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As organic material decays, it stabilizes in soil and then plays a critical role in 

holding water and nutrients available for plant growth and in supporting soil structure.  

Management of soil organic matter (SOM) is essential in the semi-arid tropics (SATs) 

characterized by savannah vegetation and soils with low SOM and low nutrient 

reserves.  Properly managing SOM may increase soil organic carbon (SOC) 

sequestration, nutrient availability, soil moisture retention, and increased crop 

productivity.  

This dissertation research (1) investigated the effects of diverse sorghum 

(Sorghum biocolor L. Moench)-based cropping systems and of conservation agriculture 

practices on SOC accumulation and its vertical distribution (Study 1); (2) assessed the 

short-term (16-months) soil C, and C fraction responses to conservation agricultural 

management practices in semi-arid tropical Vertisols (Study 2); (3) applied and 

evaluated selected aspects of geostatistics (Study 3); and (4) investigated  and 

quantified the uncertainty presented by both measured and modeled SOC pools (Study 

4). 
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In general, the key findings of the studies showed that diversified sorghum-based 

cropping system with minimum tillage and farm yard manure (FYM) treatment 

contributed to increased C storage within the soil profile.  The addition of FYM had the 

most positive effect on C storage as a result of several factors as indicated by stable C 

and N isotopes and C values. Within the 16 month study, a slow increase of soil C was 

evident in increased C associated with the 2000-212µm size class. 

Utilizing geostatistics, information about the pattern of spatial autocorrelation can 

be used to determine the sampling density required for achieving a given accuracy of 

the estimation of the mean concentration of SOC.  The effect of the sampling density 

was quantified using power functions computed for different detection limits.  Finally, the 

investigation of measured and modeled SOC pools showed that the measured SOC 

pools did not have the properties in the tested soils and land use combinations 

assumed by any of the models.   

These findings demonstrate the importance of biogeochemical C cycling at various 

depths within the soil profile in semi-arid tropical Vertisols using conservation 

agricultural management practices; and management options that enhance soil C 

accumulation in nutrient limited soils.  Further, this research increases our 

understanding of applications of geostatistics to soil properties for purposes of 

increased efficacy of sampling protocols for C in semi-arid tropical Vertisols.  The 

research also showed that there were real differences regarding assumptions in the 

models compared to the measurement methods in SOC pools. No decisions could be 

made using the models, but the measurements confirmed likely SOM, conservation 

agricultural management strategies for semi-arid tropical Vertisols. 
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CHAPTER 1 
INTRODUCTION 

Soil organic carbon (C) is one of the key constituents of soil organic matter (SOM), 

and thus is used as an indicator of SOM and related soil functions.  As organic material 

decays, it stabilizes in soil and then plays a critical role in holding nutrients and water 

available for plant growth and in supporting soil structure.  In semi-arid tropical (SAT) 

soils, SOM is rapidly decomposed due to high temperatures and SAT soils are typically 

characterized by low soil fertility (El-Swaify et al., 1985). 

Management of crop residues has been identified as a means of increasing soil 

fertility in SATs (Vineela et al., 2008).  The rate of C accumulation and loss are critical 

determinants of how much C is stored in the soil.  Ultimately, the amount of C stored in 

the soil is dependent on the difference between the amount of CO2 vegetation fixes 

during photosynthesis and that which vegetation releases during respiration, or the net 

primary productivity (Reddy and DeLaune, 2008).  Plant leaves and roots that are 

incorporated into the soil continue to breakdown and decay into SOM. The SOM as 

indicated by C, stored in soils depends highly on the physical, chemical, and biological 

properties of the soil, all of which are influenced by climate.  Climatic differences, for 

example between an arid and a cold climate have a major impact on soil C storage.  Lal 

(2004) exemplifies the extremes of soil C storage due to climatic differences, reporting 

30 t/ha soil organic C stored in arid regions compared to 800 t/ha in cold regions (per 1-

m soil depth).  

Overall, the importance of C as an indicator of soil fertility and the problems of low 

nutrient and low water availability in SAT ecosystems have provided the need for 

research regarding the effects of management practices on organic matter.  The rate of 



 

17 

C accumulation and loss are critical determinants of how SAT soils function.  To 

reiterate, C storage is essential in SAT soils, especially those that are used to maintain 

food security.  On a broader scale, although SAT soils are low in organic C, if 

appropriate production systems and management practices are identified, then there is 

potential for tropical soils to store more C and thus to impact large-scale processes 

such as global warming (Lal, 2004).   

Management Practices Affecting C Storage 

The effects of management (e.g., tillage, residue, and fertilizer) on C loss, 

accumulation, and storage show the potential for increased C storage due to improved 

management practices (e.g., Srinivasarao et al., 2009; Vineela et al., 2008; Porter et al., 

2009).  However, a review of literature shows that there are gaps in our understanding 

of the effect of diverse cropping systems and conservation management practices on C 

storage and stabilization, in the surface soils and at various depths within the soil 

profile.  Also, there is a lack of consensus on methods to measure C, for purposes of 

short- and long-term studies and for modeling efforts. 

Overall, studies of soil C demonstrate that crop type, residue management, tillage 

practice, and soil type contribute the C accumulation in the soil.  However, increased C 

accumulation in the soil does not necessitate increased soil C storage.  Studies on soil 

cultivation (e.g., tillage) and C accumulation suggest that increased cultivation intensity 

leads to a loss of C-rich materials (Six et al., 2004).  Studies have shown that tillage 

practice predominantly effects the placement of the crop residue in the soil profile 

(Hauert and Liniger, 2008).  Once incorporated into the soil profile, soil environment 

factors that contribute to crop residue conversion to SOM include soil moisture, soil 

temperature, and soil microorganisms.  Researchers also showed that conservation 
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tillage and no-tillage practices tend to allow for increases in SOM accumulation, as 

compared to conventional tillage practices(Wander and Bidart, 2000; Franzluebbers, 

2004).  In general, in agricultural systems, tillage is performed to improve the soil’s 

physical condition, to prepare seedbeds, to control for weeds, or to incorporate 

fertilizers and plant residues.  The type of tillage is dependent on the management 

objective(s).  For example, conservation tillage is employed to incorporate and conserve 

crop residues (i.e., plant material including leaves, stalks, and roots left after a crop is 

harvested) to improve soil quality (e.g., soil structure) and/or to avert soil erosion (FAO, 

2010).  Overall, information on the effects of conservation agricultural practices on SOM 

and the many interactions and feedbacks between microbes, roots, soil type (e.g., soil 

structure), and environmental factors is still limited. 

In the SATs, the soil type plays a key role in C storage.  For example, Vertisols 

(highly clayey soils) have been shown to have the potential to accumulate high levels of 

C, in particular in legume based management systems, e.g., pigeon-pea (Manna et al., 

2008).  Several studies define the need to understand C storage in Vertisols in relation 

to diversified cropping systems and conservation agriculture production given the critical 

role SOM plays as a source for plant available nutrients and in the retention of soil water 

(Adiku et al, 2008).  Further, studies (e.g., Lal, 2004) highlight the potential of semi-arid 

soils with respect to global C cycling.   

The lack of consensus on methods to measure C poses additional research 

challenges, for purposes of short- and long-term studies and for modeling efforts. 

Methods used to measure C are related but not synonymous to conceptual C pools.  

Conceptual C pools are fairly dynamic; each is composed of one or more biological, 
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chemical, and or physical C constituents.  Figure 1-1 shows a simplified schematic of 

soil C pools in relation to turnover rate, wherein three conceptual C pools are defined.  

The soil organic matter rapidly breaking down or being decomposed by microorganisms 

within days to years is considered the active pool (soil organic matter pool 1, SOM1).  

The organic matter that breaks down slowly, within years to a decade, or is partially 

decomposed floral and faunal is considered the intermediate pool (soil organic matter 

pool 2, SOM2).  The stabilized organic matter or humic carbon breaks down in decades 

to hundreds of years and is considered the passive pool (soil organic matter pool 3, 

SOM3).  During the past decade, quantitative methods have been developed to 

measure C fractions in relation to estimation of the short-term impacts of management 

practices on C accumulation in soils (Wang and Hsieh, 2002; Paul et al., 2008). 

Many of these studies were based on the investigation of SOM-aggregate 

conceptual models (Emerson, 1959), microaggregate stabilization theory (Edwards and 

Bremner, 1967), and the concept “soil aggregate hierarchy” developed by Tisdall and 

Oades (1982), formation of aggregates occurs when stable microaggregates (<212µm) 

are bound together by macroaggregates (>212 µm).  In later studies, macro- and micro-

aggregate formation was determined to be directly linked to SOM, except in oxide-rich 

soils (e.g., Oxisols) (Oades and Waters, 1991).  Cambardella and Elliott (1992) devised 

a size-based fractionation method that can be used to measure particle organic matter 

(POM) in relation to SOM influenced by management practices, which Six et al. (2004) 

advanced. 

In addition, quantification of soil C pools with temporal variability or spatial 

variability can be accounted for based on physical characteristics of the landscape such 
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as soil texture (e.g., clay content).  Several studies (e.g., Wu et al., 2009) demonstrated 

how geostatistics can increase the efficacy of sampling protocols used to measure C, 

thereby providing incentives for the management practices that improve soil quality 

(e.g., soil C storage).  Accuracy of measured C pools is essential if measured values 

are used for modeling purposes.   

From a modeling perspective, the simplification of the C pools allows for 

extrapolation from current knowledge on C turnover to test environmental (e.g., 

temperature) and or management (e.g., tillage) effects on C stability.  The conceptual C 

pools do not correspond directly with experimentally measured C fractions, however, as 

noted earlier in text.  Uncertainty or variability is presented by both measured and 

modeled C pools.  Importantly, improvement of methods to measure and to model C 

pools may aid decision making processes with respect to SOM management.  For 

example, a modeling approach can be used to generate information about the potential 

effect of SOM management on the passive C pool and or long-term soil functions, e.g., 

to support plant growth or store C.  

The model used in this dissertation research was the Decision Support System for 

Agrotechnology Transfer (DSSAT)-CENTURY model developed by Gijsman et al. 

(2002), incorporating the CENTURY model (Parton et al.,1988a; Parton and 

Rasmussen, 1994; Metherell et al., 1993) with the DSSAT model (Hoogenboom et al., 

2004).  The DSSAT-CENTURY module provides a flexible framework for SOM pool 

initialization, using one of three approaches (1) Gijsman et al. (2002), (2) Basso et al. 

(2011), and (3) Adiku in Porter et al. (2009).  In the model, the conceptual C pools are 

defined based on decomposition and or physically defined C fractions.  Overall, 
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measureable C fractions can be compared to modelable, conceptual C pools.  However, 

the uncertainty of both measured and modeled C pools requires extensive investigation.   

Dissertation Overview 

 The overall goal of this dissertation is to improve the understanding of how 

diversified cropping systems and conservation agriculture affect SOM accumulation in 

semi-arid tropical soils.  Chapters 2 through 5 address more specific objectives: Figure 

1-1 also provides a conceptual diagram of the C cycle and indicates which chapter(s) of 

the dissertation the topic is addressed.  

Dissertation Objectives 

Objective 1: Determine the effects of diverse sorghum (Sorghum biocolor L. Moench)-

based cropping systems and of conservation agriculture practices on soil organic 

carbon (C) accumulation and its vertical distribution in the Indian semi-arid tropics.   

Hypothesis: Comparison between cultivated soils that received either farm yard manure 

or inorganic fertilizer in a factorial design was expected to respond differently than SOC 

accumulation in uncultivated soils (1) at specific depths, and (2) as a function of depth. 

Objective 2: Assess the short-term (16-months) soil C, and C fraction responses to 

conservation agricultural management practices in semi-arid tropical Vertisols: tillage, 

residue, and crops. 

Hypothesis: The short-term changes in SOC storage due to selected management 

practices should not be indicated in the whole soil, but should be indicated in C 

associated with size fractions 

Objective 3: Use information about the pattern of spatial autocorrelation to determine 

the sampling density required for achieving a given accuracy in the estimation of the 
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mean concentration of soil organic carbon; and compare and evaluate the benefits of 

different covariates in regression kriging (RK). 

Hypothesis: Information about the pattern of spatial autocorrelation will allow for proper 

selection of SOC sampling density with control of the confidence level and avoid 

unnecessary sampling. 

Objective 4: Compare 4 methods used to estimate the SOC pools in the 

CENTURY-based Decision Support System for Agrotechnology Transfer (DSSAT) 

model (Tsuji et al., 1994); and quantify the uncertainty in observed vs. predicted 

modeled and measured SOC pool values. 

Hypothesis: Predicted values will have a low correlation with observed values due to 

current model components (explanatory variables, parameters, equations). 

Dissertation Organization 

CHAPTER 1: Introduction to management effects on C storage in semi-arid tropical 

soils; measured and modeled C pools; and an overview of the objectives and format of 

the dissertation. 

CHAPTER 2: A study investigating C accumulation and vertical distribution in diversified 

sorghum-based cropping systems. 

CHAPTER 3: A study investigating the impacts of conservation agricultural practices in 

C association with physical soil size fractions. 

CHAPTER 4: A study showing the use of autocorrelation of C and use of secondary soil 

property data to predict C values with a fixed accuracy and detection limit. 

CHAPTER 5: A study investigating and quantifying measured and modeled C pools. 
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CHAPTER 6: A synthesis of conclusions drawn from all the dissertation studies 

and a discussion on the implications of SOM management on C in SAT soils. 

 

Figure 1-1 Conceptual diagram of carbon cycle for semi-arid tropical (SAT) soils with 
indication of which chapter(s) of the dissertation the topic is addressed  
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CHAPTER 2 
SOIL ORGANIC CARBON ACCUMULATION AND VERTICAL DISTRIBUTION IN 

CULTIVATED AND UNCULTIVATED VERTISOLS 

Background 

Soil organic matter (SOM) management is essential in the semi-arid tropical areas 

characterized by savannah vegetation and soils with low SOM and low nutrient reserves 

(El-Swaify et al., 1985).  Properly managing SOM may increase C sequestration, 

nutrient availability, soil moisture retention, and crop productivity (Lal, 2006).  Typically, 

fresh organic matter is added to the soil as plant residues, of which a large portion may 

be lost because of high decomposition rates given the relatively high temperatures in 

tropical areas (Wani et al., 2004).  A high rate of decomposition combined with bare soil 

and cultivation further increase the loss of fresh organic matter and soil organic carbon 

content (Chandran et al., 2009). 

In agricultural systems, conservation tillage or no-tillage practices tend to increase 

SOM and thus C accumulates compared to under conventional tillage practices, while 

the incorporation of crop residues, as well as the residue’s quantity and quality (e.g., 

carbon to nitrogen ratio (C:N ratio)) influence the composition of SOM (Franzluebbers et 

al., 2008).  A conservation tillage practice developed by scientists at the ICRISAT 

research farm (Hyderabad, India) is defined as the broad bed furrow (BBF) landform 

system, which consists of a broad bed (1.05 m) and a 0.45 meter furrow.  The BBF 

system reduces runoff and soil loss, increases retention of nutrients, and helps to 

facilitate precise fertilizer and seed placement, and sowing of the crops on the beds 

(Pathak et al., 2005).  Soil loss in the BBF system averaged 1.5 t ha-1yr-1 where soil loss 

in conventional tillage systems averaged 6.0 t ha-1 yr-1 (Wani et al., 2003).  Moreover, 
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importantly, the tillage practice predominantly affects the potential loss and placement 

of crop residue in the soil profile (Hauert and Liniger, 2008).   

Researchers have also demonstrated the potential for significant increases in C 

and crop productivity in sorghum (Sorghum biocolor L. Moench)-based cropping 

systems with a diverse set of crops and inputs of inorganic fertilizers and MT in the 

semi-arid tropical agroecosystems (Wani et al., 2007; Srinivasarao et al., 2009).  

Further, studies indicated that legume-based systems support higher C sequestration 

than cereal crops, and grasslands sequestered more C than annual crop systems (e.g., 

Bhattacharyya et al., 2007).  In a study of 28 benchmark sites covering arid, semi-arid, 

and moist humid tropical locations in India, Ramesh et al. (2007) showed that the 

inclusion of legumes in rotation or as an intercrop, such as cotton (Gossypium L.) plus 

sorghum and pigeon pea intercrop system, positively influenced the soil quality as 

indicated by C content.   

A number of hypotheses and various methods have been developed to help 

explain the C accumulation in the surface soil (0-30cm) and distribution with depth in the 

soil profile (e.g., Wynn et al., 2006).  Methods to assess C accumulation and distribution 

within the soil profile include but are not limited to stable carbon (13C/12C) and nitrogen 

(15N/14N) isotope ratios (Wynn et al., 2006), radiocarbon dating (Trumbore et al., 2000), 

and carbon fractionation (e.g., permanganate oxidation carbon (POXC)) (Culman et al., 

2012).  As is often noted, these methods provide operationally defined C fractions (e.g., 

Silveira et al., 2009).  Often researchers identify functional fractions of the soil C within 

the representative soil depth (e.g., Six et al., 2004).  It is often implied that the 

subfractions of SOM undergo similar physical, chemical, and biological reactions within 

http://en.wikipedia.org/wiki/Gossypium
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the representative soil depth (Yoo et al., 2011).  Few studies have investigated 

processes related to C distribution with depth as a continuous process within the soil 

profile (Wynn et al., 2006; Yoo et al., 2011).  Wynn et al. (2006) provided a review of 

hypotheses supported by data in literature developed based on δ13 CC data, to which 

they applied a continuous depth function.  Wynn et al. (2006) explained two hypotheses 

related to C variation with depth as follows:  The C distribution within the soil profile 

varies as an effect of (1) the input of SOM with differing isotopic composition (e.g., root-

derived versus leaf-derived SOM), and or (2) the preferential decomposition of SOM 

components (e.g., cellulose) that results in the stabilization of more or less labile 

components of SOM within the soil profile.  Jobbagy and Jackson (2000) and others’ 

(e.g., Trumbore et al., 2000) results supported hypothesis (2) (Wynn et al. 2006), but 

arrived at these conclusions using different methods.  In general, there is consensus 

amongst the studies that the decomposition rates of C tends to decrease with depth, 

and recalcitrant carbon increases with depth (e.g., Trumbore et al., 2000).  In a global 

study, Jobbagy and Jackson (2000) reported that the C consistently varied spatially and 

with depth, and was positively correlated with clay content and moisture, and negatively 

correlated with temperature.  Studies have also described the effects of plant and root 

distribution (e.g., Daly, 2000) and soil mixing (Yoo et al., 2011) on C accumulation and 

vertical distribution, all of which were noted to be driven in some way by climatic 

conditions (e.g., precipitation, temperature, solar radiation).  Further, studies have 

shown that the C accumulation in the surface soil (0-30 cm soil depth) may not indicate 

C storage in deeper layers of the soil (Baker et al., 2007), yet the primary effects of soil 
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disturbance (e.g., tillage) on the whole soil and C fractions are primarily evident within 

the top 40 cm of soil (Yoo et al., 2011; Jobbagy and Jackson, 2000). 

Because of the potential benefits of increased soil carbon such as improved soil 

conditions for crop growth, there is a critical need to study soil carbon accumulation and 

vertical distribution research in the naturally nutrient limited soils of the semi-arid tropics, 

where this data is still limited.  In addition, comparison between different methods to 

assess C fractions to quantify C accumulation and distribution within the soil profile are 

needed.  We addressed these needs by examining the relationships between C and 

selected C fractions (i.e., MBC, and stable isotope δ13 CSOC) using sorghum-based 

cropping systems and conservation agriculture practices on C accumulation and vertical 

distribution in semi-arid tropical soils.   

The primary objective of this study was to determine the effects of diverse 

sorghum ((Sorghum biocolor L. Moench)-based cropping systems and of conservation 

agriculture practices on soil organic carbon (C) accumulation and its vertical distribution 

in the Indian semi-arid tropics.  We hypothesized that comparison between C and 

selected C fractions would consistently indicate the effects of diversified sorghum-based 

cropping systems on C accumulation (1) at specific depths, and (2) as a function of 

depth. 

Materials and Methods 

Site Description: The International Crops Research Institute for the Semi-Arid 
Tropics (ICRISAT) 

The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), 

established in 1972, is located in Patancheru, Andhra Pradesh, India (17.5° N, 78.5° E; 

545 m elevation).  ICRISAT serves as a research farm for the study of various crops on 



 

28 

Alfisols (red soils) and Vertisols (black soils).  The current research was conducted on 

Vertisols at the ICRISAT farm in Patancheru (Hyderabad, India).  

In this study, crops were grown without irrigation and solely dependent on rainfall.  

Depending on the treatments, one or two crops were grown per year: the winter season 

crop (the post-rainy season crops were grown during November to February) and the 

summer season crop (the rainy season crops were grown during June to October).   

The climate is semi-arid tropical, with a rainy season that lasts for 2 to 4.5 months 

from June to October (S-W monsoon), post-rainy season (October mid -February), and 

summer season (March to May).  Mean monthly air temperatures range between 18° 

and 42°C, with average precipitation during the rainy months of 50 mm, where potential 

evapotranspiration exceeds precipitation for 3 or more months of the year.  

History of the Land Use 

The cultivated cropping system A included sorghum intercropped with pigeon pea 

alternated every other year with greengram grown in rotation with sunflower.  The 

cultivated cropping system B included greengram winter-sorghum that was alternated 

every year with soybean/pigeon pea intercrop.  However, before 2003, these sampling 

locations were planted in sorghum/pigeon pea intercrop every year.  After 2003, the 

cropping system was further diversified to the current cropping systems (A and B).   

Experimental Design 

The experimental site for this study is referred to as the black soil watershed 

experimental unit one (BW1).  The main treatment was the cropping system, and the 

sub-treatments were application of (1) organic farm yard manure (FYM) and (2) 

inorganic fertilizer.  The study site was cultivated with minimum tillage (MT) (Table 2-1).  

The two cropping systems were as follows:  
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Cropping System A  

Sorghum and pigeon pea (Cajanus L) intercrop alternated every other year with 

mungbean (Vigna radiata L) in the summer season in rotation with sunflower 

(Helianthus annuus L) in the winter season; and 

Cropping System B  

Mungbean (Vigna radiata L) and winter-sorghum intercrop alternated every year 

with soybean (Glycine L) and pigeon pea (Cajanus L) intercrop. 

Each cropping system was grown on a Vertisols within the ICRISAT research 

farm.  The uncultivated grassland (GL) was located approximately 500m from the 

cultivated systems in uncultivated reserve Vertisols at the ICRISAT research farm.  

Inorganic Fertilizer and Organic Manure Application 

Each cropping system had a sub-treatment of farm yard manure (FYM) and 

inorganic fertilizer, as described in the following. The FYM was composed of cow 

manure, collected from cattle at the research farm and stored in shaded, enclosed 

areas open to air flow.  FYM was applied at 10 t ha-1 (2t ha-1 C, 0.1t ha-1 N, 0.01t ha-1 P) 

every other year by broadcasting on the soil surface.  The inorganic fertilizer was 

applied as 60 kg N ha-1 and 13 kg P ha-1 cereals, and 20 kg N ha-1 and 17 kg P ha-1 for 

legumes, as urea (U) and di-ammonium phosphate (DAP), respectively, in rows with a 

seed and fertilizer drill.  Extractable potassium (K) levels were determined for all sites 

were found to be high (>125 ppm) (ICRISAT, 2011), ranging from 171 to 270 mg kg-1.  

Therefore, no additional K was applied to the soil.  

Tillage 

The MT was defined by the BBF landform system, which consisted of a broad bed 

(1.05 meter) and a 0.45 meter furrow.  The BBF system was employed to reduce runoff 
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and soil loss, to increase retention of nutrients and to avoid waterlogging, as well as to 

facilitate precise fertilizer and seed placement, and sowing of the crops on the beds 

(Pathak et al., 2005). 

Soil Sampling: ICRISAT: Cultivated and Uncultivated Soils 

Soil samples were collected from the two sites from cultivated and uncultivated 

treatments considering elevation, slope, and land use.  Soil samples were collected 

from 0-15, 16-30, 31-60, and 61-90 cm soil depths in January 2011, before harvest of 

the post-rainy season crop. Three cores were collected randomly from each plot from 

each depth and mixed to create a homogenous composite sample.   

Soil Analysis 

The bulk density of the samples was determined using core samples (diameter 50 

mm) of known volume (100 cubic cm), wet weight minus oven-dried weight.  Soil 

moisture was estimated for 10 g of soil, wet weight minus oven-dry soil.  Samples were 

dried at 105C for 24 h.  The soil pH was measured with a glass electrode using soil to 

water ratio of 1:2 and particle size by hydrometer method (Gee and Bauder, 1986).  

All soil samples were analyzed in the laboratory for physical, chemical, and 

biological characteristics.  A coding system was used so that the soil information was 

not known to the operator at the time of analysis.  Soil samples were air-dried and 

sieved through a 2-mm sieve.  A subsample of the 2-mm sieved soil was further ground 

and sieved through a 53-µm sieve for analysis of total soil carbon (C and SIC) using the 

Thermo-Finnigan MAT DeltaPlus XL IRMS interfaced via a Costech ECS 4010 elemental 

analyzer for continuous flow measurement of the stable C isotope ratios.  Soil inorganic 

carbon was estimated using a pressure-calcimeter method (Loeppert and Suarez, 

1996).  Soil organic carbon was calculated as the difference between total C and 
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inorganic C.  Because inorganic C was present in the soil samples, the soil samples that 

were analyzed for stable C isotope ratios were acidified.  Soil samples were weighed in 

tin caps and moistened with a drop of distilled water, and then placed in an incubator 

with an amount of calcium carbonate (CaCO3) equal to the largest mass of soil 

weighted (~60 µg) in the tins and 40  ml of 1M of hydrochloric acid (HCl) until the 

reaction was complete.  Once the reaction was complete, samples were dried in a 

desiccator. 

The ratio of stable isotopes is expressed most often in delta (δ) notation: δ= 

((Rsample/Rstandard) – 1) × 1000 where δ is the isotope ratio of the sample relative to a 

standard.  Rsample and Rstandard are the fractions of heavy to light isotopes in the sample 

and standard, respectively.  For carbon, the international standard used is the Vienna 

Peedee Belemnite (VPDB).  The standard for nitrogen is atmospheric nitrogen (Fry, 

2006).  The decomposing pool of SOM involves kinetic fractionation whereby through 

microbial respiration, 12C is preferentially respired (Huntington et al., 1998).  As such, 

the alteration of the isotopic ratio may exhibit trends in the preferential removal of the 

labile fraction of SOM.  Trends with depth in δ13C and δ15N were investigated to 

determine the effects of the natural abundance of stable C and N isotope composition 

and the effect of cultivation on these natural depth trends. 

Calculation 

The C and SIC stocks were calculated using Eq. (2-1).   

     (2-1)  

Where BD is bulk density (g cm-3) and C is soil organic carbon (mg g-1). 
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Statistical Analysis  

The data were statistically analyzed using the JMP statistical package (8) for 

analysis of variance (SAS Institute Cary, NC).  The crop and treatment (FYM or DAP+U) 

and depth were considered as fixed effects.  Significant differences were analyzed 

using Tukey’s test at p < 0.05. 

Results and Discussion 

Soil Properties 

Mean soil pH was 7.8.  Soil BD averaged 1.3 g cm-3 in cultivated soils (0-30 cm 

soil depth) with MT and 1.4 g cm-3 in uncultivated soils (0-30 cm soil depth) at the 

ICRISAT research farm (Table 2-2).  The bulk density values observed in the current 

study were comparable to results from previous studies on black soils within the same 

area (Bhattacharyya et al., 2007). 

Vertical Distribution of Total Soil Carbon in Cultivated and Uncultivated Soils 

The uncultivated GL soils had significantly higher C stored in the 0-30 cm soil 

depth compared to that of the cropping system A and B (DAP+U and FYM) (Table 2-3) 

(p<0.05).  There was no significant difference in C stored within or between the cropping 

systems and the uncultivated GL soil in the 31-60 and 61-90 cm soil depths (Table 2-3) 

(p<0.05).  

The comparison between cultivated soils and uncultivated GLs in the 0-30 cm soil 

depth suggests that the MT with diverse sorghum-based cropping systems do not 

sustain soil carbon levels (Figure 2-1).  The C storage in the surface soils was not an 

indication of the C storage within the subsurface soil layers with cultivation practice 

employed.  The FYM treatment in cropping system B showed higher C in the total soil 

profile, 0-90 cm compared to the DAP+U treatments (in cropping systems A and B) and 
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the uncultivated GL (Table 2-3).  The results suggest that the cropping system B with 

FYM and MT may support C storage within the soil profile (0-90cm) comparable to the 

uncultivated GL system in Vertisols.  

The sorghum-based systems were all diversified (4 species), but there were some 

distinctive differences between the cropping systems that may have affected C retention 

and distribution within the soil.  Studies have shown that winter sorghum can provide 

increased yields in integrated nutrient management systems (Srinivasarao et al., 2009) 

and soil moisture retention in rainfed agroecosystems (Pawar et al., 2005).  Although, in 

the current study, the overall yields in the winter sorghum cropping system were lower 

compared to the post-rainy sorghum system, added benefit of increased soil moisture 

retention may have supported the decomposition of SOM and nutrient availability for 

plants and microbes.  The below-ground contribution of the roots and related microbial 

activity may be ~50% higher compared to the above-ground, plant derived contribution 

to the C in the soil (Brugnoli and Farquhar, 2000; Walker et al., 2003).  As such, in a 

diversified cropping system, such as in cropping system B (with mungbean+winter-

sorghum), there may be multiple benefits to both the soil and the crop in maintaining 

equilibrium or increased levels of C with time.  Further, legumes were an integrated 

component of each cropping system; we tested only the combined effect of the cropping 

system.  We did not quantify the legume contribution to C accumulation and distribution 

within the soil in this study, just the overall cropping system effects.  Legumes with high 

N-fixing capacity in the cropping system have shown to contribute to increased C 

accumulation (Wani et al., 2003; Ramesh et al., 2007).  
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Between cropping system and fertilization combinations, cropping system B (FYM) 

had significantly higher C compared to cropping system A (DAP+U and FYM) (Figure 2-

1) (p <0.01).  The addition of FYM with a C: N ratio of 24:1 may be readily decomposed 

and or incorporated into slow C turnover pools within the soil (Francioso et al., 2007).  

Once C is incorporated into the slow soil C turnover pools it is likely less available to 

biological decomposition.  Studies have shown that manure is an active component of 

what is typically considered to be a recalcitrant carbon pool within the soil (Francioso et 

al., 2007).  Further, manure may also be less biodegragded at deeper depths within the 

soil profile due to decreased microbial activity below plant rooting depths.   

The effect of fertilizers to enhance crop growth and subsequently support 

increased net primary productivity may also result in increased C (Alvarez, 2005).  

However, in the current study, the overall effect of enhanced crop production was not 

observed.  The reason for this result was most likely because the crop residues were 

harvested and removed from the system and thus only the remaining root system and 

leaf fall throughout the growing season directly contributed to C accumulation in the soil.   

Overall, the average accumulation of C within the entire measured soil profile was 

in the order of cropping system B (FYM)>uncultivated (GL)>cropping system B 

(DAP+U)>cropping system A (DAP+U)> cropping system A (FYM), and C storage was 

highest in the surface soils (0-30 cm) in the uncultivated GL soils.  The higher carbon 

levels in the cropping system B, compared to cropping system A may be attributed to 

the combination of crops, in particular the benefits of winter-sorghum and soybean 

pigeon pea intercropping system.  For example, Singh et al. (2007) found that soybean 
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pigeon pea intercropping system stored more carbon compared to other intercropping 

systems.   

No significant difference in depth effect was observed in the amount of SIC stored 

(g m-2) between the cultivated cropping systems and the uncultivated system (data not 

shown).  Deposition and precipitation of CaCO3 from the surface soils (0-30 cm) to 

lower depths within the soil profile may explain the statistically equivalent SIC values in 

the top soil layers of the uncultivated and the cultivated systems.  Lower SIC storage in 

the root zone (15-30 cm) of the soil may be the product of the reaction of acidic root 

exudates and carbonic acid formed by carbon dioxide from root respiration that react to 

solubilize the CaCO3 (Sahrawat et al., 2005). 

Stable Carbon and Nitrogen Isotope Depth Profiles in Cultivated and Uncultivated 
Soils 

The δ13 CSOC values in the cropping system B (DAP+U and FYM) generally 

increased and in cropping system A (DAP+U and FYM) decreased by 0.50/00 within the 

first 30-60 cm (Table 2-4, Figure 2-2).  The shift toward more positive δ13 CSOC values in 

the 30-60 cm soil depth may be attributed to the surface vs. root-derived SOM.  Hobbie 

and Werner (2004) observed that the plant biomass roots are generally more 13C- 

enriched.  Within plants, the δ13 CSOC values of different compounds vary where lignin 

are 13C depleted compared to the bulk plant material, and sugars, amino acids, and 

hemicelluloses are 13C enriched (Bowling et al., 2008).  Therefore, the enriched 13C 

compounds like sucrose tend to lead to an enrichment of 13C in the roots (Hobbie and 

Werner, 2004).   

Further, the shift toward more negative δ13 CSOC values above 60 cm soil depth in 

the cultivated systems with FYM and DAP+U treatments may be the effect of SOM 
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decomposition and preferential microbial fractionation, thereby resulting in similar δ13 

CSOC values throughout the soil profile.  The preferential removal of 13C-enriched 

cellulose during microbial degradation of plant residues may account for a 1–4‰ 

decrease in the 13C value, leaving a relatively 13C-depleted lignin substrate (Benner et 

al., 1987; Santruckova et al., 2000).  Thus, it is implied that when decomposition of 

organic matter increases, the more labile SOM may be removed, thereby reducing the 

δ13 CSOC values.  As such, the increase in 13C-depleted materials in the surface horizon 

compared to the relatively non-decomposed, non-enriched material in the subsurface 

horizon may have attributed to the relatively similar δ13 CSOC values throughout the soil 

profile.  Additionally, studies showed that due to the chemical stability of 13C-depleted 

lipids and lignin, they can accumulate during SOM decomposition and their 

concentration in some cases may increase with depth and SOM age (Wynn and Bird, 

2007).  In uncultivated soils, δ13 CSOC values in the surface (0-30 cm) soil depth were 

slightly enriched (-19‰) compared to subsurface soil depths (below 90 cm soil depth) (-

23‰).   

The δ15 N values were significantly (p<0.05) higher in the cultivated cropping 

system A with inorganic fertilizer inputs, at 31-60 and 61-90 cm soil depths compared to 

the uncultivated system, at 0-30 cm soil depth (Table 2-5).  In general, δ15 N values 

were higher in cultivated cropping systems (cropping system A and B) compared to 

uncultivated soils (Table 2-5).  The results of enriched δ15 N values in cultivated systems 

and non-enriched δ15 N values in uncultivated soil may be the effect of conditions where 

production was high; therefore the N may not have been preferentially decomposed but 

instead more completely utilized in the uncultivated soils (Kendell et al., 2007).  Other 



 

37 

studies show similar conclusions-- N consumed by microbes was mineralized resulting 

in a preferential loss of the light isotope (Dijkstra et al., 2008). 

The relationships between the C and N isotopes with depth are expressed in 

Figures 2-3 and 2-4, respectively.  In cultivated soil, the 13C and 15N showed weak linear 

relationships with depth.  The uncultivated GL soils showed slightly stronger linear 

relationships for 13C (RMSE=18.81) and 15N with depth (RMSE=11.99). These results 

may indicate that the C in the cultivated soils is fairly unstable.  Also, C was a poorly 

correlated with 13C and 15N values in cultivated systems (R2<0.2) (Figure 2-4).  

However, in uncultivated GL systems, C provided an indication of 15N (R2=0.85, 

p=<0.001) and 13C (R2=0.68, p=0.001) values as a function of depth within the soil 

profile.   

The 13C/12C and 15N/14N isotope ratios observed in cultivation practices did not 

show distinctive isotopic signatures, but the comparison between the cultivated sites 

and the uncultivated (GL) site provided useful information.  From the enriched δ15 N 

values and δ13 C values in the cultivated soils, we may infer that the N supply was not 

limited and the decomposition of organic matter increased, leaving depleted C material 

at all depths within the soil profile (0-90 cm), except in the cropping system B (FYM).  In 

the cropping system B (FYM), we may infer that the N supply was not limited and the 

decomposition of organic matter was limited, leaving enriched C material at all depths 

within the soil profile (0-90 cm).  Other long term studies highlighted the positive effects 

of manure application on C storage, increased root yields, and higher humification rate 

constant (Francioso et al., 2007).  In particular the researchers measured the humic 
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fraction and δ13 C for C3-C and C4-C species and found that the mechanism involved 

was mainly increased preservation of C3-C from degradation in the humic C pool. 

Soil Microbial Biomass C and N in Cultivated and Uncultivated Soils 

No significant differences were observed with soil depths in SMBC and SMBN 

between cultivated and uncultivated (p<0.05).  In most cases, SMBC and SMBN 

showed little to no correlation with C values with depth (R2<0.2).  The SMBC averaged 

385 mg kg-1+160 mg kg-1.  The SMBN averaged 40 mg kg-1+12 mg kg-1.  The C: N ratio 

averaged 10+3.   

Summary  

Overall, the treatment effects were observed within the surface soil layers (0-30 

cm) (p=<0.05).  Based on the comparison of cultivated and uncultivated GL soils, we 

conclude that a diversified sorghum-based cropping system with MT and FYM treatment 

contributed to increased C storage within the soil profile.  The diversity of crops grown in 

the soils may provide the improved soil conditions (e.g., increased soil moisture) 

necessary for increased C storage.  The addition of FYM had the most positive effect on 

C storage as a result of several factors as indicated by stable C and N isotopes and C 

values. 

The comparison of results in the cultivated and uncultivated on stable C and N 

isotope depth profiles showed that in the uncultivated soils and in crop B, FYM, the 

lighter fraction of the C remained in the soil, indicated by higher soil C fractions (C and 

SMBC), enriched δ13 C values, and thus possibly less decomposed SOM.  Increased C 

storage may be mainly due to increased preservation of C3-C from degradation, 

suggesting that the bi-annual supply of FYM can significantly increase the preservation 
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of old C in the humic pool (Francioso et al., 2007), especially in light of the practice of 

removing all above ground plant material after harvest.   

Comparison between C and 13C and 15N indicated the effects of diversified 

sorghum-based cropping systems at specific depths (0-30, 31-60, and 61-90 cm).  

However, in cultivated soils the effects of the cropping system were not consistently 

indicated as a continuous function with depth and processes related to C accumulation 

and distribution within the soil profile.  In uncultivated GL soils, C and 13C and 15N 

consistently indicated C accumulation and distribution within the soil profile.  

The effects of cropping systems showed distinct shifts in stable C and N isotope 

values most probably due to root- vs. shoot-derived organic material and SOM age.  

Further investigation of soil and plant lignin content compared to stable isotopes may 

provide information needed to understand the patterns in isotope values with depth 

within the soil profile. Additionally, the nonlinearity and variability of C, 15N, and 13C 

within the upper 60 cm of the soil suggests that instability of C and disturbance due to 

cropping systems may limit the potential use of linear functions to assess C as a 

continuous function with depth within the soil profile.  The conclusions of this study have 

implications for land use and research in semiarid tropical soils and for modelers who 

would like to apply continuous depth functions to analyze C constituents with soil depth 

within agroecosystems.  
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Table 2-1. Site 1 Cropping systems, fertilizer and manure treatments, ICRISAT, Patancheru, India, 1997-2011. 

Site Crop(Year 1) Crop (Year 2) FYM Inorganic Fertilizer 

cropping system A  sorghum/pigeon pea mungbean+sunflower 
10 t ha-1;  
broadcasting method 

Cereals:  
DAP: 12 kg ha-1N  

  
 

(1000kg ha-1 C; 
100kg ha-1 N; 10kg 
ha-1 P) 

DAP: 13 kg ha-1P 
Urea: 48 kg ha-1N 

    

Legumes: 
DAP: 16 kg ha-1N 
DAP: 18 kg ha-1P 
Urea: 4 kg ha-1N 

    
basal application 

    
 

cropping system B 
greengram/winter-
sorghum soybean/pigeon pea 

10 t ha-1;  
broadcasting method 

Cereals:  
DAP: 12 kg ha-1N  

   

(1000kg ha-1 C; 
100kg ha-1 N; 10kg 
ha-1 P) 

DAP: 13 kg ha-1P 
Urea: 48 kg ha-1N 

    

Legumes: 
DAP: 16 kg ha-1N 
DAP: 18 kg ha-1P 
Urea: 4 kg ha-1N 

    
basal application 

Uncultivated GL   NA NA 

/ represents intercrop; + rotation cropping system; and NA = not applicable.  All sites were cultivated using minimum 
tillage, except the uncultivated GL that was subjected to no tillage treatment.  
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Table 2-2. Bulk density values used for calculations for soil carbon stocks in BW1 and 
the black reserve grassland (GL), 2009, ICRISAT, Patancheru. 

   BD (g cm-3) 
BW1 Depth (cm) 2009/10 

 0-15 1.3 
 16-30 1.3 
 31-45 1.4 
 46-60 1.4 
 61-90 1.4 
 91-120 1.4 
GL 0-30 1.4 
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Table 2-3. Nitrogen (N), carbon (C) concentrations (mg g-1 soil) and SOC stocks (g m-2) in January 2011 for 0-30, 30-60, 
and 60-90 cm for cultivated, cropping system A and cropping system B systems, with farm yard manure (FYM) and 
inorganic fertilizer (DAP+U) treatments and uncultivated GL soils, ICRISAT, Patancheru, India. 

Crop:Fert Depth (cm) mg N g soil-1 mg C g soil-1 SOC (g m-2) 

Crop A:FYM 30 0.95b 12.6c 2316c* 

 
60 0.45ab 5.05a 1851a 

 
90 0.30b 4.60a 1622a 

Total    5789 
Crop A:DAP+U 30 1.00b 12.1c 2216c 

 
60 0.40ab 5.20a 1900a 

 
90 0.30b 5.45a 1908a 

Total    6024 
Crop B:FYM 30 1.05b 15.5b 2906b  

 
60 0.35b 7.20a 2693a 

 
90 0.40a 6.80a 2463a 

Total    8062 
Crop B:DAP+U 30 1.17ab 13.8bc 2594bc 

 
60 0.47a 5.73a 2111a 

 
90 0.40a 5.50a 2033a 

Total    6738 
Uncultivated GL 30 1.43a 18.6a 3500a 

 
60 0.40ab 6.10a 2394a 

 
90 0.37ab 4.87a 1694a 

Total    7588 

*Sums for different treatments (farm yard manure (FYM) and inorganic fertilizer (DAP+U)) for a given cropping system 
followed by different letters designate statistical significance at the 0.05 probability level.  Statistical significance is 
indicated per depth (0-30, 30-60, 60-90cm). 
Crop A represents sorghum pigeon pea intercrop alternated every other year with the greengram and sunflower 
sequential cropping system 
Crop B represents greengram winter-sorghum alternated every other year with soybean pigeon pea intercrop 
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Table 2-4. Average δ13C (2011), for 4 soil depths (0-15, 15-30, 30-60, 60-90 cm) in 
cropping systems A and B with farm yard manure (FYM) and inorganic 
fertilizer (DAP+U) treatments, and uncultivated GL, ICRISAT, Patancheru, 
India. 

*Means for different cropping systems (cropping systems A and B) and treatments 
(FYM and DAP+U), and uncultivated GL at a given depth followed by different letters 
designate statistical significance at the 0.05 probability level (n=60). Statistical 
significance is indicated per depth (0-15, 15-30, 30-60, 60-90cm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Depth (cm) Uncultivated GL Cropping system A Cropping system B 

  
FYM DAP+U FYM DAP+U 

15 -19a* -23b -23b -23b -24b 

30 -20a -24b -24b -23ab -23ab 

60 -21a -24b -22ab -22ab -23b 

90 -23a -23a -23a -23a -24a 
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Table 2-5. Average δ15N (2011), for 4 soil depths (0-15, 15-30, 30-60, 60-90 cm) in cropping 

systems A and B with farm yard manure (FYM) and inorganic fertilizer (DAP+U) 
treatments, and uncultivated GL, ICRISAT, Patancheru, India. 

Depth (cm) Uncultivated GL Cropping system A Cropping system B 

  
FYM DAP+U FYM DAP+U 

15 1.79b* 6.75ab 12.3a 10.9a 7.54ab 

30 2.09b 9.04ab 12.6a 11.0a 7.54ab 

60 3.39b 5.03b 16.0a 11.1ab 8.84ab 

90 3.61b 14.2a 16. 0a 14.0a 10.2ab 

*Means for different cropping systems (cropping systems A and B) and treatments (FYM and 
DAP+U), and uncultivated GL at a given depth followed by different letters designate statistical 
significance at the 0.05 probability level (n=60). 
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Figure 2-1.  Average SOC stocks (g m-2) at 0-30 soil depth, for two cultivated Cropping system A 

(Crop A) and Cropping system B (Crop B) and 2 treatments for each (farm yard manure 
(FYM) and inorganic fertilizer (DAP+U)) sites and the control uncultivated grassland 
(GL) site.  Different letters designate statistical significance at the 0.05 probability level. 
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Figure 2-2. Soil stable carbon isotope depth profiles for two cultivated Cropping system A (Crop A) 

and Cropping system B (Crop B) and 2 treatments for each (farm yard manure (FYM) 
and inorganic fertilizer (DAP+U)) sites and the control uncultivated grassland (GL) site. 

 

 

 

13C 
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Figure  2-3. Soil stable nitrogen isotope depth profiles for two cultivated Cropping system A (Crop 

A) and Cropping system B (Crop B) and 2 treatments for each (farm yard manure (FYM) 
and inorganic fertilizer (DAP+U)) sites and the control uncultivated grassland (GL) site.   

 
 

15N 
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FIGURE 2-4. CORRELATION GRAPHS FOR 13C, 15N, AND SOC (MG G-1) FOR CROPPING 

SYSTEMS A AND B: (A) 13C CROP A, DAP+U (R2=0.09), (B) 15N CROP A, DAP+U (R2=0.16), 
(C) 13C CROP A, FYM (R2=0.09), (D) 15N CROP A, FYM (R2=0.15), (E) 13C CROP B, DAP+U 

(R2=0.01), (F) 15N CROP B, DAP+U (R2=0.02), (G) 13C CROP B, FYM (R2=0.05), (H) 15N 
CROP B, FYM (R2=0.36), (I) 13C UNCULT. GL (R2=0.68), (J) 15N UNCULT. GL (R2=0.85).
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CHAPTER 3 
MANAGEMENT STRATEGIES FOR VERTISOLS: SOIL ORGANIC CARBON AND AGGREGATE 

SIZE CLASSES IN CEREAL/LEGUMINOUS CROPPING SYSTEMS  

Background 

During the past decade, quantitative methods have been developed to understand the short-

term impacts of management practices on C long-term storage and stability and the mechanisms 

governing C accumulation in soils (Wang and Hsieh, 2002; Paul et al., 2008).  Studies have 

shown that C fractions are sensitive to management changes and act as potential indicators of 

change in soil ecosystems (Cambardella and Elliott, 1992; Six et al., 1998; Wander et al., 2004).  

Many of these studies were based on the investigation of SOM-aggregate conceptual models 

(Emerson, 1959), microaggregate stabilization theory (Edwards and Bremner, 1967), and the 

concept “soil aggregate hierarchy” developed by Tisdall and Oades (1982).  In later studies, 

macro- and micro-aggregate formation was determined to be directly linked to SOM, except in 

oxide-rich soils (e.g., Oxisols) (Oades and Waters, 1991).  In addition, researchers (e.g., Six et al., 

1998) developed conceptual models to assess the C associated with size fractions related to C 

pools and showed that the short-term effects of tillage, crop, and crop residue may be due to the 

effects these practices have on the mechanisms by which C inputs (e.g., crop residue) stabilize in 

the soil.  Soil C storage and stabilization mechanisms include aggregation, biochemical 

recalcitrance, and protective capacity of adsorbing organic materials (Baldock and Skjemstad, 

2000).  The assessment of C fractions is based on biological, physical, and or chemical 

characteristics of the organic constituents of the soil that are then related to C pools designated 

based on soil C decomposition and stabilization.  The methods to estimate C fractions remain 

varied (Figure 3-1) and time-consuming, however. 

Characterization of key constituents, i.e., measureable biological, chemical properties 

provides useful information regarding the sensitivity of these particular C constituents to 
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management or environmental factors. Further, consensus among researchers on methodologies 

used to characterize soil C may facilitate data comparison across geographic regions to fill 

knowledge gaps regarding soil C dynamics related to environmentally challenging issues such as 

global climate change and carbon cycling. 

The majority of previous studies were conducted in temperate regions and little information is 

available on C dynamics in semiarid tropical regions.  Organic matter management is critical in the 

semiarid tropics and plays a critical role in regulating crop productivity.  Nutrient availability to 

crops is strongly dependent on the decomposition of the organic matter and plant residues.  Our 

understanding relative to C responses in tropical soils managed within a range of conservation 

practices is still limited.  Due to high temperatures and rapid decomposition rates, SOM may be 

rapidly decomposed and lost from the system (Wani et al., 2003).  However, previous studies 

provide evidence that improved SOM management practices may reduce C losses and improve C 

retention within the soil (Lal, 2004; Bhattacharyya et al., 2007; Srinivasarao et al., 2009). 

In the current study, we assessed the short-term (16-months) soil C responses to 

conservation agricultural management practices in semi-arid tropical Vertisols: tillage, residue, 

and crop.  We hypothesized that the C in the whole soil would not and that the C associated with 

size fractions would serve as sensitive indicators of changes due to agricultural management 

factors.  We used a range of methods to characterize the soil C for purposes of comparison of 

successful methods in broader contexts both within the current study area (ICRISAT, Hyderabad, 

India) as well in other regions. 

Materials and Methods 

 Site Description  

The study was conducted at the International Crops Research Institute for Semi-arid Tropics 

(ICRISAT), Patancheru, India (17.5° N, 78.5° E, ~545 m elevation).  Soils are classified as a 
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Vertisols, a montmorillonite, Typic Pellustert developed on basaltic alluvium (El-Swaify et al., 

1985).  The climate is semi-arid with summer months between March to June and winter months 

between November to February.  The rainy season occurs during the months of June to October.  

Temperatures range between 18° to 42°C and annual average precipitation of 900 mm.  The 

highest temperatures occur between March-June and the lowest rainfall occurs from January to 

May.   

Historical Land Use 

The original vegetation was predominately grassland.  Conversion to cultivated crops started 

in the 1920s, and more intensive cultivation occurred in the 1970s.  During the four years before 

the initiation of the study, the study site was cultivated with maize (Zea mays L.) alternated by 

chickpea (Cicer arietinum L.) every other year.  The land-use history was variable previous to that 

time.  The crops were not irrigated.  Two or more crops were grown per year: the winter season 

crop, sown from October to December and harvested from March to June and the summer crop, 

sown at the beginning of the rainy season in June or July and harvested in September–October. 

Experimental Design 

The experimental design was split-split plot with main plot-tillage treatments; sub-plot—crop 

residue treatments and sub-sub plot—cropping systems.  Tillage treatments included minimum 

tillage (MT) and conventional tillage (CT).  In CT the field was ploughed at the end of the winter 

season and the BBF landform was implemented before the start of the summer season.  In the 

MT system, the BBF was implemented in the summer season and maintained throughout the 

winter season.  The landform was maintained at ~ 1 meter width, with ~0.5 meter width furrow 

between each bed.  Residue treatments included all crop residues (AR) and no crop residues 

(NR) added.  In NR all crop residues at the harvest of each crop were removed from the plots.  In 
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AR all crop residues at the harvest of each crop were redistributed as evenly as possible on the 

soil surface. 

Each sub treatment was divided into two plots and two cropping systems.  Cropping systems 

were maize and chick pea sequential (M+CP), and maize and pigeon pea intercrop (M/PP) 

systems.  In the M+CP rotation, maize was planted in June and harvested in November, followed 

by chickpea planting, which was harvested in March.  In the M/PP intercrop system, pigeon pea 

was planted at the same time as maize, in June, in the summer season.  Maize was harvested in 

November, while pigeon pea was harvested in March.  

Nitrogen and P were applied at rates of 60 and 13 kg ha-1yr-1, respectively, for cereals, and 

20 kg ha-1 yr-1 of N and 17 kg ha-1-yr-1 of P for legumes.  Nitrogen was applied as urea and P as di-

ammonium phosphate in rows with a seed and fertilizer drill.  Nitrogen in cereals was applied as 

50% N basal application and the remaining 50% was applied in two equal split applications at a 

one month interval.  Soil-test extractable potassium (K) levels were high (>125 mg kg-1) (ICRISAT, 

2011), and thus no additional K was applied to the soil.  All plots received gypsum at 200 kg ha-1 

yr-1 and boron at 2.5 kg ha-1 yr-1.  Zinc sulphate at 50 kg ha-1 was applied alternate years to maize 

crop.  All fertilizers were applied before planting of the summer season crop, within 1-2 weeks 

before tillage, in June 2009.  No additional fertilizer was applied throughout the growing season.  

Soil Sampling and Analysis 

Soil samples were collected in June 2009, before the start of the experiment for soil 

characterization, at 0-15, 15-30, 30-60, and 60-90 cm soil depths.  Soil samples were collected in 

November 2010, within the second year of the experiment, post-harvest of maize, at 0-30 cm soil 

depth.  For each plot, three sub-samples were randomly collected and mixed together to create 

one composite soil sample.  All samples were air dried and sieved through a 2-mm sieve.   
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Modified Wet Sieving Procedure 

The soil was separated into three size classes: macro (2000-212 μm), micro (212-53μm), 

and a silt- and clay-size fraction (<53μm) following a modified wet sieving procedure of Elliott 

(1986).  100 g of air-dried soil was submerged in a 500-mL beaker of deionizer water and thus 

subjected to the disruptive forces of slaking for about 5 min before placing it on top of a 212-μm 

sieve.  The sieving was done manually.  An attempt was made to use comparable energy input by 

moving the sieve up and down approximately 50 times in 2 min.  The fraction remaining on the top 

of a 212μm sieve was collected in a hard plastic pan and allowed to oven dry at 65°C and 

weighed.  Water plus soil <212μm was poured through a 53μm sieve, and the same sieving 

procedure was repeated.  The average recovery mass percentage of soil fractions after the wet 

sieving procedure was 97% of the initial soil mass.   

Microbial and Total Soil Organic Carbon Fractions and Permanganate Oxidation of C 
(POXC) 

The SOC concentration of soil size fractions and the whole soil was determined using the 

Walkley-Black method (Nelson and Sommers, 1996).  The SMBC was determined using 

chloroform fumigation (Anderson and Domsoh, 1978 and Brookes et al., 1985).  The 

permanganate oxidation of carbon (POXC) analysis was based on Weil et al. (2003).   

Calculations 

The SOC stocks were calculated using Equation 3-1.   

SOC stock (g m-2) = BD (g cm-3)* soil depth (cm)* SOC (mg g-1)*10   (3-1) 

The final values for SOC stocks were reported in g m-2. 

Statistical Analysis 

Statistical analysis was performed with the software package JMP 8.02 (SAS Institute Cary, 

NC).  Two and three-way ANOVA followed by the least squares means Tukey’s test and Student 
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T test were used to examine the effects of tillage, crop, and residue treatments on SOC.  

Statistical significance was determined at the p < 0.05 level except if indicated differently.  

Results and Discussion 

Selected Soil Properties 

In the top (0-15 cm) depth, the percent of coarse sand, fine sand, silt, and clay was 13, 15, 

23, and 50, respectively.  Soil texture varied little with soil depth (data not shown).  The soil was 

slightly alkaline with an average pH of 7.9.  On average, soil bulk density was 1.33 g cm-3, which 

is consistent with results from previous studies on Vertisols within the same area (Bhattacharyya 

et al., 2007). 

Effects of Management Practices on SOC Storage 

Soil C stocks at the initiation of the study (June 2009) were not significantly different across 

the study site (p<0.05) (Figure 3-2).  Similarly, 16 months (approximately 1 year) after the 

treatments were imposed (November 2010), no significant differences in SOC stocks in the whole 

soil were observed due to treatments (p<0.05) (Figure 3-2).  The change in SOC stocks in the 

whole soil may not be apparent in the current study due to the variability associated with this 

parameter and the short-term duration of the study.  Other studies have demonstrated that 

significant changes in SOC in tropical areas may be apparent after only 4 years, whereas similar 

changes may be apparent after 100 years in a temperate region (Adiku et al., 2008).  Although we 

expect more rapid change in SOC in tropical areas, we did not expect change in the SOC in the 

whole soil after approximately 1 year.  Further, because of the variability within the data, the 

differences between treatments were not statistically different (alpha=0.05).   

Effects of Management Practices on SOC Storage in C Associated with Aggregate Size 
Classes 

In June 2009, the mass of the soil particles in each aggregate size class, on average for the 

experimental unit accounted for 46%, 15%, and 31%, respectively, for macro-, micro-, and clay + 
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silt- size class of the total soil subsample (data not shown).  In November 2010, the mass of the 

soil particles, on average for the experimental unit accounted for 57%, 21%, and 19%, 

respectively, for macro-, micro-, and clay + silt- aggregate size class of the total soil subsample 

(data not shown).  The decrease of particles in the clay-and silt-size class correlated with those in 

the macroaggregate-size class.  These results suggest that free particles and silt-and clay-sized 

aggregates (<53µm) formed into microaggregates and continued aggregating into 

macroaggregates (e.g., Tisdall and Oades, 1982; Oades, 1984; Six et al., 2004). 

Averaged across all treatment, the percentage of SOC associated with the soil aggregate 

size-classes in 2009 were 54%, 15%, and 30% of the total SOC (mg SOC 100 g soil-1) for the 

macro-, micro-, and clay + silt-size fractions, respectively (Table 3-1).  In November 2010, 

approximately 63%, 16%, and 21% of the total SOC (mg SOC 100 g soil-1) were associated with 

the macro-, micro-, and clay + silt-size fractions, respectively (Table 3-1).  Significant changes of 

SOC associated with aggregate size classes were observed primarily as an effect of the cropping 

system and tillage.   

In the macroaggregate-size class (2000-212 µm), the SOC was significantly higher in CT 

compared to MT with all residue added treatments (p=0.04) (Table 3-1).  However, crop 

treatments did not affect SOC in that same size class (p >0.05).  As such, when all residues were 

added, SOC was higher in the CT, indicating that the CT treatment incorporated the residue into 

the soil making it available for microbial breakdown more so than leaving all residues on the 

surface as in the MT (essentially acting as a mulch layer).  No significant effects (p>0.05) were 

observed in the other size classes, which averaged 74+20 g 100g soil-1 and 38+11 g 100g soil-1 for 

the macroaggregate and clay and silt classes. 
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Effects of Management Practices on Soil Microbial Biomass Carbon 

No significant effect of management was observed in the MBC (p>0.05).  In the current 

study, the MBC averaged 241 mg C kg soil-1(ranging from 160 to 338 mg C kg soil-1).  There was 

no correlation between MBC and SOC associated with the silt and clay (<53 µm) nor the 53-212 

µm aggregate size classes.  The percentages of MBC to SOC in the whole soil ranged from 4-8%.  

Many studies suggest that the MBC is approximately 1-5% of the total organic matter (e.g., Glaser 

et al., 2006); however, other studies state that soil MBC can be much higher than 1-5% (Denef et 

al., 2009).   

Comparison between Permanganate Oxidation of C (POXC) and C Associated with 
Aggregate Size Classes 

The POXC measured and compared with C associated with aggregate size classes showed 

a low correlation with the macro-aggregate size class (2000-212 µm) (R2 = 0.36, p=0.12) (Figure 

3-2), compared to the micro-aggregate size class (212-53 µm) (R2=0.55, p=0.03) (Figure 3-3).  

There was no correlation between the C associated with the silt- and clay-size fraction (<53µm) 

and POXC (R2=0.0002, p=0.97) (Figure 3-4).  Overall, the POXC was more closely related with 

the 212-53 µm size fraction.  There were no non-linear relationships across treatments, which 

suggest that POXC may be a sensitive indicator for the 212-53 µm size fraction. 

Summary and Discussion 

The short-term (16-months) effects of conservation agricultural practices (tillage, residue, 

and crop rotation) on SOC stored in the whole soil and in soil size classes were assessed.  Within 

the 16 months of this study, C did slowly increase and was evident in increased C associated with 

the macro-aggregate size class.  However, the consistency of the MBC suggests that there is a 

relationship between a stable soil microbial population and the breakdown of crop residues 

incorporated into the soil. Further investigation of the data showed that as MBC increases the soil 

respiration or C loss also increases (R2=0.87, p=<0.001) (Figure 3-5).  
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Use of comparative methods for further characterization of C showed that POXC detects 

early changes in soil C due to agricultural management practices in short-term (16-months) 

studies.  However, additional research is required to assess the POXC measure throughout longer 

periods of time (e.g., 4 years).   

It is also noteworthy that the size fractionation method employed in this study has limitations.  

Further refinement of the method using density fractionation was first articulated by Six et al. 

(2000).  The density fractionation procedure essentially isolates a light and a heavy size fraction in 

addition to the physically separated fractions using sieving.  By isolating the density fraction, 

researchers are able to distinguish between fine and coarse organic matter. Although the refined 

method is used, general reference to the macro- and micro-size fractions is still used to assess 

agricultural management practices such as tillage, applied to a range of minerologies (e.g., 2:1, 

1:1 clay types) (e.g., Six et al., 2004; Denef et al., 2004).  However, it is still unknown as to how 

well these fractionation procedures capture the various interactions between microbes, roots, 

binding agents, and structure within the soil environment.  
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Table 3-1. Average difference in mg SOC 100g-1 soil for June 2009 and November 2010, 0-30 cm soil depth, under 
conventional tillage and minimum tillage, with all residue, size fraction 2000-212µm, ICRISAT, Patancheru, India. 

  2000-212µm 

Tillage*Residue Avg diff SOC (mg 100gsoil-1) 

Conventional tillage*All residue 235a 

Minimum tillage*All residue 112b 

Statistical analysis was conducted per size fraction.  Different letters designate statistical significance at the 0.05 probability 
level per size fraction, using LSM Student T test. 
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Figure 3-1. Soil C fractionation methods. 
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The line indicates the linear regression for predicted points based on observed points 
(indicated by black diamonds). 
 
Figure 3-2. Scatterplot of SOC (mg/kg soil) associated with SOC size fraction (2000-

212µm) and POXC (mg/kg soil), ICRISAT, Patancheru, India (R2 = 0.36, 
p=0.12). Data represent the average across all treatments (n = 1). 
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The line indicates the linear regression for predicted points based on observed points 
(indicated by black diamonds). 
 
Figure 3-3. Scatterplot of SOC (mg/kg soil) associated with SOC size fractions (212-

53µm) and POXC (mg/kg soil), ICRISAT, Patancheru, India (R2=0.55, 
p=0.03). Data represent the average across all treatments (n = 1). 
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The line indicates the linear regression for predicted points based on observed points 
(indicated by black diamonds). 
 
Figure 3-4. Scatterplot of SOC (mg/kg soil) associated with SOC size fractions (<53µm) 

and POXC (mg/kg soil), ICRISAT, Patancheru, India (R2=0.0002, p=0.97). 
Data represent the average across all treatments (n = 1). 
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Figure 3-5. Soil respiration (y-axis) and soil microbial biomass carbon (SMBC) (x-axis), 
ICRISAT, Patancheru, India (R2=0.87, p=<0.001). Data represent the average 
across all treatments (n = 24). 
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CHAPTER 4 
UTILIZING GEOSTATISTICS TO INCREASE THE EFFICACY OF SAMPLING 

PROTOCOLS FOR MEASURING SOIL ORGANIC CARBON 

Background 

Management practices that enhance SOM accumulation and thus SOC 

sequestration are of importance for agricultural production and global carbon cycling.  

Conservation agricultural practices such as minimum tillage (MT), crop rotation, and 

cover crops can potentially increase SOC accumulation in soils (Lal, 2004).  These 

management practices may be of particular use in semi-arid tropical soils that have 

inherently low soil fertility.  Research shows that SOM management practices support 

increased SOC sequestration, nutrient availability, and decreased carbon emissions 

(Lal, 2004).  Studies in semi-arid tropical soils (Wani et al., 2007; Srinivasarao et al., 

2009) indicate further potential for significant increases in SOC and crop productivity 

with improved agroecosytems management practice. 

Several studies (e.g., Wu et al., 2009) have demonstrated the use of geostatistical 

methods to improve the efficacy of sampling protocols used to measure SOC, thereby 

more readily identifying management practices that improve soil quality and reduce 

carbon emissions.  In general, prior information about a research site may be necessary 

unless the average variogram (McBratney and Pringle, 1999) of the soil property of 

interest (e.g., carbon) is known. 

Geostatistics provides a set of tools to incorporate the location of observations into 

their statistical processing for mapping of soil properties from a typically small set of 

available data.  The cornerstone of the geostatistical approach is the estimation of the 

variogram that measures how the spatial dependence of soil properties changes 

depending on the distance between observations.  Spatial sampling schemes can be 
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optimized utilizing information about the spatial correlation of soil properties described 

by their variogram (Ferreyra et al., 2002).  In addition, the accuracy of local prediction 

can be increased using geostatistical interpolation procedures that account for 

significant correlation between primary and secondary variables (Simbahan et al., 

2006).  While secondary information may prove to be useful in the estimation of a 

primary variable at unsampled locations, there is need to develop methodologies for 

specific applications e.g., assessment of SOC (Simbahan et al., 2006) or specific areas 

of interest (Hengl et al., 2004).  

Grid (systematic) sampling is an easy way to collect information for geostatistical 

analysis and has been shown to be the most efficient for mapping purposes (Burgess et 

al., 1981).  Depending on the size of the prediction support (i.e., the number of samples 

used per prediction area) used in kriging, one can distinguish point kriging and block 

kriging (Burgess and Webster, 1980).  In point kriging, observations that are typically 

recorded for small soil cores that can be assimilated to points are used to predict the 

soil property at unsampled point locations.  In block kriging, the objective is to predict 

the average values of soil properties throughout areas or blocks that are bigger than the 

sampling support (e.g. a watershed in the present study), an operation known as spatial 

aggregation or upscaling (Goovaerts, 1998). McBratney and Pringle (1999) 

demonstrated that block kriging is more useful than point kriging for the assessment and 

recommendation of management practices since the block averages are more 

amenable to management decisions than point estimates. 

Regardless of the size of the prediction support, kriging provides both a predicted 

value and the associated variance of prediction errors.  The so-called kriging variance 
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(KV) can be used to compute confidence intervals for the prediction using the 

assumption that the prediction errors are normally distributed (Webster and Oliver, 

1990).  One characteristic of the KV is that its computation requires only the knowledge 

of the geographical coordinates of the samples and the variogram model.  The KV can 

thus be used to quantify the expected benefit of increasing the sampling density on the 

precision of the prediction (Burgess et al., 1981). 

This study presents an empirical application of geostatistics to semi-arid tropical 

Vertisols in a micro-watershed of Andhra Pradesh, India.  The primary objectives of this 

study were (1) to show how information about the pattern of spatial autocorrelation can 

be used to determine the sampling density required for achieving a given accuracy in 

the estimation of the mean concentration of soil organic carbon; (2) to compare the 

prediction performance of ordinary kriging (OK) and regression kriging (RK), and (3) to 

evaluate the benefits of different covariates in RK. 

Materials and Methods 

Site Description 

Kothapally (KP) micro-watershed (latitude 17° 20’ to 17° 24’N and longitude 78° 5’ 

to 78° 8’E, elevation 600–640m) is located in the Ranga Reddy district of Andhra 

Pradesh state, (India) in the Krishna Basin, nearly 40 km from the International Crops 

Research Institute for the Semi-Arid Tropics (ICRISAT) Center.  The KP micro-

watershed covers 465 ha, of which 430 ha are cultivated.  The KP micro-watershed is 

characterized by an undulating topography with an average slope of 2.5%.  Soils are 

predominantly Vertisols.  The soil depth ranges from 30 to 120 cm (Sreedevi at al., 

2004).  
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The climate is semi-arid tropical dry, with a monsoonal rainy season that lasts for 

two to 4.5 months of the year (June to October).  Approximately 85% of the water 

supplied to the fields is generated from monsoonal rains.  The summer months are from 

March to June, and winter months from November to February.  Mean monthly air 

temperatures range between 18° and 42°C and the monthly average precipitation 

during the rainy months range between 0-430 mm (annual average ~90 mm), where 

potential evapotranspiration exceeds precipitation.  

Soil Sampling and Soil Analysis 

A set of 21 plots were sampled in February 2010 using a 400-m grid spacing 

within a 465 ha area (Figure 4-1a).  During sampling, geographic positioning system 

(GPS) coordinates were used to locate each sampling location.  A few samples were 

eliminated from the sampling due to site specific conditions, e.g., sample point was 

located in a waterway.  Within each plot, three soil core samples were collected from 

the top 30 cm and mixed to create a homogenous, composite sample 

A subsample of the soil sample was air-dried, ground, and sieved through a 2-mm 

screen for analysis of extractable nutrients.  A second subsample of the 2-mm sieved 

soil was further ground and sieved through a 53μm sieve for analysis of SOC and total 

nitrogen (TN).  The soil organic carbon (SOC) concentration determined using the 

Walkley-Black method (Nelson and Sommers, 1996).  Total nitrogen was estimated 

using the Kjeldahl method (referred to as total Kjeldahl nitrogen (TKN) (Kjeldahl, 1883).  

Soil moisture was determined on 10 g of soil dried at 105C for 24 hours.  The bulk 

density of the samples was determined by the field moist method using a core sample 

(diameter 50 mm) of known volume (100 cubic cm).  The soil pH was measured with a 
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glass electrode using soil to water ratio of 1:2.  Particle size analysis was conducted 

using the hydrometer method (Gee and Bauder, 1986). 

Geostatistical Analysis 

A geostatistical and exploratory spatial data analysis of physical and chemical 

properties was conducted using the commercial GIS software SpaceStat (BioMedware, 

Inc., 2011).  Based on the shape of sample histograms, a few variables were 

transformed (normal score transform, Goovaerts, 1997) before conducting the analysis 

since statistics, such as variograms, are sensitive to the presence of extreme values.  

Scatterplots were created to assess the correlation between soil C and potential 

covariates.  The experimental variogram of each soil property (e.g. soil texture, soil C) 

was computed and a model was fitted by least-square regression.  Ordinary kriging 

(OK) (i.e., a generalized least-square regression algorithm) was then used to predict 

values of soil properties at the nodes of an interpolation grid to illustrate how these soil 

properties vary across the watershed (Goovaerts, 1997).   

Simple block kriging was used to analyze the impact of sampling density on the 

estimation of SOC at the scale of a watershed.  The KV associated with the prediction 

of average soil organic carbon throughout the Kothapally watershed was computed for 

sampling grids with spacing ranging from 500 m (13 nodes) to 50 m (1169 nodes); see 

Figure 1. In all cases, the watershed was discretized using a 50 m spacing grid to 

compute the point-to-block covariances in the kriging system (Goovaerts, 1998).   

The benefit of incorporating secondary information in the prediction was explored 

using residual kriging (RK) whereby the prediction variance is obtained in three steps: 

(1) a linear regression is fitted between SOC observations and the covariates, (2) the 
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variogram of regression residuals is computed and used in simple block kriging, and (3) 

the simple block kriging variance is added to the variance of the regression estimate.  

The interpretation of the magnitude of the KV must be accomplished in relation to 

the objective of the analysis.  If the objective is to detect a change or difference in 

average SOC of magnitude D, the KV can be used to compute the probability that this 

difference can be detected with a given significance level.  The so-called power, which 

represents the probability to reject the null hypothesis of equality of means when the 

means are actually different, was calculated as: 

Power= (1- β error)         (4-1) 

Where, β error = G ((D+ zα /2) / √ (2*KV)) – G ((D–zα/2) /√ (2 * KV));  

z α = |G-1 (α/2)|; and  

G = cumulative distribution function for normal distribution, and α is the confidence 

level  

Geographically weighted regression (GWR) (Fotheringham et al., 2002) was 

conducted at the nodes of a 50 m-spacing grid to assess how the correlation between 

variables changed across the study area.  At each grid node ui, the regression model 

was built using the ten nearest neighbors.  To attenuate the impact of distant 

observations in the computation of the local regression coefficients, each observation 

received a weight that increases with its proximity to the grid node.  The following bi-

squared weights were assigned to each observation at ui: 

w αi = (1 -
22 Gd i )2    if d αi < G and 0 otherwise    (4-2) 

Where d αi is the Euclidian distance between u  and ui, and G is the bandwidth 

that was identified with the distance between ui and the tenth most distant observation.  

mk:@MSITStore:C:/Program%20Files%20(x86)/BioMedware/SpaceStat/SpaceStat_Help.chm::/references/References.htm#Fotheringham
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The bandwidth is therefore larger in sparsely sampled areas (spatially adaptive 

bandwidth). 

Results and Discussion 

Exploratory Data Analysis  

The histograms generated along with some basic statistics are provided in Figures 

4-2 and 4-3.  The histograms of soil SOC and TKN data were relatively symmetrical.  

The distribution of soil texture parameters (sand, silt, clay) was skewed and these 

observations were normal score transformed (Goovaerts, 1997) before geostatistical 

analysis.  The nature and strength of relationships for a few pairs of variables was 

quantified using scatterplots and correlation coefficients (Figures 4-4 through 4-6).  The 

correlation between SOC and TKN was linear with a strong correlation of 0.90.  The 

correlation between SOC and other covariates, such as % silt and soil moisture, was 

much weaker: 0.30. 

The maps of GWR-based correlation coefficients (Figure 4-7) illustrate how the 

relationship between SOC and two covariates (e.g., silt % and SOC %) changed across 

the Kothapally watershed.  The GWR for SOC and TKN showed a narrow range of 

correlation coefficients (0.81-0.98), where correlation was higher in areas that were 

more densely sampled.  The spatial distribution of correlation coefficients for SOC and 

soil moisture (SM) followed the spatial trend in SM data values within the watershed 

(Figure 4-8).  The correlation coefficient gradient (from 0.66 to 0.01) between SOC and 

silt % was consistent with the increase in silt % across the watershed (Figure 4-9). 

Variography  

The variograms generated to characterize the spatial variability of either SOC or 

the residuals of the linear regression between SOC and a secondary variable (e.g., silt 
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%) are shown in Figures 4-10 through 4-13.  All variograms (Figures4-10 through 4-13) 

are fairly flat with values close to the sample variance (horizontal dashed line), which 

indicates that most of the spatial variability across the watershed occurs at distances 

smaller than the shortest sampling interval.  The small number of observations 

available, combined with the relatively large separation distance between observations, 

makes the sample variograms hard to model.  In other words, ideally the observations 

should have been taken closer to each other.  The model was however fitted using 

least-square regression with the constraint of a zero nugget effect for most variables.  

As expected, the variograms of SOC residuals display a lower sill than the SOC 

variogram because the residual variability (i.e. variability that is not explained by 

secondary variables) is smaller than the original variability.  Similarly, the ranges of 

residual variograms tend to be shorter because the residual variability is typically less 

structured spatially after removal of the influence of covariates.  The SOC variogram 

range was 881m.  The SOC with silt % as a secondary variable showed results 

consistent with the silt distribution across the watershed and correlation map.  Because 

of the distinct change in silt content % across the watershed, the variability explained by 

the silt and SOC values drops off at 257m.  A similar result was observed in the SOC 

and TKN variogram but the range extends to 304m.  As such, using TKN and silt 

content % as secondary data reduced the range of the variograms. 

Sampling Design  

 The variogram model for SOC generated to predict the value of SOC and the 

associated KV at the nodes of a 50 m grid (point kriging) and to predict the average 

value for the watershed (block kriging) is shown in Figure 4-14.  Table 4-1 lists the 

results of the block KV computed for five sampling grids with 50, 100, 200, 300, and 400 
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m spacings, corresponding to a decreasing number of samples: from 1169 to 13.  

Figure 4-15 illustrates how the block KV increases as the number of samples 

decreases.  This greater KV results in wider confidence intervals that are listed in Table 

5-1.  Similarly, as the number of observations decreases and the prediction becomes 

less reliable, the ability to detect differences in SOC declines, as illustrated by the power 

curves in Figure 4-16. These curves are plotted for differences of increasing magnitude 

and show that the power of the method increases with wider differences and larger 

number of observations (i.e. smaller spacing of the sampling grid).  In other words, it is 

easier to detect changes in SOC content of larger magnitudes when more observations 

are available.  For example, for a 400 m sampling grid (21 samples) and D equal to 0.1, 

the power equals 0.35.  As the spacing grid decreases to 300 m (35 samples), the 

power increases to 0.70. 

Benefit of Secondary Information  

The kriging procedure described for SOC in text above was repeated using RK 

and different covariates: TKN, SM, and silt.  The KV decreases with the inclusion of 

these covariates (Figures. 4-17, 4-19, 4-21).  At the same time, the confidence intervals 

get narrower while the power to detect changes in SOC increases (Table 4-2 through 4-

4).  The power to detect differences in SOC ranging from 0.1 to 0.5 % was equal to 1 

given KV for sampling density for 50,100,200,300 and 400 grid spacing with secondary 

data (Figures. 4-18, 4-20, 4-22).  The power reached 1 for SOC detection as low as 0.2-

0.3 % when SM is used as secondary information.  Similarly, the power with silt % as a 

secondary data reached 1 with SOC detection of 0.3-0.4 % SOC.  
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Summary 

This study shows how information about the pattern of spatial autocorrelation can 

be used to determine the sampling density required for achieving a given accuracy of 

the estimation of the mean concentration of soil organic carbon.  The effect of the 

sampling density is quantified using power functions computed for different detection 

limits, D.  With this information, a researcher can determine the mean concentration of 

SOC at a fixed confidence interval and related sampling density required to meet the 

study objectives.  For example, if a researchers wishes to see an SOC difference of 0.2 

%, then 35 samples are required using a 300 m grid. 

Covariate TKN, SM, and silt % decreased KV, resulting in increased prediction at 

a fixed confidence interval.  However, the benefits of using secondary data TKN with 

respect to the cost of data collection and analysis are comparable to SOC.  Soil 

moisture and silt % may provide secondary data at a lower cost and still slightly 

increase the predictive power of SOC.  
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Table 4-1. Kriging Variance (KV), Sampling density, Stnd error, and 95%CI. 

Spacing (m) Sampling density KV* Std** error 95%CI*** 

50 1169 0.00000 0.00000 0.00000 

100 309 0.00002 0.00462 0.00925 

200 74 0.00019 0.01361 0.02721 

300 35 0.00053 0.02298 0.04595 

400 21 0.00109 0.03300 0.06601 

500 13 0.00218 0.04669 0.09338 
*Total kriging variance (KV) is equal to the squared standard error of regression plus the 
residual kriging variance 
**Std: standard 
*** CI represents Confidence Interval 
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Table 4-2. SOC and TKN. 

Spacing (m) Sampling density KV* Std** error 95%CI*** 

50 1169 0.00000 0.00000 0.00000 

100 309 0.00000 0.00150 0.00301 

200 74 0.00002 0.00442 0.00884 

300 35 0.00006 0.00800 0.01600 

400 21 0.00017 0.01300 0.02599 

500 13 0.00035 0.01877 0.03755 
*Total kriging variance (KV) is equal to the squared std error of regression plus the 
residual kriging variance 
**Std: standard 
*** CI represents Confidence Interval 
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Table 4-3. SOC and SM. 

Spacing (m) Sampling density KV* Std** error 95%CI*** 

50 1169 0.00000 0.00000 0.00000 

100 309 0.00001 0.00341 0.00682 

200 74 0.00010 0.01024 0.02049 

300 35 0.00031 0.01748 0.03497 

400 21 0.00067 0.02590 0.05180 

500 13 0.00143 0.03775 0.07550 
*Total kriging variance (KV) is equal to the squared std error of regression plus the 
residual kriging variance 
**Std: standard 
*** CI represents Confidence Interval 
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Table 4-4. SOC and Silt (%). 

Spacing (m) Sampling density KV* Std** error 95%CI*** 

50 1169 0.00000 0.00000 0.00000 

100 309 0.00007 0.00864 0.01728 

200 74 0.00038 0.01948 0.03895 

300 35 0.00088 0.02970 0.05941 

400 21 0.00157 0.03960 0.07920 

500 13 0.00269 0.05189 0.10378 
*Total kriging variance (KV) is equal to the squared std error of regression plus the 
residual kriging variance 
**Std: standard 
*** CI represents Confidence Interval 
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Figure 4-1.  (a) Location map of soil samples collected within the Kothapally 

microwatershed on February 2010, and three grids of increasing spacing 
intervals that were used for spatial interpolation and geographically-weighted 
regression: (b) 50-m grid, (c) 100-m grid, and (d) 200-m grid. 
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Figure 4-2. Histogram of Soil Organic Carbon (SOC) %.  Cumulative distribution is 

indicated by the blue line. 
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Figure 4-3. Histogram of TKN and summary statistics.  Cumulative distribution is 

indicated by the blue line. 
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Figure 4-4. Scatterplot of SOC and Total Kjeldahl Nitrogen (TKN), with summary 
statistics.  
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Figure 4- 5. Scatterplot of SOC and Soil Moisture (SM) normal scores, with summary 

statistics. 
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Figure 4-6. Scatterplot of SOC and Silt% normal scores, with summary statistics. 
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Figure 4-7. Map of local correlation coefficients estimated by geographically-weighted 
regression for three pairs of variables: a) SOC and total Kjeldahl nitrogen, b) 
SOC and soil moisture_normal scores, and c) SOC and silt_normal scores. 
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Figure 4-8. Soil Moisture (SM) (%) sampled values, Kothapally watershed, Andhra 

Pradesh, India, February 2010. 
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Figure 4-9. Silt content (%) sampled values, Kothapally watershed, Andhra Pradesh, 

India, February 2010. 
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Figure 4-10. Experimental variogram of soil organic carbon content (%) with the 

exponential model fitted, sill: 0.04532, nugget: 0.0, range: 495 meters. The 
horizontal dashed line denotes the variance of the observations. ϒ(h) = 
variogram value. 
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Figure 4-11. Experimental variogram of carbon content (%) regression residuals when 

using TKN (mg/kg) as secondary variable. The fitted model is spherical with a 
sill: 0.00593, nugget: 0.0, range: 304 meters. The horizontal dashed line 
denotes the variance of the observations. ϒ(h) = variogram value. 
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Figure 4-12. Experimental variogram of soil organic carbon content (%) regression 

residuals when using soil moisture (%) normal scores as secondary variable. 
The fitted model is exponential with a sill: 0.04353, nugget: 0.0, range: 881 
meters. The horizontal dashed line denotes the variance of the observations. 
ϒ(h) = variogram value. 
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Figure 4-13. Experimental variogram of soil organic carbon content (%) regression 

residuals when using silt (%) normal scores as secondary variable. The fitted 
model is exponential with a sill: 0.02408, nugget: 0.01465, range: 257 meters. 
The horizontal dashed line denotes the variance of the observations. ϒ(h) = 
variogram value. 
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Figure 4-14. Map of ordinary kriging results: a) estimated values, and b) kriging variance 

(KV) for SOC, Kothapally watershed, Andhra Pradesh, India, February 2010. 
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Figure 4-15. Increase in the prediction variance of soil organic carbon (SOC) as the 

sampling grid increases, Kothapally watershed, Andhra Pradesh, India, 
February 2010. 
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Figure 4- 16. Power for the detection of a given difference in soil organic carbon (SOC) 

for sampling grids with a spacing ranging from 50 to 500 meters, Kothapally 
watershed, Andhra Pradesh, India, February 2010. 
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Figure 4-17. Increase in the prediction variance of soil organic carbon (SOC) with 

secondary variable total kjedahl nitrogen (TKN) normal scores as the 
sampling grid increases, Kothapally watershed, Andhra Pradesh, India, 
February 2010. 
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Figure 4-18. Power for the detection of a given difference in Soil organic carbon (SOC) 

using secondary variable TKN normal scores and sampling grids with a 
spacing ranging from 50 to 500 meters, Kothapally watershed, Andhra 
Pradesh, India, February 2010. 
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Figure 4-19. Increase in the prediction variance of soil organic carbon (SOC) with 

secondary variable soil moisture normal scores as the sampling grid 
increases, Kothapally watershed, Andhra Pradesh, India, February 2010. 
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Figure 4-20. Soil organic carbon (SOC) with secondary variable soil moisture for 

sampling grids with a spacing ranging from 50 to 500 meters, Kothapally 
watershed, Andhra Pradesh, India, February 2010. 
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Figure 4-21. Increase in the prediction variance of soil organic carbon (SOC) with 

secondary variable silt content (%) normal scores as the sampling grid 
increases, Kothapally watershed, Andhra Pradesh, India, February 2010. 
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Figure 4-22. Soil organic carbon (SOC) for sampling grids with secondary variable silt 

content with a spacing ranging from 50 to 500 meters, Kothapally watershed, 
Andhra Pradesh, India, February 2010. 
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CHAPTER 5 
QUANTIFICATION OF UNCERTAINTY IN MODELABLE AND MEASUREABLE SOIL 

ORGANIC CARBON POOLS 

Background 

Uncertainty or variability is presented by both measured and modeled soil organic 

carbon.  In an agroecosystem, the effects of driving factors external to the system such 

as land use or management (e.g. tillage) change this variability.  Narrowing the gap 

between measureable soil organic matter (SOM) fractions and modeled SOM pools will 

increase the opportunity to validate model simulations and subsequently increase the 

current understanding of carbon (C) dynamics.  My approach to narrowing this gap and 

the main objective of this study is to investigate the differences between a physical 

fractionation method to measure C pools and three model-based initialization 

approaches in the Century-based DSSAT (the Decision Support for System for 

Agrotechnology Transfer) model (Gijsman et al., 2002; Porter et al., 2009 to model soil 

organic carbon (SOC).  Further, data from one short-term (16-month) study (Study 2 

Chapter 3) are used to compare the measured and the modeled approaches, to quantify 

the uncertainty presented by both.  I hypothesized that the investigation and the 

quantification of the uncertainty presented by both modeled and measured soil organic 

carbon would improve our the current understanding of soil C pool initialization for use 

in simulating carbon dynamics for decision support for SOM management.  

Description of Measured Soil Organic Matter Fractions 

Physical Characteristics 

Soil texture affects the decomposition of SOM, with decomposition rates 

decreasing in the order of sand>clay>silt (Christopher et al., 2008). Many of the studies 

of decomposability and soil texture were based on the investigation of SOM-aggregate 
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conceptual models (Emerson, 1959), microaggregate stabilization theory (Edwards and 

Bremner, 1967), and the concept “soil aggregate hierarchy” developed by Tisdall and 

Oades (1982). Elliot (1986) tested the conceptual models using fractionation methods 

and a series of field experiments. Using the Elliot (1986) wet-sieving size fractionation 

procedure, the soil is separated into three size classes: macro (2000-212 μm), micro 

(212-53 μm), and a silt- and clay-size fraction (<53μm). The macro (2000-212 μm) and 

micro (212-53 μm) size fractions typically have sand, silt, and clay aggregated particles, 

whereas the silt-and clay-size fraction (<53μm) is sand-free. In addition, researchers 

(e.g., Six et al., 1998) developed conceptual models to assess the C associated with 

each size fraction in relation to management practices in agroecosystems.  Quantitative 

methods used to fractionate soils include density-and size-based fractionation methods 

(Wander, 2004). 

As fresh organic matter (FOM) (i.e., litter incorporated into the soil from the 

previous crop) enters the soil, the organic matter fragments into smaller particles, 

referred to as particulate organic matter (POM). These POM particles are associated 

with the >53 μm size fraction (Six et al., 2004).  The POM may constitute a large portion 

of SOM (Wander, 2004).  Some literature states that the percent of POM present in the 

soil may range from 20-40% (Six et al., 1998; Six et al., 2000).  Wander (2004) states 

that in mineral soils, the POM may account for approximately 25% or less of the total 

SOM. Other studies (e.g., Skjemstad et al., 1993) found that the amount of C 

associated with the silt and clay size fractions is approximately 59% of the total carbon.  

In general, studies show that as the sand content increases, the portion of carbon in the 

POM increases (Six et al., 2004).  In coarser-textured soils, POM content tends to 
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decline with increasing clay content (Wander, 2004).  POM content tends to be higher in 

loam compared to sandy loam or silty loam soils (Six et al., 2000).  

Biological Characteristics 

Soil biological organisms mediate SOM and thus the cycling of nutrients within 

organic matter.  As the microbial organisms consume the organic matter, they produce 

organic compounds that act as binding agents in soil aggregation and assist in C 

stabilization in soil , resulting in C that may not decay for centuries (Six et al., 2004).  

Soil organic matter is also lost or respired due to biological microbial activity.  The 

organic matter and the organic compounds, produced by the microbes, incorporated 

into the soil are also often associated with some of the C in each of the  aggregate size 

classes or size fractions (2000-212, 212-53, <53 µm).  Organic matter and/or 

compounds associated with each size fraction are biologically characterized by their 

turnover time or decomposition rate.  Depending on the crop, the >53 µm (2000-212, 

212-53 µm) size fractions have a potential decomposition rate comparable to that of the 

crop (Six et al., 2000).  It is hypothesized that FOM inputs will mineralize at a similar 

rate as free organic matter (i.e. not occluded within aggregates) already within the soil 

(Six et al., 2002). However, and noteworthy, if disturbance (i.e., tillage) to the system is 

frequent enough, then the turnover of the 2000-212 µm may be fast enough to stabilize 

(e.g., occlude) FOM (Six et al., 2004).  Also noteworthy, there is a lack of information on 

the time scales turnover in relation to inputs of FOM in agroecosystems.  Some general 

estimates do exist, for example, Plante et al. (2002) estimated the mean residence time 

of the 2000-212 µm to average 27days with estimates as low as 5 days.  

Studies have shown that the SOM associated with the <53-µm fraction is not 

microbially derived (Six et al., 2000).  The chemical composition of the C compounds 
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(e.g., aromatic carbon structures) associated with the <53 µm suggest that these 

compounds are resistant to decomposition (Christiansen, 1996).  Also noteworthy, 

densiometric analyses of silt-sized organo-mineral complexes do not lead to distinct and 

homogeneous pools of organic matter with different turnover times, and thus methods 

such as size fractionation may provide more reliable estimates (Six et al., 2000).   

Chemical Characteristics 

Carbon compounds, carbohydrates, amino acids and proteins, nucleic acids, 

lipids, lignins, and humus (in that order) have different degrees of decomposability 

(Cadisch and Giller, 1997).  The FOM added to the soil surface is not always 

considered to be part of the active SOM pool, however, the characteristics of the FOM 

(e.g., lignin content) are relevant to the determination of the active pool (Porter et al., 

2009). Chemically recalcitrant SOM structures contribute to the recalcitrant pool if these 

structures are associated with fine-particle-size fraction (<53 µm) (Six et al., 2000). 

Research has shown that the <53-µm size fraction is primarily associated with aromatic 

C compounds (e.g., lignin) (Oades, 1990; Christensen, 1996). 

Description of Modeled Soil Organic Matter Pools 

The measured SOM fractions (described above) are thought to be equivalent to 

modeled conceptual SOM fractions or pools, if and only if these fractions are unique 

and not composed of more than one biologically C pool, defined by decomposition rate 

(Smith et al., 1997).  The simplification of the SOM dynamics in a modeling environment 

is a tool that allows for extrapolation from current knowledge on SOM to test 

environmental and management effects on SOC cycling.  To reiterate, conceptual 

(modeled) SOM pools do not correspond directly with experimentally measured SOM 

fractions. The modeled conceptual pools are defined on the basis of ranges of 
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decomposition rates, which may include C from different size classes as determined by 

physical fractionation methods. 

Biological Characteristics 

Similar to the measured SOM fractions, the modeled SOM pools are biologically 

characterized by their turnover times or decomposition rates.  Soil biological organisms 

or microbial biomass are considered as an active pool of C, SOM 1, with a turnover time 

of days (Parton et al., 1987, 1988).  The organic matter and the organic compounds, 

produced by the microbes, incorporated into the soil are often associated with an 

intermediate pool of C, SOM 2, with a turnover time of years (Porter et al., 2009).  The 

FOM inputs are considered to mineralize at a similar rate as the crop, in particular 

based on the metabolic (e.g., sugars) and structural (e.g., lignin) litter. The organic 

matter that is stabilized in the soil is associated with a passive pool of C, with a turnover 

time of hundreds of years (Porter et al., 2009).  To initialize the SOM pools in DSSAT, 

FOM  is subtracted from the total organic carbon pool (Porter et al., 2009).  In general, 

the decomposition rate of organic matter is computed on a daily basis, resulting in a 

shift of the amounts of organic matter from more active pools (FOM and SOM 1) to 

stable pools (SOM 2 and SOM 3) (Porter et al., 2009).  

Chemical 

Carbon compounds (e.g., proteins, sugars, lignins) are considered in the FOM 

added to the soil surface. Chemically recalcitrant SOM structures (e.g., lignin) are 

conceptually included in the SOM 2 and SOM 3 pools, but are not considered in 

initialization procedures for the DSSAT model.  
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Physical 

In general, the modeled effect of increasing clay content is (1) decreased 

decomposition of carbon in SOM 1; (2) decreased carbon in SOM 1 from the SOM 2 

pool; (3) decreased carbon in SOM 2; and (4) increased carbon in SOM 3 (Porter et al., 

2009).  Further, one of the initialization procedures for DSSAT considers the SOM 3 

pool in relation to the silt and clay size fraction, as described below in model 

initialization procedures, Adiku (published in Porter et al., 2009). 

Description of Different Model Initialization Procedures 

Gijsman et al. (2002);- Porter et al. (2009) Method 

Gijsman et al. (2002) approach uses a field history code, representing one of two 

management scenarios (i.e., grassland and cultivated). This method was later modified 

(Porter et al., 2009) to include the duration in years that the management scenario had 

been in effect before the start of simulation.  The other two pools, SOM 1 and SOM 2, 

are then assumed to be 5% and 95% of the remaining amount of soil carbon, 

respectively.   

Basso et al. (2011) 

The Basso et al. (2011) approach is similar to the Gijsman - Porter approach, but 

uses an iterative procedural approach to estimate soil C pools using field specific 

management history and soils.  An initial total C value is run for a set timeframe, 

iteratively until the measured target total C value is realized.  At the end of the iteration 

the total C value should match the observed soil C for that field, and the SOM 1, SOM 2 

and SOM 3 pools that are predicted in the model for that sequence of simulations are 

assumed to be the initial conditions for forward simulations.  Because the 

decomposition of SOM 2 occurs on the order of years, this conceptual C pool may be 
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estimable within the timeframe of most available data (i.e. on the timescale of 20 to 50 

years).  Importantly, this method allows the user to approximate the SOC pools based 

on observed total soil C and limited field history information. 

Linear Regression Approach Developed by Adiku (published in Porter et al., 2009) 

The linear regression approach developed by Adiku (personal communication, 

Gainesville, FL) is based on a set of linear regression equations for mineral-associated 

carbon following concepts developed by Duxbury (2006).  Adiku (published in Porter et 

al., 2009) refined the linear equations to use the silt and clay size fraction of the soil, 

rather than the total carbon, to estimate the recalcitrant C pools, namely SOM 3.  The 

other two pools are then estimated based on an assumption that the remaining C after 

computing SOM 3 C was composed of 5% of microbial C (SOM 1) and 95% of 

intermediate C (Equation 5-2).  

SOM3= (0.015 * (clay + silt) + 0.069) / OC      (5-2) 

Where SOCT=0.05*(1.0-SOM3)         

And, SOMT=1.0-SOM3-SOCT        

Materials and Methods 

Assumptions Used for the Comparison of Measured and Modeled Pools 

Biological, physical, and chemical characterization of both measured soil organic 

carbon fractions and modeled soil carbon pools are described above in text. Based on 

these descriptions, the following assumptions were made for comparison of measured 

and of modeled soil organic carbon.  The FOM is not included in the total measured soil 

organic carbon; it is added at the point of model initialization given the selected crops, in 

this case, maize (Zea mays L.) and chickpea (Cicer arietinum L.) and respective model 

reference values for C compounds (e.g., sugars, proteins, lignin).  Measured soil 



 

 107 

microbial biomass carbon (SMBC) and the active SOM 1 are compared, assuming the 

measured fraction is composed of material that decomposes at the same rate.  

Measured silt- and clay-associated soil organic carbon (<53 µm) and the passive, SOM 

3 pool are compared.  Finally, SOM 2 is considered as SOM 2 = 1-SOM 3 – SOM 1 and 

compared to the >53µm size fraction or POM fraction defined in the introduction of 

physical fractions. 

The implications of the noted assumptions are as follows.  Given previously 

described work by Six et al. (2000), the decomposition rate of the FOM in the soil may 

be the same as that of the respective crop grown on the soil in no tillage systems. 

However, due to the disturbance and mechanical breakdown of litter in tilled soils, the 

decomposition rate as well as the occlusion of carbon material within aggregates may 

increase.  As such, if model simulations are run using different growing seasons in tilled 

soils, the total C and SOM pools model estimates may not be reasonable compared to 

measured SOC values.  Note that planting may also cause soil disturbance within the 

DSSAT model. 

Descriptions of Initialization Approaches: Investigations using my data  

Description of Experimental Unit 

Study 2, CHAPTER 3 data were used for this study. The research was conducted 

on Vertisols at the ICRISAT farm in Patancheru (Hyderabad, India).  

In this study, crops were grown without irrigation and solely dependent on rainfall.  

Depending on the treatments, one or two crops were grown per year: the winter season 

crop (the post-rainy season crops were grown during November to February) and the 

summer season crop (the rainy season crops were grown during June to October).   
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The climate is semi-arid tropical, with a rainy season that lasts for 2 to 4.5 months 

from June to October (S-W monsoon), post-rainy season (October mid -February), and 

summer season (March to May).  Mean monthly air temperatures range between 18° 

and 42°C, with average precipitation during the rainy months of 50 mm, where potential 

evapotranspiration exceeds precipitation for 3 or more months of the year.  

Historical Land Use 

The original vegetation was predominately grassland.  Conversion to cultivated 

crops started in the 1920s, and more intensive cultivation occurred in the 1970s.  During 

the four years before the initiation of the study, the study site was cultivated with maize 

alternated by chickpea every other year.  The land-use history was variable previous to 

that time.   

Land Use: Data as Considered within the Model 

The maize-based cropping system was used with a combination of two treatments: 

no tillage (NT), all crop residues (AR) and conventional tillage (CT), no crop residue 

(NR).  The measured values were also for the maize rotation with chickpea, but for 

minimum tillage and not no-tillage, so there may be some discrepancy in the 

comparison due to this difference in modeled and experimental factors.  Noteworthy, 

however, is that the operational component in the no-tillage option in DSSAT is that 

planting occurs, in which there is some disturbance to the soil. 

The total SOC is estimated in units kg/ha, partitioned into each SOM pool (also in 

units kg/ha).  The Basso et al. (2011) approach was initialized using a reasonable total 

SOC value, based on historic SOC data for the area, to spin-upreach a measured SOC 

value or the target total SOC value (Figure 5-1). The simulation was run for 20 years. 

This procedure was run iteratively until the target total SOC value was realized. This 
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procedure allows for a spin-up period and establishment of total SOC as well as SOM 

pool values in the model. Also, after the target value was realized, the simulation was 

continued for an additional time period of two years with the total SOC and SOM pool 

values estimated at the end of the run-up period.  For each observation, a range of 4-20 

iterations were run to meet the target measured total SOC value.  

The Gijsman initialization procedure used the initial values for total carbon (i.e., 

observed values) and an assumed 20-year land-use history.  The land-use history 

assumed was poorly managed, previously grassland.  The Adiku (published in Porter et 

al., 2009) approach was initialized using the initial values (i.e., observed values) for total 

carbon assuming only the silt+clay content was known.  

Measured SOC Fractions: Soil sampling and analysis 

Soil samples were collected in June 2009, before the start of the experiment for 

soil characterization, at 0-30 cm soil depths.  For each plot, three sub-samples were 

randomly collected and mixed together to create one composite soil sample.  All 

samples were air dried and sieved through a 2-mm sieve.  The bulk density of the soil 

samples was determined using core samples (diameter 50 mm) of known volume (100 

cubic cm), wet weight minus oven-dried weight.  Soil moisture was estimated for 10 g of 

soil, wet weight minus oven-dry soil.  Samples were dried at 105ºC for 24 h.  The soil 

pH was measured with a glass electrode using soil to water ratio of 1:2 and particle size 

by hydrometer method (Gee and Bauder, 1986). 

Modified Wet Sieving Procedure 

The soil was separated into three size classes: macro (2000-212 μm), micro (212-

53 μm), and a silt- and clay-size fraction (<53 μm) following a modified wet sieving 

procedure of Elliott (1986).  100 g of air-dried soil was submerged in a 500-mL beaker 
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of deionizer water and thus subjected to the disruptive forces of slaking for about 5 min 

before placing it on top of a 212-μm sieve.  The sieving was done manually.  An attempt 

was made to use comparable energy input by moving the sieve up and down 

approximately 50 times in 2 min.  The fraction remaining on the top of a 212μm sieve 

was collected in a hard plastic pan and allowed to oven dry at 65°C and weighed.  

Water plus soil <212μm was poured through a 53μm sieve, and the same sieving 

procedure was repeated.  The average recovery mass percentage of soil fractions after 

the wet sieving procedure was 97% of the initial soil mass.   

Microbial and Total Soil Organic Carbon Fraction 

The SOC concentration of soil size fractions and the whole soil was determined 

using the Walkley-Black method (Nelson and Sommers, 1996).  The SMBC was 

estimated using chloroform fumigation (Anderson and Domsoh, 1978 and Brookes et 

al., 1985).  

Statistical Comparison of Measured and Modeled Values  

An analysis of variance (ANOVA) was run on all data, each data point was 

assumed to be an independent observation.  Comparison of measured and modeled 

values was observed using x-y plots of simulated vs. observed data, R-squared values 

and root mean square error (RMSE) values.  Mean FOM values were available, but 

replication wise FOM values were not available, so there was no statistical comparison 

between values measured and simulated values.  However, using inspection, simulated 

values were compared between each initialization approach.  

Results  

Values used to compare with the simulated data included measured data from 

June 2009 and November 2010 (Table 5-1). The output values for the Basso et al. 
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(2011) initialization procedure are presented in Table 5-2 with the start-up or 

initialization total carbon value used to reach the measured target total carbon values 

(also noted in the table) (Table 5-2).  The output values using the Gijsman - Porter 

approach are shown in the total carbon and each carbon pool value (Table 5-3). 

Similarly, the output values using the Adiku (published in Porter 2009) approach are 

shown in the total carbon and each carbon pool value (Table 5-4)  

Comparison between the Basso et al. (2011) initialization approach and observed 

values showed low correlation between observed and simulated SOM 2 values 

(R2=0.23; RMSE=55.87) and total carbon values (R2=0.24; RMSE=148.11), with no 

correlation in SOM 1 and SOM 3 values (Figure 5-1). Observed values ranged between 

500 to 2000 kg/ha and simulated values ranged between 0 to -150 kg/ha for SOM 2.  

Comparison between the Gijsman - Porter initialization approach and observed values 

showed a good correlation between observed and simulated values SOM 1 (R2=0.80; 

RMSE=4.99) and total carbon (R2=0.80; RMSE=109.98) (Figure 5-2).  Observed values 

ranged between -1000 to 1500 kg/ha and simulated values ranged between -65 to -65 

kg/hafor SOM 1.  Comparison between Adiku (published in Porter et al., 2009) 

initialization procedure and observed values showed good correlation between the SOM 

3 (R2=0.47; RMSE=0.98) and total carbon (R2=0.64; RMSE=140.35), and low 

correlation for SOM 1 (R2=0.23; RMSE=14.18) and SOM 2 (R2=0.10; RMSE=208.97)  

(Figure 5-3).  Observed values ranged between -1500 to 1000 kg/ha and simulated 

values ranged between 15.5 to 19.6 kg/ha.  A comparison between observed and 

simulated values for each initialization approach by treatment showed no or low 

correlation for each appraoch (Figure 5-4).  
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The Basso et al. (2011) approach best estimated the SOM 2 pool. I hypothesize 

that the disturbance and or distribution of FOM into the SOM pools is in part accounted 

for using this approach, even when limited or no FOM information is available.  In other 

words, given the appropriate season and year, reference values for FOM inputs for 

selected crops within the area can be used to implement the model.  When the iterative 

approach is used to reach the measured target total SOC value, it will also apply the 

FOM to the soil system.  This kindof a spin-up to initialize the SOM pools and FOM 

values based on the measured total SOC value may reduce uncertaintly within the 

simulated values.  The good correlation between measured and simulated SOM 1 

values using the Gijsman et al. (2002) approach (R2=0.80; RMSE=4.99) may indicate 

that the ratios assumed for the SOM 1 pool in the DSSAT model (i.e., SOM 1 equivalent 

to ~5 % of the total C) allows the model to account for 80% of the variability of the active 

C in simulated C dynamics.  The correlation between measured and simulated SOM 3 

values using the Adiku (published in Porter et al., 2009) approach (R2=0.47; 

RMSE=0.98). suggests that this approach best estimated the SOM 3 pool, however 

some improvements to this approach may further reduce the uncertainty of modeled 

SOM values.  

Discussion 

This study used three different methods to estimate initial soil C pools for use in 

the DSSAT-Century model and compared those pools with those measured using soil 

samples from the field and a fraction method. There was considerable variability in the 

field sample measurements of total soil C (in 2009 and 2010), and in the fractions 

obtained from the laboratory procedure. Calculations of changes in soil C during a 16-

month time period were made by subtracting soil C measured in 2009 from 
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measurements in the same plots 16 months later. These changes varied between about 

+ 2,500 to – 1,500 kg/ha among the different replications. 

Simulated changes in soil C during this same time period were mostly negative, 

meaning that the model predicted net losses in total soil C during that 16 month time 

period, but the magnitude of the simulated C losses varied considerably among the 

different model-based procedures that were used (varying between about + 200 to – 

200, -300 to – 800, and -1,300 to -1,900 kg/ha for the Basso, Gijsman-Porter, and Adiku 

procedures, respectively. This variation among procedures highlights the initialization 

problem discussed earlier in the chapter. The fact that the magnitudes of these 

simulated changes were generally lower in magnitude than the soil C changes that were 

observed also highlights the problem of reliable initialization of soil C pools in the model 

Comparing the C pools determined from the three model-based procedures 

indicated that there are significant correlations between fractionation pool sizes and 

those estimated by model procedures. For example, the Basso procedure showed the 

highest correlation between the >53µm-size fraction and SOM 2 C and the Adiku 

method was highest correlated with the <53µm-size fraction that was assumed to be 

associated with SOM3. However, these relationships are only indicators that 

fractionation methods may be correlated with pools estimated using model-based 

procedures. The relationships should not be used without additional research. Further 

study and assessment of, and comparison between, observed and simulated SOC 

pools throughout a longer period of time are needed to evaluate the adequacy of 

modeled C pool predictions based on initialization using fractionation methods.  Further 

comparison of methods to measure SOC may also be required for comparison between 
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measured and modeled pools.  Further refinement of soil C models is desirable such 

that the models make use of observable pools instead of conceptual pools based strictly 

on decomposition rate time constants. 
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Table 5-1. Measured data for simulations, 2009-10, ICRISAT, India 

Rep Treatment Fraction June'09 [mg/g] June 2009 [kg/ha] Nov10 [mg/g] Nov2010 [kg/ha] 

R1 CTNR1 TotC 3.80 14820 3.68 14339 
R1 MTAR TotC 3.70 14430 4.34 16910 
R2 MTAR TotC 3.60 14040 4.34 16924 
R2 CTNR TotC 3.70 14430 3.38 13165 
R3 MTAR TotC 3.80 14820 4.25 16575 
R3 CTNR TotC 3.40 13260 3.79 14786 
R1 CTNR 1 2.10 8185 1.91 7434 
R1 CTNR 2 0.51 1984 0.99 3848 
R1 CTNR 3 0.84 3260 0.79 3070 
R2 CTNR 1 1.99 7777 1.88 7342 
R2 CTNR 2 0.52 2031 0.72 2811 
R2 CTNR 3 1.14 4465 0.77 3012 
R3 CTNR 1 1.76 6872 2.04 7953 
R3 CTNR 2 0.44 1726 0.91 3561 
R3 CTNR 3 0.85 3308 0.84 3273 
R1 MTAR 1 2.15 8386 2.50 9754 
R1 MTAR 2 0.82 3206 0.89 3466 
R1 MTAR 3 0.72 2813 0.95 3690 
R2 MTAR 1 2.30 8969 2.49 9729 
R2 MTAR 2 0.61 2361 1.06 4116 
R2 MTAR 3 0.55 2163 0.80 3120 
R3 MTAR 1 2.34 9125 2.44 9533 
R3 MTAR 2 0.75 2909 0.95 3709 
R3 MTAR 3 0.67 2602 0.85 3333 

1  
CT=conventional tillage, MT=minimum tillage, NR=no residue, AR=all residue, Rep=replication , where R1=replication 1, etc. 
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Table 5-2. Output data for simulations for Basso et al. (2011) initialization procedure, 2009-10, ICRISAT, India  
rep   Treatment fraction i totC (conc) target totC (conc) i simulated (kg/ha) totC (conc) simulated (kg/ha) @ 2 yrs 

R1 CTNR
1 

TotC 0.47 0.38 14285 0.375 14097 

R2 CTNR TotC 0.46 0.37 14000 0.367 13817 

R3 CTNR TotC 0.43 0.346 13148 0.344 12977 

R1 CTNR 1 

  

121 

 

103 

R1 CTNR 2 

  

2175 

 

2053 

R1 CTNR 3 

  

11916 

 

11880 

R1 CTNR FOM 

  

74 

 

62 

R2 CTNR 1 

  

120 

 

102 

R2 CTNR 2 

  

2145 

 

2026 

R2 CTNR 3 

  

11663 

 

11628 

R2 CTNR FOM 

  

74 

 

62 

R3 CTNR 1 

  

116 

 

99 

R3 CTNR 2 

  

2053 

 

1944 

R3 CTNR 3 

  

10905 

 

10873 

R3 CTNR FOM 

  

74 

 

62 

R1 MTAR TotC 0.44 0.343 13564 0.343 13373 

R2 MTAR TotC 0.45 0.36 13848 0.352 14032 

R3 MTAR TotC 0.48 0.384 14697 0.38 14490 

R1 MTAR 1 

  

121 

 

103 

R1 MTAR 2 

  

2218 

 

2090 

R1 MTAR 3 

  

11151 

 

11119 

R1 MTAR FOM 

  

74 

 

62 

R2 MTAR 1 

  

122 

 

122 

R2 MTAR 2 

  

2249 

 

2262 

R2 MTAR 3 

  

11404 

 

11577 

R2 MTAR FOM 

  

72 

 

71 

R3 MTAR 1 

  

126 

 

107 

R3 MTAR 2 

  

2338 

 

2197 

R3 MTAR 3 

  

12161 

 

12125 

R3 MTAR FOM     72   60 
1  

CT=conventional tillage, MT=minimum tillage, NR=no residue, AR=all residue, Rep=replication , where R1=replication 1, etc. 
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Table 5-3. Output data for simulations for Gijsman-Porter (Gijsman et al., 2002; Porter et al., 2009) initialization 
procedure, 2009-10, ICRISAT, India  

 Rep  Treatment fraction i totC (conc) i (kg/ha) totC (conc) simulated (kg/ha) @ 2 yrs 

R1 CTNR
1 

TotC 0.38 14820 0.358 140440 

R2 CTNR TotC 0.37 14430 0.349 13684 

R3 CTNR TotC 0.34 13260 0.321 12596 

R1 CTNR 1 

 

247 

 

156 

R1 CTNR 2 

 

4599 

 

3896 

R1 CTNR 3 

 

9979 

 

9930 

R1 CTNR FOM 

 

0 

 

62 

R2 CTNR 1 

 

236 

 

154 

R2 CTNR 2 

 

4478 

 

3799 

R2 CTNR 3 

 

9716 

 

9669 

R2 CTNR FOM 

 

0 

 

62 

R3 CTNR 1 

 

217 

 

144 

R3 CTNR 2 

 

4115 

 

3504 

R3 CTNR 3 

 

8928 

 

8885 

R3 CTNR FOM 

 

0 

 

62 

R1 MTAR TotC 0.34 13260 0.321 12968 

R2 MTAR TotC 0.35 13650 0.33 13330 

R3 MTAR TotC 0.38 14820 0.358 14411 

R1 MTAR 1 

 

217 

 

156 

R1 MTAR 2 

 

4115 

 

3866 

R1 MTAR 3 

 

8928 

 

8884 

R1 MTAR FOM 

 

0 

 

62 

R2 MTAR 1 

 

223 

 

159 

R2 MTAR 2 

 

4236 

 

3964 

R2 MTAR 3 

 

9191 

 

9146 

R2 MTAR FOM 

 

0 

 

62 

R3 MTAR 1 

 

242 

 

167 

R3 MTAR 2 

 

4599 

 

4253 

R3 MTAR 3 

 

9979 

 

9929 

R3 MTAR FOM   0   62 

       
1  

CT=conventional tillage, MT=minimum tillage, NR=no residue, AR=all residue, Rep=replication , where R1=replication 1, etc. 
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Table 5-4. Output data for simulations for Adiku (in Porter et al., 2009) initialization procedure, 2009-10, ICRISAT, India  
 Rep  treatment fraction i totC (conc) i (kg/ha) totC (conc) simulated (kg/ha) @ 2 yrs 

R1 CTNR
1 

TotC 0.38 14820 0.32 12978 

R2 CTNR TotC 0.37 14430 0.312 12643 

R3 CTNR TotC 0.34 13260 0.287 11639 

R1 CTNR 1 

 

489 

 

259 

R1 CTNR 2 

 

9292 

 

7596 

R1 CTNR 3 

 

5039 

 

5056 

R1 CTNR FOM 

 

0 

 

67 

R2 CTNR 1 

 

476 

 

253 

R2 CTNR 2 

 

9048 

 

7400 

R2 CTNR 3 

 

4906 

 

4923 

R2 CTNR FOM 

 

0 

 

66 

R3 CTNR 1 

 

438 

 

236 

R3 CTNR 2 

 

8314 

 

6813 

R3 CTNR 3 

 

4508 

 

4524 

R3 CTNR FOM 

 

0 

 

66 

R1 MTAR TotC 0.38 14820 0.318 13305 

R2 MTAR TotC 0.37 14430 0.31 12972 

R3 MTAR TotC 0.34 13260 0.285 11974 

R1 MTAR 1 

 

489 

 

269 

R1 MTAR 2 

 

9292 

 

7911 

R1 MTAR 3 

 

5039 

 

5058 

R1 MTAR FOM 

 

0 

 

85 

R2 MTAR 1 

 

476 

 

264 

R2 MTAR 2 

 

9048 

 

7717 

R2 MTAR 3 

 

4906 

 

4925 

R2 MTAR FOM 

 

0 

 

67 

R3 MTAR 1 

 

438 0.285 247 

R3 MTAR 2 

 

8314 

 

7136 

R3 MTAR 3 

 

4508 

 

4526 

R3 MTAR FOM   0   66 
1  

CT=conventional tillage, MT=minimum tillage, NR=no residue, AR=all residue, Rep=replication , where R1=replication 1, etc. 
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Figure 5-1. Basso et al. (2011) iterative initialization approach, DSSAT, 2012. 

The star indicates the measured target total C point. 

 

 

 

 

 

 

 

 

 

 

 

 



 

120 

  

  
Figure 5-2. Comparison between Basso et al. (2011) and observed values (n=6): (a) 

SOM 1 (R2=0.05; RMSE=8.03), (b) SOM 2 (R2=0.23; RMSE=55.87), (c) SOM 
3 (R2=0.19; RMSE=85.13), (d) totC (R2=0.24; RMSE=148.11). Units: kg/ha. 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 5-3. Comparison between Gijsman - Porter approach and observed values (n=6): 

(a) SOM 1 (R2=0.80; RMSE=4.99), (b) SOM 2 (R2=0.17; RMSE=213.43), (c) 
SOM 3 (R2=0.02; RMSE=3.10), (d) totC (R2=0.80; RMSE=109.98). Units: 
kg/ha. 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 5-4. Comparison between Adiku (published in Porter et al., 2009) and observed 

values (n=6): (a) SOM 1 (R2=0.23; RMSE=14.18), (b) SOM 2 (R2=0.10; 
RMSE=208.97), (c) SOM 3 (R2=0.47; RMSE=0.98), (d) totC (R2=0.64; 
RMSE=140.35). Units: kg/ha. 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Figure 5-5. Comparison between each treatment using each approach (n=12): Basso et 

al. (2011) (a) conventional tillage, no residue (R2=0.04; RMSE=70.56) and (b) 
minimum tillage, all residue (R2=0.02; RMSE=128.80); Gijsman et al. (2002) 
(c) conventional tillage, no residue (R2=0.14; RMSE=323.70) and (d) 
minimum tillage, all residue (R2=0.28; RMSE=124.60);and Adiku (published in 
Porter et al. (2009) (e) conventional tillage, no residue (R2=0.16; 
RMSE=802.78) and (f) minimum tillage, all residue (R2=0.32; 
RMSE=577.83).Units: kg/ha.Units: kg/ha. 

(a) (b) 

(c) (d) 

(e) (f) 
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CHAPTER 6 
SYNTHESIS AND CONCLUSIONS 

This dissertation evaluates the semi-arid tropical soils ability to store C under 

diversified conservation management practices. Specifically, this research attempts to 

answer the question: How do diversified conservation management practices affect 

carbon biogeochemistry in semiarid tropical soils? 

The first aim of this dissertation was to investigate C accumulation and vertical 

distribution in diversified maize-based cropping systems. This was accomplished by 

assessing C stored at different depths within the soil profile under diverse conservation 

agricultural practices (Chapters 2 and 3).  The second aim was to investigate the 

impacts of conservation agricultural practices in C association with physical soil size 

fractions, addressed in Chapter 3.  The third aim was to assess the spatial 

autocorrelation of C across a watershed. This was accomplished by showing the use of 

autocorrelation of C and use of secondary soil property data to predict C values with a 

fixed accuracy and detection limit (Chapter 4). The implication of the study presented in 

Chapter 4 is that increased accuracy of prediction of C will allow for more precise 

assessment of C storage at various scales (e.g., field scale and or watershed scale). 

Finally, the last study investigates and quantifies measured and modeled C pools using 

data assessed in Chapters 2 and 3.  Chapter 6 provides a synthesis of conclusions 

drawn from all the dissertation studies and a discussion on the implications of SOM 

management on C in SAT soils.  
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Objective 1 

In study 1, the hypothesis was that comparison between SOC and selected C 

fractions would consistently indicate the effects of diversified sorghum-based cropping 

systems on SOC accumulation (1) at specific soil depths, and (2) as a function of depth. 

The null hypothesis was rejected based on the following findings:  

The nonlinearity and variability of SOC, 15N, and 13C within the upper 60 cm of 

the soil suggests that instability of C and disturbance due to cropping systems may limit 

the potential use of linear functions to assess C as a continuous function with depth 

within the soil profile.  The effects of cropping systems showed distinct shifts in stable C 

and N isotope values most probably due to root- vs. shoot-derived organic material and 

SOM age.  The conclusions of study 1 were (1) in cultivated soils the effects of the 

cropping system were not consistently indicated as a continuous function with depth 

and processes related to SOC accumulation and distribution within the soil profile, and 

(2) in uncultivated GL soils, SOC and 13C and 15N consistently indicated SOC 

accumulation and distribution within the soil profile. 

Further, the comparison of cultivated and uncultivated stable C and N isotope 

depth profiles showed that in the uncultivated soils and in crop B with FYM, the lighter 

isotope fraction of C remained in the soil. In addition, higher soil C fractions values 

(SOC and MBC) and enriched δ13 C values also imply possibly less decomposed SOM. 

Increased SOC storage in the cropping system is likely due to increased preservation of 

C3-C from degradation, suggesting that the bi-annual supply of FYM can significantly 

increase the preservation of old C in the humic pool (Francioso et al., 2007), especially 

in light of the practice of removing all above ground plant material after harvest.  Further 

investigation of soil and plant lignin content compared to stable isotopes may provide 
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information needed to understand the patterns in isotope values with depth within the 

soil profile.  Based on the comparison of cultivated and uncultivated GL soils, we 

conclude that a diversified sorghum-based cropping system with MT and FYM treatment 

contributed to increased SOC storage within the soil profile.   

Objective 2 

In study 2, the stated hypothesis was that the C in the whole soil and C associated 

with size fractions would be sensitive and indicators of changes due to agricultural 

management factors.  A range of methods were used to characterize the soil C in 

comparative mode, for purposes of further use and comparison of successful methods 

in broader contexts both within the current study area (ICRISAT, Hyderabad, India), as 

well in other regions. 

The null hypothesis was rejected on account of the following findings:  

Carbon increased slowly and only in the macro-aggregate size class.  The 

variability of the MBC population suggests that there is a stable, dynamic soil microbial 

population that may act to quickly breakdown incorporated residues.  Further, 

characterization of C using POXC provided a measure of C in relation to the 

intermediate C pool and detected early changes in soil C due to agricultural 

management practices in the short-term (16-months).  However, additional research is 

required to assess the POXC method in relation to physically fractionated C and 

throughout longer periods of time (e.g., 4 years).  Finally, no significant differences were 

observed in the C in the whole soil due to conservation management practices, likely 

due to the short-term timeframe of the study. 
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Objective 3 

In study 3, the stated hypotheses were 1) information about the pattern of spatial 

autocorrelation could be used to determine the sampling density required for achieving 

a given accuracy in the estimation of the mean concentration of soil organic carbon; and 

2) regression kriging (RK) with secondary information, compared to ordinary kriging 

(OK), would reduce the estimated number of samples required to obtain a narrower 

confidence interval at a selected confidence level. 

The null hypotheses were rejected on account of the following findings:  

The effect of the sampling density was quantified using power functions computed 

for different detection limits, D.  With this information, a researcher can determine the 

mean concentration of SOC at a desired confidence interval and related sampling 

density required to meet the study objectives.  For example, if a researcher wishes to 

detect an SOC difference of 0.2 % with a confidence level of 0.05, then 35 samples are 

required using a 300 m grid. 

Covariate TKN, SM, and silt % decreased KV, resulting in increased prediction at 

a fixed confidence interval.  However, the benefits of using secondary data TKN with 

respect to the cost of data collection and analysis are comparable to SOC.  Soil 

moisture and silt % may provide secondary data at a lower cost and still slightly 

increase the predictive power of SOC.  

Objective 4 

In study 4, the main objective was to investigate, and further, to quantify the 

uncertainty presented by both the measured and the modeled SOC pools. The 

hypothesis was that the quantification of the uncertainty presented by both modeled and 
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measured C pools would increase the current understanding of C dynamics for 

purposes of decision support for SOM management. 

The null hypothesis was rejected on account of the following findings:  

In conclusion, the C pool ratios, i.e., the initial SOM 3 and SOM1 values, of the 

Gijsman et al. (2002) approach were similar to the observed values.  The uncertainty 

presented by the modeled SOC pools using the Gijsman et al. (2002) and Basso et al. 

(2009) approaches was primarily a result of the assumed SOM pool ratios for each 

respective land use.  In conclusion, the Basso et al. (2009) approach can be used to 

approximate total SOC and one or more SOC pool target values, however cannot be 

used to approximate all pools unless the observed pool ratios show a similar range of 

values for the SOC pool ratios.  The linear regression approach (Porter et al., 2009) 

showed low correlation between observed and predicted SOC3 pool values.   

Further study and assessment of, and comparison between observed and 

simulated SOC pools throughout a period of time would further establish the accuracy of 

modeled SOC3 and SOC1 pool predictions.  Further comparison of methods to 

measure SOC may also be required for comparison between measured and modeled 

pools.  Essentially, the measured SOC pools do not have the properties assumed by 

any of the models (e.g., SOC pool ratios).  Assuming the measurements can be 

repeated and are representative of the total and pools, then the models require 

refinement, especially to account for total or pool values in such a diverse set of land 

uses in this experiment. 

Synthesis and Future Research 

Overall, this dissertation answers the questions and objectives outlined in the 

introduction, and outlined above.  The conclusions of these studies suggest: 
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Manure and C3 plants (e.g. legumes) contribute to C storage in the soil profile of 

semi-arid tropical Vertisols.  Further, the comparison of C stored only in 0-30 cm soil 

depth does not provide evidence of C storage potential due to the effects of 

management practices in Vertisols.  Analysis of C stored at various depths and 

comparison between land uses is needed to extrapolate useful information on C 

storage.  The dynamic C pools affected by management practices in semi-arid tropical 

Vertisols are sensitive, and can be indicated using comparative methodological 

approaches to characterize physical, biological, and chemical C.  For example, the 

comparison between stable isotopes, total organic carbon, and soil microbial biomass 

provided useful information on the patterns of C distribution within the soil profile that 

would have otherwise not been available without the comparison of these data. 

The autocorrelation of C and use of secondary information, in particular silt content 

and soil moisture can be used to statistically improve sampling design schemes for soil 

C assessments in semi-arid tropical Vertisols, as shown in Chapter 4. In Chapter 5 the 

comparison of measured and modeled C pools provides indication of additional gaps in 

understanding on C dynamics in semi-arid tropical soils.  But this study also provided 

important information on the potential for modeling C in soils managed using 

conservation agriculture practices.  

I believe the next logical steps for C storage research in semiarid tropical Vertisols 

managed with conservation agricultural practices is a focus on three main research 

objectives to (1) investigate the significance of FYM contribution to the preservation of 

old C in the humic pool, (2) determine application rate of crop residues to surface soil 

coupled with below ground temperature and soil moisture and microbial population 
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response, and (3) investigate decomposition rates of whole soil and individual size 

fractions in ex-situ study in relation to varying soil moisture and temperature conditions.  

Continuing the investigations of specific processes in relation to the underlying 

response to conservation management practices is an effective way to gain more 

information regarding potential to store C in semiarid tropical soils. 
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