the total SOC stock and carbon sequestration rate in the 0–30-cm soil layer. In that layer, the SOC stock ranged from 22.74 Mg ha−1 to 27.87 Mg ha−1. In the 0–30-cm depth, M + AD10G0.5-P-W and (M-P-W)BT plots had ∼23 and 20% higher SOC stocks, respectively, than M-W plots (Table 7). In the deep soil layer (30–60 cm), soil conservation practices had no impact on SOC stocks (Table 7). In the M + AD10G0.5-P-W plots, the C accumulation rate was 1.03 Mg·ha−1 yr−1.
TABLE 7 | Total SOC stock (Mg ha−1) on an equivalent mass basis and C accumulation rate (Mg ha−1 yr-1) in bulk soils, as affected by 5 years of different conservation practices in the foothills of the Indian Himalayas.
[image: Table 7]There were significantly higher total SOC stocks in treatments emplaced with A. donax mats (M + AD5G1-W, M + AD5G1-P-W, M + AD10G1-P-W, M + AD5G0.5-P-W, and M + AD10G0.5-P-W) than those in M-W and M-P-W plots in the topsoil and 5–15-cm soil depths (Tables 2, 3). This was due to the use of A. donax mats, which were mixed into the field after maize harvest, and higher rates of the addition of crop roots, crop residues (due to higher crop productivities), and weed biomass in the soil conservation plots than those in the control plots, resulting in improved soil aggregation (Bhattacharyya et al., 2011). In the case of bench terrace treatment [(M-P-W)BT], soil loss was reduced due to improved soil water conservation. Vegetable pea incorporation also contributed to a higher SOC concentration than a non-legume cropping system (M-W and M + AD5G1-W). The C accumulation rate in the 0–30-cm soil layer in the M-W-P plots (over the M-W plots) was only 0.1 Mg·ha−1·yr−1, implying the insignificant role of legume addition on C accumulation in the M-W system. However, this C accumulation, along with improved soil aggregation, resulted in decreased soil loss due to cover crop addition in the M-W system. A. donax mats contributed to higher C stock by reducing soil loss due to splash erosion (Bhattacharyya et al., 2010a). A. donax biomass C was higher in the 0.5-m vertical interval than the 1-m vertical interval plots due to more number of mat strips, which resulted in higher biomass addition. Retention of crop residues of maize, wheat and vegetable pea, and A. donax mat emplacement and weed biomass C addition increased the C input value in the study area (Table 6). The slow breakdown of the residue on the surface in zero-tillage (ZT) plots causes a slower rate of incorporation, resulting in increased SOC sequestration in surface soil (Jat et al., 2019).
3.8 Soil loss and relationships between soil loss and C pools
From 2017 to 2021, the mean annual soil loss from the study area ranged between 0.78 t·ha−1 yr−1 and 10.39 t·ha−1 yr−1 in different treatments. The highest average soil loss occurred in the control treatment plot (M-W), i.e., 10.39 t·ha−1·yr−1, and the least soil loss was observed in the M + AD10G0.5-P-W plot (0.78 t ha−1 yr−1). The M + AD10G0.5-P-W plots had ∼92% reduction in the mean annual soil loss over M-W plots. A. donax mat emplacement had ∼65% mean annual soil loss reduction compared to plots without mats (Figure 5). Total SOC concentrations, proportion of MA, labile C concentrations, macroaggregate-associated C concentrations, CMI values, and thus, C accumulation rates were strongly correlated with soil loss in the topsoil and in the 5–15-cm soil layer (Table 8). In topsoil, the SOC accumulation rate had a significantly high correlation with soil loss rates (R2 = 0.8432, p < 0.05; n = 7).
[image: Figure 5]FIGURE 5 | Mean annual soil losses of different soil conservation practices in the Indian Himalayas.
TABLE 8 | Results of regression analysis among different soil parameters with the mean annual soil loss (n = 8).
[image: Table 8]Thus, it was evident that A. donax mat emplacement and residue input can improve soil aggregation, aggregate-associated C, and, hence, enhance the total SOC and C accumulation rate, which controls soil loss. The correlation analysis showed that the mean estimated annual C input was significantly (p < 0.05) related to the mean annual soil loss (Table 8). This implies soil aggregation and C accumulation in surface soil as the major driver for reducing soil loss. The cover of AGT mats and legumes (as a cover crop) might be the reasons for a better soil structure and increased infiltration rate, which resulted in reduced runoff and soil loss. From the significant (p < 0.01; n = 7) relationship between mean SOC accumulation in the 0–30-cm layer and mean annual soil loss, it was observed that for an attainable SOC accumulation rate of 0.5 Mg·ha−1·yr−1 by agricultural management practices, the soil loss rate could be reduced from 10.39 to 3.75 Mg·ha−1 yr−1 in the study site (Figure 6).
[image: Figure 6]FIGURE 6 | Relationship between the soil organic carbon (SOC) accumulation rate in the 0–30-cm layer and the mean annual soil loss under 5 years of soil conservation practices in the Indian Himalayas.
4 CONCLUSION
A. donax mat emplacement had ∼65% mean annual soil loss reduction compared to plots without mats. The plots under M + AD10G0.5-P-W treatment had only a mean annual soil loss of 0.78 t·ha−1 yr−1 , whereas that of the M-W plot was 10.39 t·ha−1 yr−1. The highest carbon accumulation rate in the 0–30-cm depth was under the M + AD10G0.5-P-W treatment (1.03 Mg·ha−1 yr−1), which accumulated 1.20 Mg·ha−1 yr−1 more C than non-agro-geotextile-treated plots (farmers’ practice). For an attainable SOC accumulation rate of 0.5 Mg·ha−1·yr−1 by appropriate agricultural management practice in this region, the soil loss rate could be reduced by ∼64% (from 10.39 to 3.75 Mg·ha−1 yr−1). Thus, the use of A. donax mats as agro-geotextiles in soil has a significant effect on soil loss control and SOC sequestration and, hence, could be adopted in the foothills of the Indian Himalayas and similar agro-ecologies. Limitations to the study are as follows:
1. Preparation of agro-geotextiles on a large scale may be difficult due to labor scarcity.
2. Farmers’ perception is not to leave an inch of land for other purposes, such as emplacement of mats, and to use 100% land for cultivation.
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Treatment* Root biomass C input Crop residue biomass C input A. donax Weed biomass  Total C

biomass C input C input input
Wheat Vegetable Maize Wheat Vegetable  Maize
pea pea
MW 058 0.00 035 020 000 023 0.00 127 263
M+ADSGL-W 064 000 043 023 000 042 024 076 271
M-P-W 049 021 035 023 028 027 000 129 311
M+ADSGI-P-W | 052 023 044 024 028 030 025 122 349
M+ADIOGI-P-W | 053 025 047 021 031 042 041 096 355
M+ADS5G0.5- 056 027 050 025 024 054 047 096 380
P-w
M+ADI10GO.5- 058 028 050 024 027 043 090 103 423
P-W
(M=P-W)gr 052 025 036 023 036 025 0.00 107 304

“Treatment details are given in Table 1. Root-to-shoot ratio of wheat: 0.14, vegetable pea: 0.19, and maize: 0.13. Other details regarding total C input computation are given in Materials and
Mathats
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Regression equation

Total SOC vs. mean annual soil loss 0-5em ~4.7608x + 48.607 08743 000065
5-15cm ~9.8517x + 87.32 09211 000016
Labile C concentration vs. mean annual soil loss 0-5em ~3.5375x + 22436 0.8648 0000815
5-15cm ~5.7499x + 24537 07298 0006913
Percentage proportion of macroaggregates vs. mean annual soil loss [ o-sem ~0.7875x + 41726 0.9001 0000324
5-15cm ~0.6523x + 34986 08036 0002566
C concentration in macroaggregates vs. mean annual soil loss 0-5em ~4.463x + 49.926 07447 0005788
5-15cm ~4.7984x + 51342 08914 0000417
CMI vs. mean annual soil loss 0-5cm ¥ = ~0.1659x + 26.498 08097 000233
5-15cm ~0.176x + 26554 07368 000637
C accumulation rate vs. mean annual oil loss 0-5cm ~32109x + 8167 08432 000351
5-15cm ~33.418x + 99902 08477 000326
Carbon input vs. mean annual soil loss - y = ~4.598x + 1939 04696 002
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Treatment*

M-W 1.00 100 ¢ 100.00 d 1.00 100 b 100.00
M+AD5G1-W 115 107 be 122,66 cd 1.03 1.04b 104.40
M-P-W 120 1.03 be 123.87 od 1.00 103 b 101.69
M+AD5G1-P-W 114 111 abe 127.88 bed 102 1.06 b 106.35
7 M+AD10G1-P-W 124 1.16 ab 140.59 abe 093 114 ab 10621
M+AD5G0.5-P-W 136 117 ab 155.78 ab 093 115 ab 105.54
7 M+AD10GO.5-P-W 130 1242 16034 a 1.03 123a 12617
(M-P-W)gr [ 123 121a | 147.83 abe 097 122a 112,50

*Treatment details are given in Table 1. Tukey’s HSD test indicates that means with different lowercase letters within a column are significantly different at p< 0.05.
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Treatment*

Total SOC Total SOC KMnO,-C
| MW 328d 040 ¢ 240 025d
‘ M+ADSGL-W 3.54 bed [ 044 be 249 029cd
‘ M-P-W 342cd 042¢ 244 027d
‘ M+AD5G1-P-W 3,67 abe 046 be 247 033 be
‘ M+ADIOG1-P-W 3702 abe [ 049b [ 247 034 be
| M+AD5GO.5-P-W 3.768 ab [ 050b 254 036 ab
‘ M+AD10GO.5-P-W [ 392a | 063a 275 [ 040 2
‘ (M=P-W)gr 38422 052 260 037 ab

*Treatment details are given in Table 1. Tukey’s HSD test indicates that means with different lowercase letters within a column are significantly different at p < 0.05.
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Treatment* Total SOC (g kg') Labile C (g kg') Recalcitrant C (g kg™) KMnO,—C @ kg™)

Bulk soil MA mi Bulk soil MA Bulk soil MA mi Bulk soil
MW 755¢ 857c | 582c 492d  29%c 328d | 206d  390d 493d  341b 07se
M+ADSG1-W [ 780be os0b | G26be 522ed  3l5c 376ed 207bed | aied 537bed | 372b 086 cd
M-P-W 7.64 be 919bc | 619bc 515d | 299¢ 342cd | 215¢d  405cd 498cd | 370b 084 de
M#ADSGI-P-W | 7.91 b 0793 | Glbe 5a2bed | 318 be 380cd | 240bed | 415cd 599 393 ab 093 bed
M+ADIOGI-P- W | 860 Abc | 1006ab | 7.26ab 615bc 375 Abc  419c | 269abc | 439 be 580ab 4522 095 be
MeADSGSPW | 871ab | 1013ab | 731ab 629b  387Abe | 427be 273ab | 436cd 556abc | 4.53a 096 be
M#ADI0GO.S- P-W | 9232 W6sa | 762a  727a 43a 506ab | 317a  Slla [sseabe | d2a 1l4a
(M=P-W)gr 904a 1070 | 761a 7290 | 4liab 5162 | 3102 486ab 544abed | 4462 103b

“Treatment details are given in Table 1. Tukey's HSD test indicates that means with different lowercase letters within a column are significantly different at p < 0.05. MA, macroaggregate; MI,
microaggregate; SC, silt + clay.
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Treatm: Treatment detail (soil conservation practices)

notation

M-W cropping Maize-wheat

M+AD5G1-W Maize + A. donax mat (5-cm-thick) on a 1-m vertical
interval-wheat

M-P-W cropping Maize-vegetable pea-wheat

M+AD5G1-P-W Maize + A. donax mat (5-cm-thick) on 1-m vertical

interval-vegetable pea-wheat

Tillage and residue retention

Maize: zero tillage + wheat residue retention (15-cm vertical stubble), covering 49%-—
529 of the area. Wheat: minimun tillage (single disc harrow, pass, one tine cultivator
pass, one pass of planking, and a single fertilizer cum seed drill pass)

Tillage details are same as for maize and wheat. Only 5-cm-thick A. donax mats were
maintained as agro-geotextiles on 1-m vertical intervals in maize plots. All of these
degraded A. donax mats were absorbed or mixed by minimun tillage operations into
the field, following maize harvest

Tillage details are same as for maize and wheat. Vegetable pea: minimunm illage. The
entire stalk of vegetable pea was incorporated after pod-picking

Tillage details and residue retention are same as for M+ADSG1-W treatment
Vegetable pea: minimun tillage. The entire stalk of vegetable pea was incorporated
after pod-picking

M+AD10G1-P-W Maize + A. donax mat (10-cm-thick) on 1-m vertical

interval-vegetable pea-wheat

M+AD5G0.5-P-W. Maize + A. donax mat (5-cm-thick) on 0.5-m vertical

interval-vegetable pea-wheat

M+AD10G0.5-P-W Maize + A. donax mat (10-cm thick) on 0.5-m vertical

interval-vegetable pea-wheat
(M-P-W)yy

Maize-vegetable pea-wheat on bench terraces

N, P, and K recommendations were 100:0:0 and 1

Tillage details and residue retention are same as M+ AD5G1-P-W treatment. Only 10-
cm-thick A. donax mats were maintained as agro-geotextiles on 1-m vertical intervals
in maize plots

Tillage details and residue retention are same as for M+ADSG1-P-W plots. Only 5-
cm-thick Arundo donax mats were maintained as agro-geotextiles on 0.5-m vertical
intervals in maize plots

Tillage details and residue retention are same as for M+ADSG1“P-W plots. Only 10-
em-thick Arundo donax mats were maintained as agro-geotextiles on 0.5-m vertical
intervals in maize plots

All treatment details are same as for M-P-W treatment. For soil conservation practice,
a bench terrace was formed
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Treatment* Total SOC (g kg™) Labile C (g kg") Recalcitrant C (g kg™) KMnO,—C (¢ kg'')

Bulk soil MA mi Bulk soil ~ MA Bulk soil ~ MA M Bulk soil
MW 832d 940b  717d | 639c  386e 457¢ | 365¢ 426 468ab 3512 | 080d
M+ADSG1-W 886 bed 9.65b ‘ 765ed | 662be | asicd | 5024 3®c | dlsa 455bc | 353a | 092cd
M-P-W 856 cd 957b ‘ 728d  642¢  4ld 491d | 376c | 38b 443cd | 323ab | 094 bed
M#ADSGI-P-W | 917abed | 10.05ab ‘ 780cd | 748abc 483 bed 554c | 442bc | 384b 448cd | 323ab | 094 bed
M#ADIOGI-P-W | 971 abe 1049ab | 834bc | 7.60abe | 538 abe 568c | 519ab | 3.87be 472a | 311b | 099 abe
MeADSGOSPW | 9763b 1051 ab ‘ sa7abe | 7930 | 578ab 570c | 524ab | 380b a7sa amab | Loabe
M+ADIOGO.S-P-W | 10292 11272 ‘ oala | s60a  Gi2a L6780 5760 | 381b 420e | 365a | 115a
(M=P-W)gr 1008 114 ‘ 925ab  812ab  618a lexb  s57a | 3mb 434d 3632 | 110ab

“See Table 1 for treatment details. Tukey's HSD test indicates that means with different lowercase letters within a column are significantly different at p< 0.05. MA, macroaggregate; MI,
microaggregate; SC, silt + clay.
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