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Original Research Article 

Mapping spatial variation of soil carbon concentration and assessment of carbon stocks in an agricultural farm of semiarid region of India
Abstract
Soil carbon is a major indicator for sustainability of agricultural productivity and crucial for climate change studies. Spatial modeling and prediction map of surface soil (0-0.15 m) carbon concentration in a semiarid agricultural farm, New Delhi, India were generated using geo-statistical techniques. Average concentration of total carbon at surface soil was 5.7 g kg-1, ranging from 0.72 to 14.49 g kg-1. Spatial ranges of soil organic carbon (SOC) and total carbon (TC) concentration were 180 m and 83 m respectively, as identified through semivariogram modeling. Depth-wise carbon density and stock were also assessed for five soil families under subgroup of Fluventic Haplustepts (1), Typic Haplustepts (3) and Calcic Haplustepts (1) in the farm (number of soil family within parenthesis). SOC density within 1.5 m depth ranged from 35.11 Mg ha-1 (in Calcic Haplustepts) to 57.16 Mg ha-1 (in Fluventic Haplustepts). Contrarily, soil inorganic carbon (SIC) density within 1.5 m depth varied from 16.98 Mg ha-1 (in Fluventic Haplustepts) to 403.68 Mg ha-1 (in Calcic Haplustepts). The farm having 293.1 ha of cultivated area had 27.94 Gg TC stock within 1.5 m depth, of which proportion of SIC stock (i.e. 51.1%) was higher than SOC stock (i.e. 48.9%), indicative of calcification process in semiarid ecosystem. The assessment of soil carbon concentration, density or stock assessment with georeferenced location of nationally important agricultural farm will be usefull for spatiotemporal analysis of soil carbon changes and carbon emission and sequestration studies in context of global warming scemiario.
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1. Introduction
Soil organic carbon (SOC) is a key indicator for assessing soil quality [1] and plays an important role in increasing crop productivity [2]. Soil carbon pool is the largest among three major carbon pools of global ecosystem i.e. vegetation, soil and atmosphere. Measuring the quantity and the spatial distribution of soil carbon is essential for evaluating soil and ecosystem functions and for understanding soil carbon emission & sequestration processes [3] and subsequently global climate change & its mitigation strategy [4], [5]. In semiarid region, soil degradation (wind erosion, water erosion calcification and tillage erosion) is one of  major factor for declining the soil organic matter content in cultivated field [6]. Intensive cultivation in dryland regions had resulted in decline of its meagre SOC pool at a faster rate and even more under climate change-related desertification processes [7]. Land use managements that enhance soil carbon levels are therefore crucial for farmers and land use planners [8], particularly in semiarid and sub-humid ecosystem where severe soil degradation and desertification are related to perpetual food crisis and overall impoverishment [9].
Soil carbon is dependent on climatic parameters, vegetation or land use and land managment [10], [11], [12], physiography and topography [13], [14], [15], [16], geology & parent material  and changes over different time scale [17]. Many researchers intensively worked on soil organic carbon stock as per physiographic regions of India [18] and soil organic carbon stock and total carbon stock  assessment as per soil order, soil subgroup, main soil group, agro-ecological region (AER) and bioclimatic region in India [19], [20] and spatio-temporal variability of SOC stock in other countries like China [21], South Korea [22], USA [23] etc. Soil carbon stock and soil carbon density in different soils of Rajasthan [24] and soil carbon pool at differnet land at North Eastern Region (NER), India [25] were also reported. Temporal change of soil organic and inorganic carbon over several decades in Indo-Gangetic Plain (IGP) and Black Soil Region [26] and hot arid region of India [27] under different cropping system and management practices depicted ecosystem sustainability or deterioration. SOC variability using spatial modelling and SOC stock under different land use in a hot arid ecosystem of India was also reported [28], [29] . It was commonly reported that scale of soil survey [30] and the soil taxonomic category used for defining the mapping unit [31] controlled the estimation of soil carbon density and stock. 
Soil property variation within a field often has been described by classical statistical methods assuming a random distribution [32]. In many instances, spatial variation is not random but tends to decrease as distances diminish between points in space [33]. Remote sensing and Geographic Information System (GIS) play a vital role in delivering information and integrating them for the assessment of spatial patterns of carbon pools. Geostatistical tools  used to characterize the spatial behaviour and spatial distribution of a parameter as well as to predict the targeted parameter at unsampled locations with minimum estimation error, were used in spatial variability analysis of soil parametres [34], [35], [36], [37]. Kriging, as the most common approach to generate surface maps of soil properties from point-based measurements, despite continued innovations on interpolation approaches, were used for spatial analysis of soil carbon variability [32], [38], [39], [40].
Spatial distribution of soil carbon concentration at farm scale and its density or stock under different soil families at different soil depth had rarely been reported from semiarid region of India. To quickly assess the soil carbon restoration programmes, it is important to know how much soil carbon is stored in an agricultural farm having different soil types and land management practices. This study was aimed at characterization of the spatial pattern of soil carbon concentration as well as the density and stock at farm scale, which may be used in optimizing strategies for ecological restoration and modelling SOC dynamics at farm level. The major objectives of this study were: (i) to identify spatial variation parameters of soil carbon and its organic and inorganic components, (ii) to map the spatial pattern of soil organic, inorganic and total carbon concentration through geo-statistical approaches and (iii) to assess soil carbon density and stock at surface versus deep soil depth under soil families of the farm.
2. Materials and methods
2.1. Study area and climate

This study was carried out at the experimental farm of the ICAR-Indian Agricultural Research Institute (ICAR-IARI), New Delhi (Figure 1) located between 77(08′40.48″-77(10′28.07″ E longitude and 28(37′21.97″-28(38′58.74″ N latitude at an altitude varying from 214m to 238m above mean sea level. Total cultivated area of the farm is about 293.1 ha, which was divided in different administrative blocks (Figure 1), namely Main block (MB), Middle block (MID), New area (NA), Sewage irrigated area (SA), Genetic block (Gen), Botany-13, Top block (TB), Todapur (TDPR) block, Water Technology Centre (WTC) block, Precision Farming Development Centre (PFDC) area, Todapur (TDPR) orchard, NBPGR block, Paddock (PDK) field and forest area, for efficient farm operation.

The climate of the study area is semi-arid and June and January are the hottest and coldest months respectively. Mean monthly air temperature ranges from 12.9 to 32.4(C. Mean annual rainfall is 729 mm, of which 84% is received during monsoon months from June to September and the rest during winter months from November to March. Cumulative pan evaporation was observed to be 697 mm per annum with minimum in January, 22 mm and maximum in May, 103 mm.

2.2. Topography and soils

A spur of the Aravalli Hills from Rajasthan enters Delhi through Gurgaon on the southern border and expands into an elongated ridge of about 5 km broad running north-east. The greater part of the Delhi Territory consists of a mantle of alluvium which is a consolidated fluvial deposit with nodular calcium carbonate concretions at places i.e. ICAR-IARI farm forms only a small part. Elevation of ICAR-IARI farm from mean sea level is presented in Figure 2 and it ranges from 214 to 238 m. The physiography of ICAR-IARI sub-watershed was stratified into upper piedmont plain, lower piedmont plain and old alluvial plain by tone and texture of Google Earth image. It was also facilitated by Digital elevation model (DEM) of ICAR-IARI farm. The elevation for the upper and lower piedmont plain ranged from 227 to 238 m amsl and 222 to 227 m amsl respectively. Old alluvial plain had elevation within the range of 214-222 m amsl. Landscape was observed to have nearly level to very gently slope (0-3%) at piedmont plain and nearly level (0-1% slope) at old alluvial plain. 
Ten soil Series (Upper piedmont plain: Pusa A, B & C soils; Lower piedmont plain: Pusa D, E, F soils and Old alluvial plain: Pusa G, H, I & J soils) were identified in the farm [41]. As per  soil taxonomic classification [42] at subgroup level, Pusa A soils belong to Calcic Haplustepts; Pusa J soils belong to Fluventic Haplustepts and other soils come into Typic Haplustepts. Further, Typic Haplustepts were classified at soil family level to coarse loamy calcareous (Pusa B, E & H soils), coarse loamy (Pusa C, D & G soils) and fine loamy calcareous (Pusa F & I soils) class based on variation in  soil properties, specifically texture and CaCO3 content within soil control section. There was hyperthermic temperature regime and mixed soil mineralogy in the study area. Overall, these soil series in the farm belonged to five soil families as depicted in Figure 3 and described in Table 1. Soil carbon density and stocks were computed and compared at soil family level mapping unit within the farm.
2.3. Cropping history
Diversified crop farming was carried out in the administrative blocks and plots of farm. Oryza sativa (paddy), Zea mays (maize), Sorghum bicolor, Pennisetum glaucum (bajra), Glycine max (soybean), Vigna radiata (mung bean), Cajanas cajan (arhar), Vigna unguiculata (cowpea), vegetables, flowers, etc. were the major crops during kharif (July-October) season (Figure 4a), whereas Triticum aestivum (wheat), Brassica sp. (mustard), paddy, maize, Gossypium hirsutum (cotton), Cicerarietinum (chickpea), Pisumsativum (pea), Lens culinaris (lentil), arhar, cowpea, vegetables, flowers etc. were the major crops during rabi (November-February) season (Figure 4b). Cultivation in protected agriculture structures and seed production blocks as well as irrigation with sewage water was also practiced in the farm. Fruit orchards of Ziziphus mauritiana (ber), Mangifera indica (mango), Citrus, Emblica officinalis (aonla), Psidium (guava), Syzygium cumini (jamun), Vitis vinifera (grape) etc. in Shadipur block, Todapur block and NBPGR block are also present in the farm. Plantation of Jatropha and Eucalyptus in part of Genetic block (Genetic F block) and natural forest in south east corner of ICAR-IARI farm has also been observed. There was a fallow land in part of Genetic block (Genetic C block), which is used in the study as reference block for comparing soil carbon status across different land use systems. Major cropping sequences in different soil families of the farm were also mentioned in Table 1.
2.4. Soil sampling and laboratory analysis

A total of 288 grid soil samples from 0-15 cm soil layer were collected from the ICAR-IARI farm on 100 m × 100 m grid. Location of each sampling point was recorded by global positioning system (GPS) (Figure 1). These surface soil samples were analysed in the laboratory to determine soil organic carbon (SOC) and soil inorganic carbon (SIC) concentration. Apart from these, a total of 10 soil profiles were excavated in ICAR-IARI farm representing each Pusa soil series. Soil samples from total 72 horizons of these 10 soil profiles were collected and analysed in laboratory to determine SOC, SIC and bulk density. 
Collected soil samples were first air-dried and then passed through a 2- mm sieve for laboratory analysis of  equivalent CaCO3 contents or SIC content, whereas for determination of SOC content, these were passed through 0.2 mm sieve. Oxidizable organic carbon content in soil was determined by standard method [43]. Soil organic carbon value was derived by multiplying oxidizable organic carbon content with correction factor of 1.30 considering the SOC recovery percentage of 60-86% in Walkley and Black method [44]. Soil inorganic carbon was determined by Collins calcimeter method [45]. Total carbon (TC) content in soil was obtained by adding SOC and SIC content of each soil sample. Bulk density was determined by tube core method.
2.5. Spatial analysis of soil carbon concentration
Data on SOC, SIC and TC content were checked and logarithmic transformation was carried out if required to fit in nearly normal distribution. Soil carbon concentrations of surface soil samples (N=288) were used to determine spatial variation of respective concentration in the farm and finally to prepare the maps. Semivariogram
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representing the average dissimilarity between data separated by a lag distance of h was computed as half the average squared difference between the components of data pairs to characterize the spatial variation structure of soil carbon concentration [32], [46]:
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Where N(h) is the number of data pairs within a given class of distance and direction, Z(xi) is the value of the variable at the location xi and Z(xi+ h) is the value of the variable at a lag of h from the location xi.

The semivariogram values were computed using ‘gstat’ packagae of R software [47]. As per preliminary examination of the variogram surface of soil carbon, there was no significant difference in the variation according to direction, and hence omni-directional semivariogram was computed. The computed semivariogram values
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for corresponding lag (h) were fitted in four standard theoretical semivariogram models: linear, exponential, spherical and Gaussian model. Fittings were carried out using weighted least square technique and weights were given as proportional to the number of sampling pairs and inversely proportional to the lag distance. Best-fit model with the lowest sum of square error (SSE) was selected for further use in kriging:
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where n is the number of lag classes, Ni(h) is the number of sample pairs at the lag h, γi(h) is the measured value of experimental semivariogram at the lag h, [image: image9.png]y:(h)



 is the estimated semivariogram value at the lag h. Fitted semivariogram parameters e.g. nugget (C0), sill (C) and range (a) were used in ordinary kriging approach to generate surface maps. 
Ordinary kriging approach was evaluated through a k-fold cross-validation approach [48] and k = 10 was used in this study. The performance of each spatial interpolation method was evaluated using root-mean-squared residual (RMSR) or root mean square error and Mean square deviation ratio (MSDR):
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Where Z(xi) is the observed values of the variable at the location xi, 
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 is the predicted values with variance (2atthe location xi, and n is the number of sampling location. The RMSR estimates the accuracy of prediction (e.g., larger RMSR values indicate less accuracy of prediction). The MSDR measures the goodness of fit of the theoretical estimate of error [49]. If the correct semivariogram model is used, the MSDR values should be close to 1 [34].
2.6. Soil carbon density and stock calculation

Soil carbon density and stock was computed from SOC concentration, SIC concentration and bulk density data of soil profiles. SOC density (Mg ha-1) was derived by multiplying SOC concentration (g g-1), bulk density (Mg m-3), soil depth (m) and the area of a hectare (in m2). In this study, soil carbon density at different soil depth 0 - 0.25 m, 0.25 - 0.50 m, 0.50 - 1.00 m and 1.00 - 1.50 m was computed in consideration of soil control section for soil properties (texture & calcium carbonate content) following the above procedure. Depth weightage factor was used for calculating soil carbon density at specified soil depth from soil horizon dataset and area weightage factor was used for calculating soil carbon density at soil family level from soil series dataset. Soil carbon (SC) stock for each soil mapping unit was calculated by multiplying the respective SC density with area under that specific soil unit as follows:
SC stock (Gg) = [SC content (g g-1) × BD (Mg m-3) × soil depth (m) × area (m2)]/1000 (5)
3. Results and discussion
3.1. Soil carbon concentration in ICAR-IARI farm
Descriptive statistics of soil organic carbon (SOC), soil inorganic carbon (SIC) and total carbon (TC) concentration of ICAR-IARI farm are presented in Table 2. SOC concentration of surface soil (0-15 cm) ranged from 0.72 to 14.49 g kg-1 with an average concentration of 5.13 g kg-1 and standard deviation of 2.12 g kg-1. Localized occurrence of carbonate was observed in surface soil, which is a common feature of semiarid environment [50].  SIC concentration varied from 0 to 8.58 g kg-1 with a mean concentration of 0.58 g kg-1. Average total carbon concentration in the surface soil of ICAR-IARI farm was found to be 5.7 g kg-1, whereas it ranged from 0.72 to 14.49 g kg-1. Histograms of SOC, SIC and TC are presented in Figure 6. From the histogram plot it has been observed that SOC and TC were normally distributed, however, SIC was positively skewed with a few samples having concentration > 1 g kg-1. 
3.2. Spatial structure of soil carbon concentration
To determine the spatial variation structure, experimental semivariograms were computed followed by fitting in standard models and the results are presented in Table 3. Exponential model (Figure 6) was found to be the best for both SOC and TC content of soil in ICAR-IARI farm with lowest SSE of 0.0018 and 0.0063 respectively. Best fitting of semivariogram for SOC concentration in exponential model was also reported by several authors [51], [52], [53]. Nugget (C0) and sill (C) for SOC concentration was observed to be 1.79 and 2.09, respectively, whereas for TC concentration these were 0.66 and 3.52. Nugget component contributed 46% of total variation in case of SOC concentration whereas 16% for TC concentration. The nugget component generally explains the micro-scale variation and errors associated with measurements. Higher nugget component for SOC concentration indicated more micro-scale variation of this parameter than TC concentration. Range parameter indicating the distance in field upto which spatial correlation of a particular soil property exists was found to be higher for SOC concentration (~180 m) than TC concentration (~83 m). A previous assessment of SOC variation in ICAR-IARI farm revealed a range of 450 m, however with a few soil samples (N=50) [54]. Almost similar range parameter (146 m) for SOC concentration was reported  from a study on spatial assessment of SOC content in an agricultural farm from hot arid ecosystem of India [28]. The range parameter provides an idea on the minimum sampling distance or the sampling density to be maintained in any sampling scheme for spatial assessment of soil properties. Generally, half of the range parameter is approximated as the grid size for regular grid sampling or the minimum sampling distance in case of irregular random sampling in order to reduce the cost associated with sampling and further analysis in the laboratory. From this study it has been observed that minimum sampling distance for spatial assessment of SOC and TC may be approximated as 100 m and 50 m, respectively. 
3.3. Spatial distribution of soil carbon concentration
Surface map of SOC and TC concentration were prepared through ordinary kriging approach and are presented in Figure 7(a) and 8(a). Associated error maps of predicted SOC and TC in terms of standard deviation of prediction are also presented in Figure 7(b) and 8(b). The predicted SOC concentration in ICAR-IARI farm varied from 2.5 to 9.5 g kg-1, whereas standard deviation of prediction was 0.5–0.7 g kg-1 for major portion of the farm. Similarly the predicted map of TC showed the variation of TC content from 2.5–12 g kg-1, whereas the prediction error was less than 1 g kg-1. This showed that the predicted map can reliably be used as uncertainty of prediction is less. Since, SIC concentration was highly skewed, semivariogram parameters were not determined for this property, however surface map of SIC was prepared by subtracting maps of SOC content from TC content (Figure 9). It was observed that major portion of ICAR-IARI farm had SIC content less than 2 g kg-1, whereas in a few patches, its content ranged from 2-6 g kg-1. Similar trend on SIC content of the farm was found which is depicted in the histogram plot (Figure 5b).

Ten-fold cross validation of ordinary kriging approach for both SOC and TC content showed root mean square residual (RMSR) of 1.76 and 1.98 g kg-1, respectively. The RMSR values for spatial prediction of SOC and TC concentration in the farm are lower than its standard deviation values respectively, indicating accuracy of the prediction model. Mean square deviation ratio (MSDR) values of the cross validated SOC and TC concentration were 0.69 and 0.72, respectively i.e. less than 1 indicating that the variation of both SOC and TC in respective predicted maps could not able to exactly represent the variation in observed data. Observed versus predicted plot for both SOC and TC (Figure 10) revealed that for higher content of SOC and TC, ordinary kriging approach underestimated these properties, which ultimately resulted in increase in RMSR and decrease in MSDR. This smoothening effect of kriging interpolation was also reported by several authors [51], [55].
Variation of SOC concentration in the farm (Figure 7a) could be related to heterogeneity in the cropping pattern, land use, land management and topography. SOC contentin eastern fringe, northern, south-eastern and western part of the ICAR-IARI farm was found to lie within high category (7.5–10.0 g kg-1). Higher SOC content in major part of eastern fringe of the farm covering mostly the Genetic C block might be due to the fact that these lands were either remained fallow or cultivated with paddy crop. Several previous researchers also reported that fallow land or abandoned cropland [56] and cultivated field with paddy [10] had higher SOC content as compared to other cropland. Northern part of the farm covering MB-17 block are under mango and ber orchard and thus higher SOC content was observed. Similar observation on higher SOC content for permanently vegetated land or orchard than other cropland was also reported  [57]. Higher SOC content was also observed for those areas of the farm where soil textural class was found to be either loam or clay loam, for example in the northern middle part of the farm under Fluventic Haplustepts soil mapping unit. Higher SOC content of these soils may be due to higher water and nutrient holding capacity, which leads to better root growth and subsequently higher microbial decomposition [58]. Previous research findings also reported that SOC content was significantly related to the clay plus silt content of soils [59]. 
Low level of SOC content (2.5–5.0 g kg-1) at 0-15 cm soil depth was observed in middle, south and south western portion of ICAR-IARI map (Pusa H, A, B and C mapping units) covering southern portion of the Main block, Middle block, Top block, Todapur block and NBPGR block. These blocks were generally cultivated with seasonal crops like cereals (sorghum, bajra, and pearl millet), pulses (moong, pigeon pea, soybean and cowpea), cotton, Sesbania, vegetables etc during kharif season. Crops like wheat, mustard, pea, chickpea, lentil, maize, vegetables etc were cultivated during rabi season. Several authors viz [60], [61] also documented the low level of SOC in Main Block-8C of ICAR-IARI farm under long term experiment of pearl millet/maize-wheat and also soybean-wheat cropping sequence. Surface map of TC content (Figure 8a) showed similar trend as for SOC distribution with notable similarity of higher TC values (7.5-10.0 g C kg-1) in northern, eastern fringe, south-eastern and western part of the ICAR-IARI farm. Similar content of TC, 7.74 g C kg-1, was also reported  from semiarid tropical region of southern India [62].
3.4. Soil carbon density and stock at farm
There are five soil families in the farm - fine loamy over coarse loamy, calcareous Fluventic Haplustepts; coarse loamy calcareous Typic Haplustepts; coarse loamy Typic Haplustepts; fine loamy calcareous Typic Haplustepts and coarse loamy calcareous Calcic Haplustepts. The distribution and variability of soil carbon density and stock in different soils was mainly influenced by physiographic position, land use and its management like irrigation, manuring, fertilization etc. Soil physical properties e.g. soil horizon depth, soil texture and bulk density also played major role in variability of soil carbon density within ICAR-IARI farm.
Fluventic Haplustepts had highest SOC density (Figure 11) (57.16 Mg ha-1) within 0-1.5 m soil depth. The fine textured surface soil and its higher surface charge density under Pusa J soil mapping unit mainly controlled higher carbon storage capacity [63]. Cultivation of Sesbania green manuring crop and paddy under anaerobic condition in this soil enhanced the addition and storage of surface organic carbon density. In Typic Haplustepts, SOC density ranged from 41.40 to 51.09 Mg ha-1. Calcic Haplustepts had lowest SOC density value (35.11 Mg ha-1) within 0-1.5 m soil depth. Surface SOC density was higher than surface SIC density in all Pusa soils except Calcic Haplustepts. In general, SOC density decreased within soil profile with increasing depth. Multiple cropping systems in the farm had improved SOC density in the surface soils. 

Fluventic Haplustepts had lowest SIC density (Figure 12) (16.98 Mg ha-1) within 0-1.5 m soil depth. The SIC density of coarse loamy Typic Haplustepts was 17.96 Mg ha-1 within 0-1.5 m soil depth and there was no calcium carbonate within surface soils (0-0.5 m depth). This situation may be attributed by agricultural practices that expose the calciferous horizon to the soil surface, increasing carbonate weathering and erosion [64]. On the contrary, coarse loamy calcareous Typic Haplustepts had 33.09 Mg ha-1 SIC density. Fine loamy calcareous Typic Haplustepts had high total SIC density (116.79 Mg ha-1) due to high SIC density (95.28 Mg ha-1) in 1.0-1.5 m soil depth. Calcic Haplustepts had highest SIC density value (403.68 Mg ha-1) in 0-1.5 m soil depth due to presence of calcic endopedon (Bk) within soil control section. There was occurrence of carbonates within surface soils of the soil families except coarse loamy Typic Haplustepts. Impact of irrigation with high residual sodium carbonate (RSC) water might be reason for the occurrence of carbonate substances within surface soils in arid and semid environment [65] In general, SIC density increased in lower horizons within soil profile. Deep SIC density (1.0-1.5 m depth) was higher than deep SOC density for all soils except Fluventic Haplustepts, because of higher bulk density in lower horizons.  Another reason may be the presence of calcareous colluviums as parent material. It might also be attributed to irrigated agricultural practices that increased carbonate translocation and deposition in lower depth of soil profile [66], [67], particularly in the presence of acidifying fertilizers that increased nitrogen and sulphur inputs [68].  Recurring drought and lower organic ion activity [69] in the arid and semid region further might have increased the process of calcium carbonate precipitation. Overall, the climatic adversity (in terms of decreasing rainfall and increasing atmospheric temperature) in arid and semid region had caused soil degradation in terms of depletion of organic carbon, formation of pedogenic CaCO3 [70] with the concomitant development of sodicity and/or salinity [71], [72]. 

Soil carbon stock of soil families at different soil depth at ICAR-ICAR-IARI farm, New Delhi was presented in Table 4. There was maximum spatial extent (144 ha) under coarse loamy calcareous Typic Haplustepts at ICAR-ICAR-IARI farm and it had maximum total carbon stock (12.11 Gg) within 0-1.5 m depth. Subsequently, coarse loamy Typic Haplustepts had spatial extent of 105 m in the farm and total carbon stock within 0-1.5 m depth was 6.21 Gg. Although, Calcic Haplustepts had only 12.5 ha area within the farm, it had high total carbon stock (5.47 Gg) within 0-1.5 m soil depth due to high SIC density within soil profiles. Fluventic Haplustepts had smallest spatial extent (10.9 ha) and lowest total carbon stock (0.81 Gg) within 0-1.5 m soil depth.

Total SOC and SIC stock in 0-0.50 m soil depth in cultivated field of ICAR-ICAR-IARI farm (area 293.1 ha) was 7.55 and 2.69 Gg respectively. Total SOC and SIC stock in 1.0-1.5 m soil depth in the ICAR-IARI farm was 3.10 and 8.20 Gg respectively. It indicated that surface soil (0-0.50 m) had higher SOC stock than SIC stock but opposite trend i.e. higher SIC stock than SOC stock was observed for 1.0-1.5 m soil depth. In the 0-1.5 m soil depth of ICAR-IARI farm, total carbon stock was 27.94 Gg, of which proportion of SIC stock (51.1%) was higher than SOC stock (48.9%), indicative of calcification process in semid ecosystem. 
4. Conclusion

Soil carbon concentration and its stock density of experimental farm (~293 ha) of Indian Agricultural Research Institute (ICAR-IARI), New Delhi, India was evaluated through surface soil sampling (N=288) and profile sampling (N=10) followed by laboratory determination and geostatistical analysis. Total carbon concentration of surface soil (0-15 cm) at ICAR-IARI farm varied from 0.96 to 15.67 g kg-1 with an average concentration of 5.7 g kg-1 whereas soil organic carbon concentration varied from 0.72 to 14.49 g kg-1 with an average concentration of 5.13 g kg-1. Soil inorganic carbon was very low throughout the farm (~ < 1 g kg-1) except a few patches with higher concentrations (5-6 g kg-1). As per geostatistical analysis, both SOC and TC concentrations were best fitted in exponential semivariogram model with a range parameter of 180 m and 83 m, respectively. The range parameters give an idea on minimum sampling distance for any future spatial assessment of soil carbon and it may be around 100 m for SOC concentration and 50 m for TC concentration. Ordinary kriging technique reliably predicted and generated spatial distribution map of surface soil carbon concentration.
Fluventic Haplustepts had highest SOC density (57.16 Mg ha-1) and lowest SIC density (16.98 Mg ha-1) within 0-1.5 m soil depth. On the contrary, Calcic Haplustepts had lowest SOC density value (35.11 Mg ha-1) and highest SIC density value (403.68 Mg ha-1) within 0-1.5 m soil depth. In soil families under Typic Haplustepts, SOC density ranged from 41.40 to 51.09 Mg ha-1 and SIC density ranged from 17.96 to 116.79 Mg ha-1 within 1.50 m depth. Calcification process had increased more soil inorganic carbon density at lower soil depth of the farm. Total carbon stock within 0-150 cm soil depth of the farm (293.1 ha) was 27.94 Gg, of which proportion of SIC stock (i.e. 51.1%) was higher than SOC stock (i.e.48.9%)
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Table 1. Different soils of ICAR-IARI farm, New Delhi and cropping sequences 

	Soil Family
	Soil Series
	Master profiles
	Area (ha)
	Cropping sequence 

	Coarse loamy, mixed (calc.), hyperthermic, Calcic Haplustepts
	A
	P24
	12.5
	Citrus and mango orchard

	Coarse loamy, mixed (calc.), hyperthermic, Typic    Haplustepts.
	B, 

E, 

H
	P21, 

P14,

P7
	143.9
	High value vegetable crops like tomato, cauliflower, broccoli, capsicum etc; 

Moong and green manure crops– Chickpea; 

Maize/bajra/cotton/Network project – Wheat/mustard/chickpea/vegetables

	Coarse loamy, mixed, hyperthermic, Typic    Haplustepts.
	C, 

D, 

G
	P20, 

P16, 

P31
	105.1
	Arhar and Indo-Israel project – chickpea; 

Arhar –wheat/mustard/chickpea; Bhendi/brinjal/cowpea/moong/soybean/

dhaincha – maize/wheat/chickpea

/broccoli etc


	Fine loamy, mixed (calc.), hyperthermic, Typic Haplustept
	F,

I
	P18, 

P25
	20.6
	Arhar/Bajra – wheat/ chickpea; Maize/soybean – maize/wheat/ mustard/

chickpea

	Fine loamy over coarse loamy, mixed (calc.), hyperthermic, Fluventic Haplustepts
	J
	P5
	10.9
	Green manure (dhaincha)/paddy - chickpea

	
	Total
	
	293
	


Table 2. Soil carbon concentration at ICAR-IARI farm, New Delhi

(N = 288, Soil sampling depth: 0-0.15m)

	Soil attributes (g kg-1)
	Minimum
	Maximum
	Mean
	Standard deviation

	Soil organic carbon content
	0.72
	14.49
	5.13
	2.12

	Soil inorganic carbon content
	0
	8.58
	0.58
	1.11

	Total carbon content
	0.96
	15.67
	5.7
	2.32


Table 3.Semivariogram parameters of soil organic carbon and total carbon at ICAR-IARI farm, New Delhi

	Semivariogram models and parameters 
	Soil organic carbon content
	Total carbon content

	
	Sum of square of errors (SSE) 

	Linear 
	0.0043 
	0.0118 

	Gaussian 
	0.0035 
	0.0085 

	Exponential 
	0.0018 
	0.0063 

	Spherical 
	0.0035 
	0.0074

	
	Semivariogram parameters of best fitted model 

	Nugget (C0) 
	1.79 
	0.66 

	Sill (C) 
	2.09 
	3.52 

	Range (m) 
	180.31 
	83.55 


Table 4. Depthwise carbon stock of different soil families at ICAR-ICAR-IARI farm, New Delhi
	Soil depth (m) 

Soil Family
	Area (Ha)
	SOC Stock (Gg) 
	SIC Stock (Gg) 
	TC Stock (Gg)

	
	
	0-0.25
	0.25-0.50
	0.50-1.00 
	1.00-1.50
	0-1.50 
	0-0.25 
	0.25-0.50 
	0.50-1.00 
	1.00-1.50 
	0-1.50 
	0-0.25 
	0.25-0.50 
	0.50-1.00 
	1.00-1.50 
	0-1.50 

	Coarse loamy, mixed (calc.), hyperthermic, Calcic Haplustepts
	12.5
	0.16
	0.08
	0.12
	0.08
	0.44
	0.38
	0.98
	2.01
	1.66
	5.03
	0.54
	1.05
	2.13
	1.75
	5.47

	Coarse loamy, mixed (calc.), hyperthermic, Typic Haplustepts
	144
	2.81
	1.33
	1.44
	1.77
	7.35
	0.52
	0.54
	0.92
	2.78
	4.76
	3.33
	1.87
	2.36
	4.55
	12.11

	Coarse loamy, mixed, hyperthermic, Typic    Haplustepts
	105
	1.64
	0.71
	1.07
	0.90
	4.32
	0.00
	0.00
	0.14
	1.75
	1.89
	1.64
	0.71
	1.21
	2.65
	6.21

	Fine loamy, mixed (calc.), hyperthermic, Typic Haplustepts
	20.6
	0.21
	0.18
	0.27
	0.27
	0.94
	0.08
	0.11
	0.25
	1.96
	2.41
	0.29
	0.29
	0.53
	2.24
	3.34

	Fine loamy over coarse loamy, mixed (calc.), hyperthermic, Fluventic Haplustepts
	10.9
	0.29
	0.15
	0.12
	0.07
	0.62
	0.05
	0.04
	0.05
	0.04
	0.19
	0.33
	0.19
	0.17
	0.12
	0.81

	Total
	293
	5.11
	2.44
	3.03
	3.10
	13.67
	1.02
	1.67
	3.38
	8.20
	14.27
	6.13
	4.11
	6.40
	11.30
	27.94
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Figure 1. Location of study area and soil sampling location at ICAR-IARI farm, New Delhi
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Figure 2. Digital elevation model of ICAR-IARI farm
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Figure 3.  Soil family map and representative soil profile to each soil family of ICAR-IARI farm
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Figure 4. Crop diversification map of (a) kharif season (2010-11) and (b) rabi season (2010-11)
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Figure 5. Histogram of (a) SOC (g C kg-1),  (b) SIC (g C kg-1) and (c) TC (g C kg-1)  
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Figure 6. Semivariogram structure of soil organic carbon and total carbon at ICAR-IARI farm, New Delhi
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Figure 7. Surface map of (a) predicted soil organic carbon and (b) associated prediction error through ordinary kriging at ICAR-IARI farm, New Delhi
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Figure 8. Surface map of (a) predicted total carbon (TC) in surface soil and (b) associated prediction error through ordinary kriging at ICAR-IARI farm, New Delhi
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Figure 9. Surface map of soil inorganic carbon (SIC) in surface soil of ICAR-IARI farm, New Delhi
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Figure 10. Cross validated soil organic carbon and total carbon vs their observed values in surface soil of ICAR-IARI farm, New Delhi
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Figure 11. SOC density of soil families at ICAR-IARI farm, New Delhi
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Figure 12. SIC density of soil families at ICAR-IARI farm, New Delhi
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