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ABSTRACT 

 
Salinity and sodicity are major constraints for crop production in arid and semi-arid 

regions of the world. Salt-affected soils cover 6.5% of the total land area of the world.  

Since the global soil carbon (C) pool is greater than the atmospheric and biotic pool 

combined, changes in soil organic matter content will affect atmospheric carbon 

dioxide (CO2) concentration. Therefore it is important to understand soil organic 

carbon (SOC) dynamics. Soil organic carbon models, which have been successfully 

validated for non-saline soils, are important for estimation of past and future SOC 

contents and for evaluating management effects on SOC. However, it was unclear if 

they accurately predict CO2 emission/SOC stocks in salt-affected soils. In this work, an 

integrated approach using remote sensing, incubation experiments, modelling and 

geographical information system was used to simulate SOC dynamics in salt-affected 

soils at field and regional scale in the past, present and the future. 

 Satellite imagery was used to map soil salinity and select soil sampling sites in 

two climatically distinct regions which also differ in cause of salinity: Kadina, South 

Australia and Muktsar district (Punjab), India. High resolution multispectral satellite 

imagery (Quick bird, spatial resolution 0.6 m) was used to map salinity (~1:10000 scale) 

in an agricultural area around Kadina, South Australia where salinity associated with 

ground water or an impermeable subsoil is wide-spread. Resourcesat-I (spatial 

resolution 23.5 m) was used for mapping salinity on a 1:50000 scale in Muktsar 

(Punjab), India where salinity is induced by irrigation. Unsupervised classification of the 

Quick bird imagery (September, 2008) covering the study area in South Australia 

(hereafter called Australia) allowed differentiation of severity levels of salt-affected 

soils, but these levels did not match those based on electrical conductivity (EC) and 

sodium adsorption ratio (SAR) measurements of the soil samples, primarily because 

the expression of salinity was strongly influenced by paddock-level variations in crop 

type, growth and prior land management. Segmentation of the whole image into 450 

paddocks and unsupervised classification using a paddock-by-paddock-approach 

resulted in a more accurate discrimination of salinity with image derived salinity 

classes correlated with EC but not with SAR. For the Indian site (hereafter called India), 
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Resourcesat-I LISS-III data of April 2005, October 2005 and February 2006 was visually 

interpreted for variation in spectral properties. The map of salt-affected soils was 

generated after integration of ground and laboratory data with delineated land use 

units from the satellite data. On the basis of land use and soil types, 120 (59 salt-

affected and 61 non-salt-affected) and 160 (70-salt-affected and 90-non-salt-affected) 

soils were collected from 0-0.30 m depth from the Indian and Australian sites, 

respectively. 

Salt-affected soils occur in dry climates and often contain calcium carbonate 

(CaCO3) particularly at pH > 7.5. Therefore, using CO2 emission as a measure of 

microbial activity and SOC decomposition in these soils is problematic, but an 

experiment involving addition of 2% wheat residues and varying the rate of calcium 

carbonate added to a non-calcareous soil showed that CO2 emission from salt-affected 

soils was not affected by CaCO3 addition in the presence of residues.  

It has been suggested that the salt concentration in the soil solution (osmotic 

potential) is a better parameter than the EC of a soil suspension to estimate the 

salinity effect on plant growth. Therefore, an incubation experiment with four soils 

differing in texture and amended with sodium chloride (NaCl) was conducted to assess 

the effect of soil texture and osmotic potential (Os, calculated from EC and water 

content) on CO2 release. The results of this study showed that, compared to saline soils 

from the field, the decrease in CO2 release was greater in these soils suggesting that 

the sudden increase in salinity leads to overestimation of the salinity effect compared 

to saline soils in the field where salinity increases gradually. The relative decrease in 

respiration was less when plotted against Os than if plotted against EC.  

To investigate the importance of salinity compared to other soil properties in 

soils from a salt-affected landscape, CO2 emission from the soils of India and Australia 

with a wide range of EC and SAR with 2% (w/w) mature wheat residue was measured 

over 120 days at constant temperature and soil water content. Cumulative CO2 

emission from unamended and amended soils was related to soil properties by 

stepwise regression models. Carbon dioxide release in salt-affected landscapes is 

affected by EC, C availability (size of C pools) and clay content. Electrical conductivity 

had a negative impact on CO2 release in soils of India and Australia, which shows the 

universal effect of salinity on CO2 release, irrespective of climate and origin of salinity. 
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Therefore, there is a need to add a decomposition rate modifier for salinity in the SOC 

models for accurate prediction of SOC dynamics and CO2 release from salt-affected 

soils.  

The Rothamsted Carbon Model (RothC) was modified to take into account the 

reduced plant inputs into salt-affected soils. Plant inputs were calculated based on a 

generalised equation from the literature. The decomposition rate modifier for salt-

affected soils was based on the comparison of measured and modelled CO2 emissions 

from wheat residue amended soils of India and Australia. The modelled CO2 emissions 

were higher than measured CO2 emissions. In order to match the measured and 

modelled CO2 emissions, rate modifiers ranging from 0.2-1 were introduced in the 

model. After accounting for the laboratory effect due to soil disturbance, the impact of 

salinity (calculated using Os) or sodicity (measured as SAR) on the rate of 

decomposition was calculated. A significant positive relationship was found between 

decomposition rate modifier and Os whereas SAR had no effect. Therefore, a 

decomposition rate modifier due to salinity (as a function of Os) was introduced into 

RothC.  

The RothC with the plant input modifier and decomposition rate modifier was 

used to estimate past SOC content when saline soils were non-saline and future SOC 

content. These simulations were performed for the Indian and Australian sites. The 

results showed that the modelled past SOC when the soils were non-saline was higher 

than measured SOC of saline soils; thus these soils have lost SOC (31 t ha-1 for India 

and 55 t ha-1 for Australia). On the other hand, simulations with the decomposition 

rate modifier only, without taking into account the reduced plant input, suggest that 

SOC of saline soils has increased since they became saline. Since SOC in saline soils is 

lower than in non-saline soils, this shows that in order to accurately model SOC stocks 

in saline soils, both reduced plant inputs and reduced decomposition rate have to be 

taken into account. Overall SOC content was more strongly affected by reduced plant 

inputs than by reduced decomposition rates. In addition, future SOC stocks of India 

and Australia were simulated with and without modifiers from 2009-2100. In saline 

soils of both regions, the simulation of SOC without modifiers showed that, compared 

to the present SOC content, SOC would decrease by ≤15% by the year 2100, whereas 
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simulations with decomposition rate modifier and plant input modifier indicate that 

SOC would decrease by 39% for the Indian site and by 29% for the Australian site. 

 
The key findings from the research are: 

 

I. High resolution multispectral imagery with paddock-by-paddock approach 

allowed accurate mapping of different levels of salinity severity. 

 

II. In saline soils, osmotic potential is a better measure to assess the impact of salt 

on microbial activity than EC, particularly when comparing soils of different 

texture.  

 

III. In soils from salt-affected landscapes, salinity and reduced carbon availability 

determine CO2 emission. 

 

IV. Two novel approaches were developed: (a) calculation of a decomposition rate 

modifier from incubation experiments after taking into account the laboratory 

effect and (b) calculation of past SOC content when saline soils were non-

saline. 

 

V. The predictions of SOC stocks from saline soils have been overestimated by not 

taking into account the negative effect of salt on decomposition rate and plant 

inputs. 

 

VI. For realistic modelling of SOC stocks and turnover in saline soils, both reduced 

decomposition rate and reduced plant inputs need to be considered. 
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CHAPTER 1 

INTRODUCTION AND REVIEW OF LITERATURE 

 

1.1  Introduction 

Approximately 6.5 % of the world land area is affected by either salinity or sodicity 

(Szabolcs, 1993) and Pessarakli and Szabolcs (1999) reported that salt-affected land 

comprised 19 percent of the 20.8 billion hectares of arable land on earth. Saline and 

sodic soils account for approximately 40 and 60 percent of world’s salt-affected land, 

respectively (Tanji, 1990).  

Salt accumulation in soils is a major threat to agricultural production and 

ecosystem sustainability because it reduces plant growth and increases the risk of 

erosion. On a global scale, the cost to agriculture productivity from salinity is estimated 

at $US 12 billion a year and this cost is expected to increase with further increases in 

the area affected by salt in the future (Ghassemi et al., 1995). 

One important process affected by salinity and sodicity is soil organic matter (SOM) 

turnover which is mainly mediated by microbial activity. Soil microorganisms carry out 

crucial functions in all soils; most importantly, they are the key drivers of soil organic 

matter decomposition and nutrient cycling. Stresses such as salinity will lead to the 

inhibition or death of sensitive microorganisms and, may irreversibly, reduce essential 

microbial activities and thereby affect SOM decomposition. Soil organic matter 

turnover plays a key role in greenhouse gas emissions, soil structural stability, ion 

exchange, water quality and ecosystem sustainability. In general, microbial activity and 

plant inputs are lower in salt-affected soils (Rietz and Haynes, 2003). If inputs of soil 

organic carbon (SOC) in salt-affected soils were similar to those in non-saline soils, 

reduced decomposition rates may help in mitigating the green house effect by 

increasing carbon (C) sequestration in these soils and reducing the emission of carbon 

dioxide (CO2) into the atmosphere. 

Reclamation of salt-affected soils would enhance soil quality, improve productivity 

and SOC sequestration (Lal, 2001), but  for a better understanding and quantification 

of their SOC turnover and sequestration potential, integrated use of frontier 

technologies such as remote sensing, modelling and sophisticated analytical methods 

is required. Soil organic carbon models may help in predicting and understanding 
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future changes in SOC in response to changing climate, altered land use and different 

land management practices. Soil organic carbon models have been used successfully to 

predict changes in soil organic matter content in non-saline land in the  short or long- 

term plot and  on different spatial scales: field (Jenkinson et al., 1987; Parton, 1996; 

Franko et al., 1997; Li et al., 1997; Smith et al., 1997; Skjemstad et al., 2004; Gottschalk 

et al., 2010), regional (Ardo and Olsson, 2003) as well as country (Smith et al., 2005; 

Smith et al., 2007; Smith et al., 2010). However, these models have not been calibrated 

for salt-affected soils. The combination of remote sensing and Geographical 

Information System (GIS) data with process based models (Rothamsted Carbon Model, 

RothC), CENTURY, (DeNitrification and DeComposition (DNDC), DAISY etc.) can provide 

tools for understanding spatial C dynamics, but this type of integration has not been 

used for studying SOC in salt-affected landscapes. 

The following literature review will cover (1) properties of salt-affected soils 

and how these soils can be mapped (2) effects of salinity and sodicity on SOC (3) 

modelling of SOC and (4) integration of modelled SOC data with GIS (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 1:  Overview of topics covered in the literature review and how they relate 

to soil organic carbon dynamics in salt-affected soils 
 

 

Climate and 
ancillary data 

Soil organic carbon dynamics 

Remote Sensing 
Mapping of salt-

affected soils 
 

Modelling 

Soil organic matter 
 



 3 

1.2 Properties of salt-affected soils 

Salt accumulates when the loss of salt via leaching is less than the addition of salt 

through rainfall or irrigation, or as a result of a rise of saline groundwater. The US 

Salinity Laboratory Staff (1954) suggests the following three classes of salt-affected 

soils:  

 (A) Saline soils: Salinity is measured in units of electrical conductivity (EC) using a 

range of soil/water ratios: saturated paste of soil (ECe), 1:1, 1:2 or 1:5. The various EC 

values can be converted to ECe using a multiplication factor based on soil texture 

(Shaw, 1999). Saline soils have a high concentration of soluble salts and an electrical 

conductivity of saturation extract (ECe) greater than 4 dS m-1 (Figure 2).  

  There are two forms of salinity: 

(a)  Primary Salinity caused by soluble salts originating from the weathering of primary 

minerals, aeolian recycling or cyclic accession, where salts are transported inland by 

winds off the ocean. 

(b)  Secondary salinity results from human activities such as irrigation and land clearing 

in areas that are not irrigated (dryland salinity) which causes a change in the salt and 

water balance. 

In general, saline soils are flocculated but the high salt content in the soil has an 

adverse affect on plant growth due to (1) low soil osmotic potential, causing water to 

move from areas of lower salt concentration (plant tissue) into the soil where the salt 

concentration is higher thereby inducing water stress in plants (2) specific ion toxicity, 

and 3) ion imbalance (Ca2+, K+ and Na+) all of which disrupt plant metabolism.   

 

(B)  Sodic soils: Sodicity of a soil is expressed using the exchangeable sodium 

percentage (ESP): 

 
CEC

]100[Na
  ESP ex



  in %                     

Where,  

CEC   = cation exchange capacity in cmol p (+) kg-1  

 [Na+] = exchangeable Na+ in cmol (+) kg-1. 
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Figure 2: Categories of salt-affected soils based on electrical conductivity (ECe) and 
sodium adsorption ratio (SARe) measured in saturated soil: water extract 
[Source: US Salinity Laboratory Staff (1954)]  

 

For determination of ESP, CEC is required but its determination is laborious and 

time consuming. Therefore, a convenient measure to express the sodicity of a soil 

solution or of water is the sodium absorption ratio (SAR) which is calculated as follows: 

 
0.5225:1

])[Mg]Ca ([

][Na
  SAR






     

Where, [Na+], [Ca2+], [Mg2+] = concentration of Na+, Ca2+ and Mg2+ in the soil 

solution in mmol l-1. Note that SAR does not have units. 

Sodic soils typically have a high pH (>8.5) and high (>13) SAR but ESP varies with 

classification system. For example, the US system defines a sodic soil as that with an 

ESP greater than 15 (Soil Survey Staff, 1998) whereas the recent Australian 

classification system (Isbell, 2002) states that sodic soils have an ESP greater than 6 

(Rengasamy, 2006). Sodium will replace Ca and Mg on the clay particles, which can 

cause dispersion of clay and loss of soil structure.  Dispersed clay can move into soil 

pores, leading to blockage of pores, which, in turn, results in poor drainage and 

reduced aeration (Rengasamy and Olsson, 1991) and hence, reduced plant growth. As 

sodic soils dry out, they become very hard and the decrease of macrospores and pore 

connectivity reduces the capacity of roots to penetrate the soil (Marschner, 1995).  

  
                                          NOTE:   
    This figure is included on page 4 of the print copy of  
     the thesis held in the University of Adelaide Library.
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(C)  Saline- sodic soils: These soils have an ECe greater than 4 dS m-1 and SAR greater 

than 13 but their pH is less than 8.5. In general, these soils have good soil structure and 

water movement through the soil profile is adequate. They can have the 

characteristics of either a saline or a sodic soil, depending on whether sodium or 

calcium dominates. 

 In general, soils are often first saline and then become sodic as Na replaces Ca 

and Mg from the cation exchange sites which causes dispersion of clay particles and 

thereby affects oxygen availability in the soils, but sodic soils that are also highly saline 

contain high concentrations of electrolytes and these soils remain flocculated. This can 

be explained by the three plate model of Quirk (2001). In a clay domain, clay crystals 

overlap to a certain extent and slit-shaped pores form within the domain or where 

crystals do not overlap. A repulsive pressure operates over the surface area of the slit-

shaped pores, while an attractive pressure operates over the surface area of the clay 

crystals. A high concentration of monovalent cations such as Na+ results in the 

accumulation of these dispersive cations in the slit-shaped pores and these ions do not 

form extensive double layers as compared with the smaller double layers for cations of 

higher valence (Sumner et al., 1998). Thus, the attractive force can override the 

repulsive force in soil systems resulting in the flocculation.  

In Australia, irrigation-induced salinity, dry-land salinity and dry saline land 

salinity are wide spread. Dryland salinity commonly occurs at the foot of slopes and in 

valley floors where the water table is shallow (Rengasamy, 2006). This salinity is 

caused by agriculture by clearing of native vegetation which disturbs the water 

balance. Cultivation of annual crops leads to lower evapotranspiration rates than 

under native perennial plants, which results in rising of the ground water table and 

dissolved salts and, hence dryland salinity. On the other hand, dry saline land or 

transient salinity is not associated with the ground water table and involves surface 

and sub-surface soil salinity. This type of salinity was first identified in 1942 by Herriot 

and is also termed ‘magnesia patches’. Dry saline land generally occurs within duplex 

or texture-contrast soils on upper or middle slopes, particularly when there is a 

sandy/loamy A horizon over an impermeable, clay rich, sodic B horizon. It results from 

seasonal movement of salt in the top soil due to evaporation and rainfall (Rengasamy, 

2002).  
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1.3 Effect of salinity and sodicity on plant growth 

Salinity inhibits plant growth and the activity of soil microorganisms as a result 

of low water availability (due to low osmotic potential of the soil solution), ion toxicity 

(Na, Cl) and nutrient imbalance (Marschner, 1995). Low osmotic potential (more 

negative) draws water from cells into the soil solution causing cell dehydration and 

also makes it harder for plants or microorganisms to extract water from soil. Further, 

high concentrations of Na+ and Cl- ions in saline soils can have a toxic effect on plant 

roots; excessive uptake of Cl- ion reduces photosynthesis and respiration resulting in 

poor growth and possibly premature death of plants (Tester and Davenport, 2003). 

Sodic soils have poor soil structure which can adversely affect root growth and plant 

physiology due to poor aeration, lack of pores and, boron and bicarbonate (HCO3
-) 

toxicity at high pH. 

Many studies have shown a decrease in yield of crops as a result of salinity 

stress. For example: rice (Bajwa et al., 1986), wheat (Richard, 1983; Rengasamy, 2010), 

cotton (Meloni et al., 2001), maize (Bajwa et al., 1986) and sugar beet (Ghoulam et al., 

2002). The impact of salinity on crop yield depends on the soil water content and 

environmental factors.  The plants growing in saline soils under hot and dry conditions 

are more sensitive to salinity than when growing in a cool and humid environment due 

to differential water content and thus osmotic potential. The degree to which plant 

growth is affected by salinity differs between crops. Maas and Hoffman (1977) 

prepared a comprehensive table listing slope, i.e. percent reduction in relative yield 

per increase in ECe (dS m-1) and threshold salinity levels (critical level of salinity beyond 

which the yield declines) for a wide range of crops using a piecewise linear model. 

They developed the following equation for expected relative yield of a crop: 

Y = 100 – B (ECe – A) 

Where, 

Y = relative yield in % 

B = threshold value (dS m-1) 

A = slope of the linear line  

ECe = average root zone soil salinity (dSm-1) 

The threshold and slope used to calculate relative yield for globally important 

crops (as defined by Parihar et al., 2009) due to salinity are given Table 1. Although 
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barley and sunflower have lower threshold values than canola, they can be considered 

to be more salt-tolerant than canola because their yield declines more slowly (small 

slope). It should be noted that within each species, there can be considerable 

differences in salt tolerance among cultivars.  

 

Table 1: Relationship between yield and salinity of important crops  

(Source: Maas and Hoffman, 1977) 
 

1.4 Mapping of salt-affected soils using remote sensing techniques 

To assess the extent of salinity and sodicity and the rate of change in the size of 

the salt-affected area, it is important to map salt-affected soils accurately. 

Traditionally, field survey methods were used for monitoring of soil conditions but the 

cost and time for these surveys makes them uneconomical. Remote sensing is the 

process of identification, delineation, measurement of surface features and their 

processes from a distance without directly coming into physical contact.  It can provide 

multi-spectral, multi-sensor and multi-temporal data which can generate accurate, 

timely and cost-effective information on natural resources (Liu and Kogan, 2002). 

Remote sensing measures electromagnetic energy from the sun, emitted by the 

earth or by the sensor itself (microwave sensor) which is reflected, scattered or 

emitted by different surface features on the earth. Remote sensing makes use of the 

  
                                          NOTE:   
     This table is included on page 7 of the print copy of  
     the thesis held in the University of Adelaide Library.
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electro-magnetic spectrum which extends from gamma rays (< 0.03 nm), through X 

rays (0.03-300 nm), ultraviolet (0.30 -0.38 µm), visible (0.38-0.72 µm), infrared (0.72-

15.0 µm), microwave (1-300 µm) to radio waves (> 30 cm). Remote sensing systems 

exist in the entire visible region, some wavelength bands in the infrared and the 

microwave region, because electromagnetic radiation in these regions can penetrate 

the atmosphere through so-called atmospheric windows. Among these regions, the 

optical wavelength region (0.38-15 µm) is an important region for remote sensing 

applications which is further subdivided into two regions:  reflective (0.38-3.0 µm) and 

far infrared (thermal or emissive, 3.0 -15.0 µm). The reflective portion is subdivided 

into visible (0.38-0.72 µm), near infrared (0.72-1.3 µm) and mid infrared (1.3-3.0 µm). 

Further, optical/thermal imaging systems can be classified according to the number of 

spectral bands used: monospectral or panchromatic (single wavelength band, "black-

and-white", grey-scale image), multispectral (several spectral bands), superspectral 

(tens of spectral bands) and hyperspectral (hundreds of spectral bands) systems.   

Aerial photography, one of the most common and versatile forms of remote 

sensing, is still popular for mapping of salt-affected soils due to its capability to provide 

historical information. The maps generated from photo interpretation are used to 

divide regions into landscape units which may contain several soil characteristics and 

salinity levels. However, the location and extent of salinity within units can not be 

accurately assessed with the aerial photographs because of uncertainties about the 

approximate scale at which salinity is expressed in relation to the scale and theme of 

the mapping. With the advent of satellite remote sensing in the early 70s after the 

launching of the Landsat satellites by National Aeronautics and Space Administration 

(NASA), USA; the SPOT satellite by France and the Indian remote sensing satellite (IRS) 

by the Indian Space Research Organization (ISRO), there has been an increasing use of 

satellite imagery for inventory and monitoring of natural resources world-wide. 

Satellite-borne optical sensors record the intensity of electromagnetic radiation 

reflected from the earth at different wavelengths. The sensors are characterized by the 

bands at which they measure the reflected energy.  Each object has its own unique 

'spectrum', some of which are shown in the Figure 3. 
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Figure 3:  Typical spectral reflectance curves for vegetation, soil and water 

   (Source: www.microimages.com/documentation/Tutorials/hyprspec.pdf) 

Remote sensing relies on the fact that particular features of the landscape such 

as crops, salt-affected land and water reflect light differently in different wavelengths 

(Figure 3). For example, vegetation appears green because it reflects green light more 

than other visible wavelengths which are strongly absorbed. This can be seen as a peak 

in the green band in the reflectance spectrum for vegetation in Figure 3. The spectrum 

also shows that vegetation reflects even more strongly in the near infrared part of the 

spectrum because the chlorophyll in a plant absorbs visible and especially red light for 

photosynthesis, whereas near infrared light is reflected very effectively because  plants 

do not use it for energy generation.  

Monitoring and mapping of salt-affected soils can be achieved by satellite 

remote sensing, field and laboratory measurements, and the use of GIS for processing, 

transforming and displaying the data (Metternicht and Zinck, 2009).  Salt on the soil 

surface in the form of crusts or efflorescence is not readily sensed because it does not 

have distinctive spectral features and is generally mixed with other soil minerals. 

Instead, the symptoms of the salinity are sensed: reduced plant vigour, reduced cover 

  
                                          NOTE:   
    This figure is included on page 9 of the print copy of  
     the thesis held in the University of Adelaide Library.



 10 

and growth, change in vegetation composition, greater soil exposure and possibly 

brighter soil surfaces (Lewis, 2002, Dutkiewicz et al., 2006).     

For mapping of salt-affected soils, the most important task is to select the 

appropriate time for collecting the satellite imagery. Venkataratnam (1983) mapped 

soil salinity in Punjab, India, at different times of the year (pre-monsoon, post-

monsoon and harvest seasons) using Landsat-MSS images and concluded that the 

spectral curves of highly and moderately saline soils change considerably throughout 

the year, which complicates the selection of the appropriate time for acquiring satellite 

imagery for accurately mapping of salt-affected land. Johnston and Barson (1990) 

found that discrimination of saline areas in Australia was most successful during peak 

vegetation growth due to low fractional vegetation cover in saline areas which, 

however, may not be distinguishable from poor plant cover caused by grazing, erosion 

or nutrient deficiency. Similarly, Verma et al. (1994) found the satellite data acquired 

during summer (March and first week of April) at crop maturity was significantly better 

for mapping of salt-affected soils in India due to maximum biomass which helps 

distinguishing between salt-affected and non- salt-affected land. On the other hand, 

Siderius (1991) found that salinity was most clearly expressed at the end of the 

irrigation or rainy season when plots were bare. Kalra and Joshi (1996) evaluated 

Landsat (MSS and TM), SPOT and IRS (LISS-I and II) images acquired during summer 

(April, May), winter (January /February) and autumn (October) for delineation of salt-

affected soils in Rajasthan, India and concluded that moderately and severely salt-

affected soils could be mapped in all seasons using false colour composite (FCC). 

However, the summer season images provided the best discrimination of salt-affected 

soils. 

Over the last two decades, several studies have assessed the use of 

multispectral and hyperspectral imagery for mapping and monitoring of salt-affected 

soils (Saha et al., 1990; Verma et al., 1994; Dwivedi, 1996; Metternicht and Zinck, 1997; 

Metternicht and and Zinck, 1998, Evans and Caccetta, 2000, Metternicht and Zinck, 

2003, Dutkiewicz et al., 2009). Various approaches such as false-colour composites and 

visual interpretations (Rao et al., 1991; Joshi and Sahai, 1993), principal component 

analysis (Dwivedi, 1996), digital classification (Steven et al. 1992; Vincent et al., 1996) 
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and greenness, brightness and classification of salinity symptoms in trees (Vidal et al., 

1996) have been used for mapping soil salinity. In general, bands in the near and mid 

infrared region provide the best information about soil moisture and salinity 

(Metternicht and Zinck, 2003). Multispectral imagery is not useful for mapping salinity 

if saline soils are covered with halophytic vegetation (Howari, 2003). Moreover, bright 

or white patches can indicate exposed non-saline soils and not necessarily salt 

efflorescence (Metternicht and Zinck, 2009).  Studies have attempted to combine soil 

and terrain data to overcome this problem (Metternicht and Zinck, 2003, Dutkiewicz et 

al., 2009).  

Depending on the scale of expression of salinity symptoms, spatial resolution 

has a significant effect on the capacity to identify salt-affected soils and crops. 

Manchanda (1984) observed that Landsat-MSS was of limited use for identification of 

saline areas for site specific management due to its low spatial resolution, but Dwivedi 

(1996) used principal components analysis of Landsat-MSS data for monitoring salt-

affected soils of the Indo-Gangetic alluvial plains. Joshi and Sahai (1993) compared the 

accuracy of TM, MSS, and SPOT and found that Landsat TM was superior for soil 

salinity mapping at regional level. Dwivedi et al. (2009) found the IKONOS-II 

multispectral data with 4 m resolution was better than IRS-1D LISS-III (spatial 

resolution 23.5 m) and pan sharpened LISS-III (spatial resolution 5 m) for mapping of 

saline-sodic soils at field level.  

The spectral resolution of satellite data is important for the differentiation of 

different categories of salt-affected soils. Metternicht and Zinck (1997) combined the 

Landsat TM optical bands 1, 2, 4, 5, 6 and 7 to obtain maximum separability between 

saline and sodic soils using digital classification, field observations and laboratory 

measurements. Dutkiewicz et al. (2009) evaluated the performance of Hyperion 

imagery (spatial resolution 30 m and 242 bands covering the 400-2500 nm spectral 

range) for mapping surface symptoms of dryland salinity in southern Australia and 

found that the hyperspectral imagery was unable to differentiate halophytic samphire 

vegetation (an indicator of salinity) at slight or moderate levels of salinity but could be 

used to map high to very high and extremely high salinity.  

Although multi- and hyperspectral images are useful tools for mapping the surface 

expression of salinity, soil texture and moisture as well as organic matter content 
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interfere with spectral signatures of salinity (Metternicht and Zinck, 1997). Besides 

this, the colour and brightness of soil surfaces have a strong impact on the spectral 

signature. For example, after rainfall, the optical properties of soils with different clay 

content vary as they retain water to a different extent which results in confusion of 

spectral signatures between low or medium salt-affected soils and non-affected soils 

(Goldshleger et al., 2001, Bannari et al., 2008).  

 Thus, remote sensing can be used effectively to map salt-affected soils. 

Multispectral images with low spatial resolution can be used to map salinity in larger 

areas which helps policy makers and land managers to obtain information about the 

extent of salinity. Hyperspectral imagery is generally used in smaller areas for 

delineating the salinity, but the higher cost to acquire the data and the more complex 

image calibration limits the wide-spread use of this imagery.     

 

1.5 Organic matter decomposition 

Globally soils constitute the third largest global C pool after oceanic (38 000 Pg) 

and geologic (5000 Pg) pools (Lal, 2004). The SOC pool, estimated at 1550 Pg to 1 

meter depth is about twice the atmospheric pool (760 Pg) or 2.8 times the biotic pool 

(560 Pg) (Lal, 2008). 

Organic matter plays an important role in improving physical, chemical and 

biological characteristics of soils. For example, organic matter improves soil structure 

by binding to clay particles via cation bridges and through stimulation of microbial 

activity and root growth. Organic matter is a source of plant nutrients and can retain 

nutrients in a plant-available form. Organic matter indirectly improves soil structure by 

increasing microbial activity and root growth as microbial slimes, fungal hyphae and 

roots bind aggregates together (Tisdall and Oades, 1982). Addition of organic matter 

can improve soil structure in sodic soils but marked improvement of soil structural 

stability is often only observed when Ca (e.g. in the form of gypsum) is added together 

with organic matter (Nelson et al., 1999) because Ca provides the cation bridges that 

bind clays and organic matter particles both of which are negatively charged. 

Baldock and Nelson (1999) defined SOM as the sum of the living and dead organic 

material found in a soil or on its surface, regardless of its origin or state of 

decomposition but excluding the above ground portion of living plants. Soil organic 
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matter consists of C, hydrogen (H), oxygen (O), nitrogen (N), phosphorus (P) and 

sulphur (S). It is difficult to measure SOM, there are several reliable methods to 

determine SOC which can then be converted to SOM by the following formula 

SOM (%) = SOC (%) x 1.724   

Soil organic carbon can be divided into two groups, living (5% of SOC) and non-

living (95% of SOC) components (Theng et al., 1989). The living components include 

plant roots, macro organisms and micro organisms whereas the non-living components 

include free macro organic matter, protected organic matter, humus and char.   

Carbon sequestration in soil, which occurs when C inputs are greater than losses, 

can be an important strategy for reducing atmospheric CO2 concentrations. The inputs 

of organic matter include manures and plant residues. The loss of SOC from the soil 

includes respiration that occurs during decomposition of organic matter, leaching of 

organic carbon into the ground water, erosion of organic matter-rich top soil and 

burning of crop residues. Soil organic matter decomposition is a complex multistage 

process which is mediated by microorganisms. More than 90 % of SOM is decomposed 

by microorganisms (bacteria and fungi), but protozoa, earthworms, nematodes, 

molluscs and arthropods also play also a significant role. They create an environment 

conducive for microbial decomposition of organic matter. In non salt-affected soils, it 

has been shown that bacteria usually dominate the initial phases of decomposition 

because they can grow rapidly on easily available compounds (e.g. soluble sugars, 

carboxylates) that are present in fresh plant residues. Because of 

mineralization/utilization by bacteria, the concentration of these easily available 

substrates decreases over time until only more recalcitrant material (e.g. cellulose 

encrusted with lignin) remains. Fungi, which grow more slowly, but are able to 

decompose more recalcitrant material that is largely unavailable to bacteria, dominate 

in the later phases of the decomposition process (Cahyani et al., 2002 ; Rantalainen et 

al., 2004). The turnover time of these compounds varies from 14 days for 

hemicellulose to 500 days for lignin (Killham, 1994). Complete decomposition of 

organic material is rarely achieved as some of the organic material is humified and 

becomes protected by binding to clays or occlusion in soil aggregates which increases 

turnover rates to thousands of years.  

 



 14 

1.6 Soil organic carbon pools  

Although SOC consists of many different compounds, it can be conceptually 

divided into a number of pools which differ in magnitude and turnover times. The 

turnover times represent the times carbon resides in a certain pool and hence is a 

measure of the stability of the pools (Jastrow et al., 2007). These pools are conceptual 

(Jenkinson and Rayner, 1977), and different authors use different terminology, but it is 

recognized that they play different functional roles in the soils. The identification of 

different pools is important in terms of stabilization mechanisms (physical and 

chemical and bioavailability) and turnover as well as understanding long- and short-

term changes in SOC.    

 Commonly, these pools consist of an active fraction, a slow fraction and a 

resistant fraction. The active (labile) or fast pool is composed of fresh plant and animal 

residue and easily decomposable compounds from leaf litter and roots with short 

turnover times (from weeks to years). The active fraction that is not decomposed 

moves into the slow or resistant fractions. The slow pool, partially resistant to 

decomposition, consists of cells and tissues of decomposed material with turnover 

times from 10 to more than 100 years, whereas the resistant or inert or passive pool 

has a turnover time of 1000 years or more and is composed of highly humified organic 

compounds (Trumbore et al., 1989). Typically the size of the various pools is <10% for 

the active fraction, 40-80% for the slow fraction and 10-50% for the passive fraction 

(Amundson, 2001).  

Baldock and Skjemstad (1999) divided non living SOM into four pools: dissolved 

organic matter (DOM), particulate organic matter (POM), humus and inert organic 

matter (IOM). Dissolved organic matter is usually defined as the organic matter in soil 

solution with < 0.45 µm diameter whereas POM includes organic matter >53 µm with a 

recognisable structure (macro organic matter). Humus consists of non-humic (30% of 

humus) and humic substances. Non-humic substances include carbohydrates, lipids, 

organic acids, pigments and proteins, whereas humic substances have complex 

chemical structure and can be divided into three fractions namely fulvic acid (soluble in 

acid and alkali), humic acid (soluble in alkali) and humin (not soluble in either medium). 

The inert organic matter includes highly carbonaceous materials such as charcoal, 

graphite and coal. In Australian soils, inert SOM is primarily charcoal (Skjemstad et al., 
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1998). Particulate organic matter is often considered the active pool (Baldock and 

Skjemstad, 1999), but it is also considered as an intermediate SOM fraction falling 

within both active and slow pools (Brady and Weil, 1999). The turnover time of these 

measurable pools is <10 years for POM, tens of years for humus and hundreds to 

thousands of years for IOM.  

 

1.7 Influence of salinity and sodicity on soil organic carbon turnover 

Salinity and sodicity decrease plant productivity and consequently reduce organic 

matter input. But they also affect microbial activity and therefore can change organic 

matter decomposition rates. The main problem encountered by microorganisms in 

saline soils is the low osmotic potential of soil water outside of the cells, which causes 

cells to lose water. Salinity-resistant microorganisms which can be found in Archaea, 

Bacteria and Eucarya (Oren, 1999); they can rapidly accumulate salts such as KCl or 

compatible solutes to adjust their intracellular osmotic potential (Oren, 1999). Salt 

resistance mechanisms are energy-intensive and may therefore affect the efficiency of 

C utilization by microorganisms. Oren (1999) calculated that the synthesis of organic 

solutes and Na extrusion from the cells would require up to three times more energy 

than cell wall synthesis. Indeed, C utilization efficiency (conversion of substrate C into 

microbial biomass) decreases with increasing salinity (Rietz and Haynes, 2003), 

resulting in greater CO2 release per g substrate C.  It has been shown that salinity 

changes microbial community structure (Pankhurst et al., 2001; Gros et al., 2003) and 

that fungi were in general more sensitive to salinity than bacteria (Pankhurst et al., 

2001; Gros et al., 2003), thus the bacteria/fungi ratio was higher in saline soils. This 

may have important implications for organic matter decomposition because fungi play 

a key role in decomposition of polymeric plant and animal residues as well as 

recalcitrant compounds such as lignin (Killham, 1994).  

  Both salinity and sodicity may alter physico-chemical properties of soils which 

affect transformation of added plant and native C in soil. Salinity decreased SOC 

mineralization (Laura, 1974, 1977; McCormick and Wolf, 1980; Sarig and Steinberger, 

1994; Garcia and Hernandez, 1996; Pathak and Rao, 1998; Sardinha et al., 2003; 

Wichern et al., 2006; Tripathi et al., 2006; Ghollarata and Raiesi, 2007; Yuan et al., 

2007; Walpola and Arunakumara, 2010). On the other hand, there are contradictory 
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reports on the effect of sodicity on SOC decomposition. Sodicity can increase 

mineralization of added C due to dispersion of soil which releases organic matter from 

the inside of aggregates which then becomes accessible to microorganisms (Nelson et 

al., 1996). Contrarily, a negative effect of sodicity on C mineralization has also been 

reported which may be due to the quality of the organic matter and anaerobic 

conditions in sodic soils (Abdou et al., 1975). Kaur et al. (2002) found a decrease in 

microbial biomass C in soils receiving continuous sodic irrigation water for 19 years in 

rice-wheat cropping system. Rietz and Haynes (2003) reported a stronger detrimental 

effect of salinity compared to sodicity on soil biological properties. They found an 

exponential negative relationship between microbial biomass C and EC but a linear 

negative relationship of microbial biomass C with ESP and SAR. In salt-affected soils, C 

and N mineralization was inhibited at higher EC with nitrification being more sensitive 

than ammonification (McClung and Frankenberger, 1987; Rasul et al., 2006). 

Dendooven et al. (2010) showed that decomposition of easily decomposable organic 

material (such as glucose) was inhibited in an extremely alkaline saline soil. 

In saline-sodic soils, decomposition is affected by both salinity and sodicity. 

Wong et al. (2008) found the highest respiration in low salinity-high sodicity soils and 

the lowest in mid salinity-low sodicity soils. Further, Wong et al. (2009) found that soil 

microbial biomass and respiration increased initially after addition of organic material 

to a highly saline sodic soil and they explained this contrasting effect by the increased 

ionic strength of solution which causes release of SOC sorbed onto aggregates. Skene 

and Oades (1995) found that treating a soil with a solution with low SAR and high EC 

decreased the concentration of soluble carbon. 

Salt-affected soils contain various salts but sulphate and chloride salts of 

sodium dominate. Chloride and sulphate salts may have a differential effect on C and N 

mineralization in soils (Agarwal et al., 1971; Broadbent and Nakashima, 1971). Chandra 

et al. (2002) found increased C mineralization with increasing KCl and K2SO4 salinity. Li 

et al. (2006 a) reported that cumulative CO2 evolution decreased with increasing NaCl 

concentration, but increased with Na2SO4 salinity. Further, Li et al. (2006 b) reported 

that the effect of salinity on C mineralization depended on the duration of incubation 

period : CO2 evolution decreased with increasing NaCl in the first 1-3 days of 
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incubation but the effect was variable thereafter, whereas Na2SO4  had no effect on 

CO2 evolution during the first 1-3 days and had a variable effect thereafter. 

Most of these studies were carried out in salt-amended soils which may not be 

a true representation of ionic composition of naturally occurring salt-affected soils. 

Moreover, addition of salts to a non-saline soil may not allow microorganisms to adapt 

to salinity as they would in the field where salinity develops more gradually. McClung 

and Frankenberger (1987) found that C mineralization was similar in naturally saline 

soils with ECe 44 dS m-1 and salt-amended soils with a ECe 10, 15 and 20 dS m-1. This 

indicates that using salt-amended soils may lead to overestimation of the salinity 

effect on SOM decomposition.   

 

1.8 Modelling of soil organic carbon  

 A model is a mathematical representation of the real system with well defined 

boundaries. Turchin (1998) classified models into three types according to the goal of 

the model in question.  

1) Descriptive models –are used to identify and obtain information on the 

characteristics of a particular issue and merely describe something mathematically. 

Common statistical models in this category include the mean, median, mode, 

range, and standard deviation. 

2) Explanatory models –are used to understand phenomena by describing 

relationships among variables in a system  

3) Predictive models –are used to predict a certain phenomena on the basis of 

hypotheses and general relationships among variables. 

Among these models, the predictive models are most valuable for SOC, but also 

the most challenging. 

The use of SOC models is an important research tool to understand SOC dynamics 

and develop management strategies to optimize inputs for C sequestration. Models 

can 

1. quantify expected results  

2. help understand the contribution of different underlying mechanisms to the 

observed results      

3. explore the relationship between various components simultaneously  
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4. make future projections of changes in SOC under different management and/or 

climate scenarios 

5. extrapolate results to other situations within the calibration conditions 

 

1.9 Classification of soil organic carbon models   

Models can be classified based on input, output, scope and application. 

Different classification schemes have been proposed to compare different SOC models. 

Jenkinson (1990) classified SOC models into the following categories:  

(1)  Single homogenous compartment models: These models assume a single 

compartment and have been applied mainly to organic N and C. Mathematically, they 

can be written as: C = Co (1-e-kt) where C is total C mineralized over a given time period, 

Co is the potentially mineralizable fraction of organic C, k is the proportional rate 

constant. This equation assumes that of the amount of organic material in the soil 

declines exponentially with time and the relative rate of decomposition is constant. 

 
(2)  Double compartment models: These models assume that incoming plant material 

is divided into two pools, a fast and a slow pool, which decompose according to first 

order kinetics. Mathematically this can be written as :  C = Cs (1-e-st) + Cf (1-e-ft), where 

C represents total C mineralized over a given time period t, Cs and Cf are the stable and 

labile fractions of organic C, respectively, and s and f are the proportional rate 

constants for C mineralization for the stable and labile fractions, respectively. 

 
(3)  Non-compartmental decay models: The assumption behind these models is that 

during decomposition the organic matter moves down a quality scale. The quality of 

organic matter varies between zero for resistant plant material and one for fresh 

organic material. 

 
(4)  Multi-compartmental models: These models assume that SOC is decomposed into 

various pools which in turn, decay by first order kinetics. Examples are CENTURY 

(Parton et al., 1988), RothC (Jenkinson, 1990), DAISY (Jensen et al., 1997) and DNDC (Li 

et al., 1997).  
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 Models in categories 1 and 2 are static (environmental variables remain constant), 

whereas the models in categories 3 and 4 are dynamic (environmental variables vary 

with time) (Falloon and Smith, 2000). The dynamic models can be further split into 

following four broad classes (Paustian, 1994):  

 
(1)  Process-orientated models: simulate the processes controlling the flow of energy 

and matter transformations. Hence, SOC pools are linked to each other by C flow from 

one pool to another over time and these pools have different turnover time. The 

models in this category include CENTURY (Parton et al., 1988), RothC (Jenkinson, 

1990), DAISY (Jensen et al., 1997), CANDY (Franko et al., 1997) and DNDC (Li et al., 

1997) etc.  

 
(2)  Organism-orientated models: quantify the flow of nutrients and energy in soil 

biota, through various functional or taxonomic groups. For example: Darrah (a model 

for Rhizosphere C flow, Darrah, 1991).  

 
(3) Integrated models: link process models to organism-orientated models. For 

example: SOMM (Soil organic matter dynamics in relation to decomposer organisms, 

Chertov and Komarov, 1996). 

 
(4) Cohort models: convert SOM into different cohorts which are further divided into 

pools. Unlike process-orientated models where the SOM decomposition is regulated 

by physical and biochemical processes, these models consider microbial physiology as 

the main driving factor for SOM decomposition (Batlle-Aguilar et al., 2010). For 

example:  SOMCO (soil organic matter cohort, Gignoux et al., 2001). 

 
 To date, there are 250 models for predicting SOC dynamics and nutrient 

turnover (Manzoni and Porporato, 2009). These models differ in underlying 

assumptions and the processes responsible for SOM decomposition. Nevertheless, 

most of these SOM models divide SOC into different pools with distinct properties and 

rate constants. Another class of models determine SOC decomposition by an attribute 

called “quality”, the so-called Q model (Bosatta and Agren 1985) where the rate of 

SOM decomposition is associated with a continuous change in “quality”. 
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1.10 Evaluation, comparison and application of soil organic carbon models 

 Once a model has been developed, its performance needs to be evaluated to: 

1. assess how well the model performs in the situation for which it was 

developed. 

2. understand the reasons if the model fails to perform well in a given situation. 

3. predict future changes in SOC with confidence and a maximum degree of 

accuracy. 

 Models can be evaluated at point, regional or global scale. The performance of 

models depends upon required inputs, availability of input data at appropriate scale 

and hypotheses made for developing the model. Smith et al. (1997) evaluated nine 

SOC models against data from seven long term experiments under arable, grassland 

and woodland. Their results showed that six models (RothC, DNDC, CANDY, CENTURY, 

DAISY and NCSOIL) performed well with no significant difference in accuracy; the 

residual mean square error of these models was lower than the other group of models 

(ITE, Verberne and SOMM). Similarly, five SOC models (RothC, DNDC, CENTURY, EPIC 

and SOCRATES) were evaluated by Izaurralde et al. (1996) at a site specific and a 

regional level in Canada. Among these models, SOCRATES was best for simulating long 

term SOC trends at site specific levels, but CENTURY was superior in predicting SOC 

trends at regional level because it, unlike SOCRATES, allows for different management 

strategies. Among all models, CENTURY (Parton et al., 1988) and RothC (Jenkinson et 

al., 1987) are most widely used for studying the impact of climate and land-use change 

on SOC.  

CENTURY was originally developed for grasslands (Parton et al., 1988), but it 

has also been used to simulate SOC in forest (Kelley et al., 1997; Kirschbaum and Paul, 

2002) and cropping (Carter et al., 1993) systems. Parton et al. (1993) evaluated 

CENTURY using data from 11 temperate and tropical grasslands around the world. The 

results showed that SOC and N levels could be simulated to within ±25% of the 

observed values for a diverse set of soils. Kelley et al. (1997) used CENTURY to 

accurately predict SOC in arable land (Germany, Czech Republic and Australia), 

grassland (UK), forest (USA) and wood land (UK). It has also been successfully used at 

field scale in Kenya (Cerri et al. 2007) and Denmark (Foereid and Hogh-Jensen 2004), 

and for grassland converted to continuous fallow in Russia (Mikhailova et al. 2000). 
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Using RothC, simulated SOC contents were an acceptable approximation of 

measured SOC in long-term experiments in Germany, Australia, Czech Republic, 

England and the USA (Coleman et al., 1997). RothC has also been successfully applied 

in China (Guo et al., 2007), Kenya (Kamoni et al., 2007), Zambia (Kaonga and Coleman, 

2008) and West Africa (Nakamura et al., 2010). Gottschalk et al. (2010) found that the 

ability of RothC to simulate SOC after deforestation can be improved after 

incorporating a new SOC pool (labile but protected carbon fraction). Cerri et al. (2003, 

2007) used a chronosequence approach for studying changes in SOC after conversion 

of forest to pasture in the Brazilian Amazon and showed that RothC accurately 

simulated a decline in SOC following clearing and conversion to pasture. 

 

1.11 Rothamsted carbon model 

Among the SOC models, RothC (Jenkinson and Rayner 1977, Jenkinson et al. 

1987, Coleman and Jenkinson 1996), is being widely used worldwide and is also used 

for carbon accounting in Australia (Skjemstad et al., 2004). RothC includes five pools of 

SOM: decomposable plant material (DPM, labile – cellulose and hemicellulose), 

resistant plant material (RPM, recalcitrant – lignin), microbial biomass (BIO, soil 

microbes), humidified SOM (HUM, humus) and inert organic matter (IOM) that is 

resistant to biological transformations (Coleman and Jenkinson, 1996). The incoming 

plant material is divided into DPM and RPM but the DPM/RPM ratio depends upon the 

vegetation type (1.44 for crops and grasses, 0.25 for deciduous or tropical woodlands 

and 0.67 for unimproved grassland and scrubland). Both DPM and RPM decompose to 

form CO2, BIO and HUM (Figure 4). Biomass and humus further decompose into CO2, 

biomass and humus pools but at a slower rate than DPM and RPM.   

The amount of C (y) lost from each pool, except IOM, is described by first order 

exponential decay: 

 y = y0 (1-e-abckt)  

where y0 = initial amount of C in a particular pool; a, b and c are rate modifying factors 

for temperature, moisture and plant retainment, respectively; k is  the rate constant 

for the given pool expressed per year  and t is 1/12 to convert k to a monthly time-

step. 
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Figure 4: Structure of the RothC model  

 

The rate modifying factor ‘b’ accounts for the soil moisture deficit which is a 

function of soil clay content, monthly average rainfall and pan evaporation. 

Decomposition in the RothC model is also sensitive to whether the soil is bare or 

covered by vegetation. The modifier is 0.6 for actively growing vegetation (reduces 

decomposition rates by 40%) and 1 for bare soil. The pools are defined by the rate 

constant, proportion of BIO to HUM (fixed in the model) and the ratio of CO2 to BIO + 

HUM which varies according to the clay content with lower clay content leading to 

higher relative CO2 release. The rate constant ‘k’ is 10 yr-1 for DPM, 0.30 yr-1 for RPM, 

0.66 yr-1 for BIO and 0.02 yr-1 for HUM.  

The inputs required to run the model are divided into three types: 

1. Soil data : Initial SOC ( t C ha-1), clay (%), depth of soil layer sampled (cm) 

2. Land use and management data: soil cover, monthly input of plant residue (t 

ha-1), and farm yard manure ( t ha-1). 

3. Climate data: Monthly rainfall (mm), monthly open pan evaporation (mm) and 

average monthly mean air temperature (°C)  

These input parameters must be known to run the model but plant input is rarely 

known and can be generated by the model by running it in inverse mode.  

 

IOM 

CO2 

Organic 
inputs 

DPM 

RPM 

HUM 

BIO 

HUM 

BIO 

CO2 
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1.12 Modifications of RothC for subsoils, waterlogged soils and Andosols 

 According to Coleman and Jenkinson (2005), RothC should be used cautiously 

on subsoils, soil from tundra and taiga regions, soils on recent volcanic ash and is not 

suitable for waterlogged soils. However, Jenkinson and Coleman (2008) also 

parameterized RothC for subsoils after incorporating two parameters, p (for downward 

movement of organic C) and s (for slow decomposition of SOM at depth). Shirato et al. 

(2004) modified RothC for Andosols of Japan by changing the rate constant of humic 

pool and setting inert organic matter to zero. They found that with the modified 

RothC, there was a good agreement between measured and modelled SOC of long-

term experiments on these soils. Further, Shirato et al. (2005) modified the 

decomposition rate constants of RothC by a factor of 0.2 in summer and 0.6 in winter 

for better performance of this model for paddy soils of Japan. These studies suggest 

that RothC can be parameterized for different conditions by adjusting rate constants or 

adding additional parameters.  

 

1.13 Measurable and modelled pools in RothC 

The input pools in the model can be approximated to measurable pools either 

by chemical analyses or decomposition studies of different plant residues. Smith et al. 

(2002) showed that a measured pool is equivalent to a modelled pool only when it is 

unique and non-composite. Most studies initialize RothC using only measured total soil 

carbon and other input parameters, however there are few studies where the 

conceptual pool of model were replaced with measured SOC pools. Skjemstad et al. 

(2004) showed that RPM, HUM and IOM pools of RothC could be replaced by POC (C 

associated with particles > 53 µm), humus (C associated with particles < 53 µm 

excluding char-C) and char-C (condensed aromatic C), respectively. They found a good 

agreement between measured and modelled pools after changing the decomposition 

rate constant (k) of RPM from 0.30 to 0.15 per year and retaining the original rate 

constant values for the other pools as proposed by Jenkinson et al. (1987). Similarly, 

Zimmermann et al. (2006) used a fractionation scheme to divide SOC pools into five 

fractions namely POC, DOC, C associated with silt plus clay (SSOC), C associated with 

sand and stable aggregates (ASOC), and resistant C (RSOC). They found that POC+DOC 

could be replaced with DPM + RPM, SSOC (minus RSOC) and ASOC with HUM+BIO and RSOC 
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with IOM. Shirato and Yokozawa (2006) identified only DPM and RPM fractions in 

RothC by acid hydrolysis of plant materials. They divided C in plant material into three 

pools: labile pool I (obtained by hydrolysis with 5 N H2SO4), labile pool II (obtained by 

hydrolysis with 26 N H2SO4 and then with 2N H2SO4) and recalcitrant pool 

(unhydrolyzed residue). They found that the labile pool approximated the DPM pool 

and the labile pool II plus recalcitrant pool approximated the RPM pool in RothC. 

Ludwig et al. (2003) compared measured and modelled pools of RothC using the 13C 

technique. Total C and maize derived C in the <63 µm fraction were correlated with the 

sum of modelled total and maize derived C in the humic pool, inert organic matter and 

microbial biomass.  

 

1.14    Integration of RothC with spatial data in the geographical information system 

For identification of potential areas for C sequestration at regional scale, 

information about spatial variation in climate, soil properties, vegetation, crops and 

land use is required (Falloon et al., 1998; Smith et al., 2006). Many SOC models are 

point-based and perform simulations of SOC and predictions for one site at a time. The 

integration of the RothC with soil, land use and climate data in a GIS environment was 

successfully illustrated by Fallon et al. (1998) for studying the changes in SOC after 50 

and 100 years following afforestation of arable land in Hungary. Fallon et al. (2006) 

studied SOC fluxes in mineral soils as a function of changes in climate, land use and 

land management at a 1-km resolution in the UK. Smith et al. (2005, 2006) used a 

similar approach for studying projected changes in SOC of European croplands, 

grassland and forests in 18 x 18 km cells. Further, Smith et al. (2007) used the spatial 

version of RothC to estimate changes in SOC stocks in soils of European Russia and the 

Ukraine from 1990-2070 with four intergovernmental panel on climate change (IPCC) 

scenarios. Similarly, Kamoni et al. (2007), Al-Admat et al. (2007), Bhattacharya et al. 

(2007) and Cerri et al. (2007) predicted SOC stocks between 2000 and 2030 in Kenya, 

Jordan, India and Brazilian Amazon, respectively. Jones et al. (2005) used RothC to 

model the effect of future climate on global SOC stocks and predicted that SOC stocks 

would remain unchanged until about 2050 and but decline sharply thereafter, resulting 

in a decrease of SOC by 54 Pg C by 2100. In Australia, FullCAM (Richards, 2001) is used 

for C accounting and can also be run in a spatial mode for studying the effect of land 
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use changes after integrating remote sensing data, climatic parameters and soil 

information. FullCAM is an integration of several sub-models: RothC and CENTURY, the 

empirical C tracking model CAMFor (Richards and Evans, 2000), the tree growth model 

3PG (Landsberg and Waring, 1997) and the litter decomposition model GENDEC 

(Moorhead et al., 1999).  

 

1.15 Conclusions and knowledge gaps 

In South Australia, dryland salinity and dry saline land salinity are forms of land 

degradation of major significance, but information about the extent of the area 

affected is scant. By providing fast, cost effective and time series data, remote sensing 

can play an important role in detecting, mapping, and monitoring salt-affected surface 

features. In this thesis, the ability of higher resolution multispectral satellite imagery as 

a means of mapping salinity at a large scale will be assessed in the agricultural area 

around Kadina, South Australia where dryland and dry land salinity are wide-spread. 

Increasing soil salinity and sodicity affect SOC dynamics and can alter C stocks and 

fluxes in the landscape, but the influence of salt on SOC stocks may vary according to 

different types of salinity and climatic conditions. Therefore, an agricultural area in 

Punjab (Muktsar district), India where salinity was induced by irrigation, will also 

mapped and sampled on a 1:50,000 scale.  

Although there are many studies on the effect of EC and SAR on SOM 

decomposition, they mainly used soils to which salt was added. This may not reflect 

the effect of EC and SAR on decomposition in soils that have been exposed to salt for 

longer periods of time. To close this knowledge gap, SOM decomposition in field 

collected salt-affected and salt amended soils (salinity is altered by adding soluble 

salts) will be determined.  

Compared to other models, RothC is quite simple and transparent model and 

has been used successfully to predict changes in SOC in different parts of the world. 

However, RothC has not been calibrated for salt-affected soils that cover large areas in 

Australia and India. In this thesis, an approach will be described for development of a 

decomposition rate modifier for salinity and its integration into the spatial version of 

RothC. Further, the impact of reduced plant inputs in salt-affected soils on modelled 
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SOC stocks will also be evaluated. Lastly, the RothC, modified for salt-affected soils, will 

be used to model regional SOC stocks.  

 
 Thus, the present study has the following aims: 

1. to map salt-affected soils of selected regions of South Australia and India  

2. to investigate the effect of various levels of EC and SAR on SOC turnover 

3. to develop decomposition rate modifier for salt that can be included into 

RothC for simulating SOC dynamics in salt-affected soils 

4. to estimate regional SOC turnover in salt-affected soils by linking the 

modified Roth C model to a GIS data base for India and Australia 

 

1.16 Structure of thesis 

A schematic diagram of outline of approaches used for studying SOC dynamics 

in salt-affected soils by integrating remote sensing, incubation experiments, SOC 

modelling and GIS is shown in Figure 5.  For this purpose, two regions, one in India 

(Muktsar, Punjab) and one in Australia (Kadina, South Australia) were selected. The 

salt-affected soils were mapped on finer scale (~ 1:10, 000) for Kadina, South Australia 

(Chapter 2) and on coarse scale (1:50,000 scale) for Muktsar, Punjab, India (Appendix 

1) due to best available data.   

The salt-affected soils contain calcium carbonate and estimation of CO2 release 

in calcareous soils is problematic. Chapter 3 covers the influence of calcium carbonate 

on CO2 release in saline soils in the presence of residues. Previous studies (Ben-Gal et 

al., 2009; Rengasamy, 2010) suggested that the osmotic potential of soil solution may 

be an appropriate parameter for assessing the effect of salinity on plant growth. The 

question arose whether the effect of salinity on soil respiration may be different when 

calculated with osmotic potential. Therefore, salt-amended soils of varying texture 

were used in an incubation study to assess the effect of salinity on CO2 release as a 

function of osmotic potential (Chapter 4). The results of this study showed that salt-

amended soils overestimate the salinity effect compared to saline soils from the field. 

Chapter 5 covers the relationship between CO2 release and soil properties in salt-

affected landscapes of India and Australia. The results of this study suggest that among 
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all soil properties, EC was the main factor influencing for soil respiration. Therefore, EC 

should be taken account into simulating SOC dynamics in these soils.   

 Currently SOC models do not take account into salinity and the plant growth is 

lower in salt-affected soils. Chapter 6 covers the development of decomposition rate 

modifier for salinity using CO2 release from soils of India and Australia. RothC, modified 

after including a decomposition rate modifier and a plant input modifier, was used to 

simulate SOC dynamics in soils collected from a field in South Australia. In order to 

estimate the past SOC content from saline soils of India and Australia when these were 

non-saline, a new method to model the change in SOC stocks that can be attributed to 

the salinization of the soils was developed (Chapter 7) using RothC modified for saline 

soils.  
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Figure 5: Schematic diagram of the structure of thesis 
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CHAPTER 8 

CONCLUSIONS AND FUTURE RESEARCH 

 

 The global carbon (C) pool up to 1 m depth, comprising organic and inorganic C is 2300 

Pg, of which 67.4% (1550 Pg) is organic and 32.6% (750 Pg) is inorganic (Lal, 2008). 

Today, the soil organic carbon (SOC) content is lower than before human intervention 

due to land use changes and the resulting  carbon dioxide (CO2) emissions  have played 

an important role in enrichment of atmospheric carbon dioxide (Smith et al., 2008). 

This is particularly the case for degraded soils, e.g. salt-affected soils. Hence, these 

soils have a significant potential for increasing C sequestration in the above-ground 

biomass and in the SOC pool through amelioration (Lal, 2001). 

The total area of saline and sodic soils is 397 and 434 million ha, respectively 

which is approximately 6.5 % of the world land area (Szabolcs, 1993). Adoption of soil 

restorative measures in these soils requires the integrated use of frontier technologies 

such as remote sensing, experiments and modelling which can be used to estimate the 

potential of these soils for SOC sequestration. 

Salinization may be quite localized and change from one season to another. 

Therefore, it is necessary to map the spatial and temporal changes in its occurrence. 

Such mapping can be accomplished in several ways. Since field and laboratory 

methods are quite expensive and time-consuming, cheaper and less time-consuming 

methods such as remote sensing can play an important role in identifying, mapping 

and monitoring of soil salinity (Kalra and Joshi, 1996, Metternicht and Zinck, 2003; 

Shrestha, 2006; Dutkiewicz et al., 2009).   

The unsupervised classification of whole image of the Australian study area was 

unable to discriminate between severity of salinity because the expression of salinity in 

this area differs from paddock-to-paddock due to crop and management factors. The 

paddock-by-paddock-approach takes into account this variability and could 

differentiate three classes of salinity which were significant related with electrical 

conductivity (EC) but not with sodium adsorption ratio (SAR). This clearly shows that in 

salt-affected areas with small localised patches of salinity and differential land 

management, the paddock-by-paddock approach can be used for accurate mapping.  
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With respect to the effect of salinity on decomposition rates, the studies 

reported in this thesis highlighted two important points. Firstly, that incubation studies 

where salt is added may overestimate the effect of salinity on microbial activity and 

thus decomposition rates. And secondly, that the EC may not be a good measure for 

the salinity stress experienced by microbes in saline soils. Addition of salt to soils will 

cause an immediate osmotic stress to soil microbes which may not give them sufficient 

time to adjust physiologically or via changes in community composition to the lower 

osmotic potential. In the field, salinity develops more slowly and therefore allows for 

adjustment. Therefore, to evaluate the effect of salinity on decomposition rates, saline 

soils from the field should be used. The EC measured in fixed soil-to-solution ratio is a 

poor indicator of the salt stress experienced by plants and microbes because as soils 

dry, the salt concentration in the soil solution increases (decreasing osmotic potential). 

Thus, the osmotic potential varies with water content in a given soil but also between 

soils. Two soils of different texture may have the same EC1:5 (EC of 1:5 soil: water 

suspension), but the osmotic potential is lower in the soil with lower water content. 

The relative importance of soil properties may be quite different in salt-affected soils 

to that in non-salt-affected soils. The regression analysis of the CO2 emission from non-

salt-affected soils and salt-affected soils collected from India and Australia showed that 

cumulative CO2-C emission was significantly positively correlated with particulate 

organic carbon (POC) and humus-C but significantly negatively related with EC and 

significantly positively with osmotic potential. Therefore, salinity strongly affects 

decomposition rates and should be taken account into SOC models for studying SOC 

dynamics in salt-affected soils. 

When modelling SOC turnover in soils, it is important to not only consider 

decomposition rates but also plant inputs. There are many studies showing reduced 

yield in saline soils, therefore, plant inputs into saline soils will be reduced. The 

Rothamsted Carbon Model (RothC, Jenkinson et al. 1987, Coleman and Jenkinson 

1996) is often used for estimations of future SOC stocks and CO2 emissions, but it had 

not been calibrated for saline soils. 

In the work described here, reduced plant inputs were calculated based on 

data from Maas and Hoffman (1977) who compiled a list of threshold and slope values 

for yield of various crops. The importance of considering reduced plant inputs into 
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saline soils was demonstrated by modelling past SOC stocks considering reduced 

decomposition only or reduced decomposition and reduced plant inputs. Using the 

reduced decomposition only, the past SOC content was lower than the present, 

suggesting an increase in SOC due to salinity. On the other hand, including both 

reduced decomposition and reduced plant inputs showed that saline soils had lost 

considerable amounts of SOC since they became saline.  The average loss of SOC due 

to salinity was 55 t ha-1 for Australian soils and 31 t ha-1 for Indian soils. Since this and 

other study showed that saline soils have lower SOC contents compared to non-saline 

soils, only the latter simulation (reduced decomposition and reduced plant inputs) is 

correct. The iterative approach to calculate past SOC stocks is novel and useful. 

However its limitation is that it cannot be verified and it is not known when the now 

saline soils were non-saline.  

The modelling results with the decomposition rate modifier and plant inputs 

modifier indicated a greater decrease in SOC in saline than in non-saline soils of India 

and Australia in the future climate. Thus, the previous projections of the decrease of 

SOC in saline soils have been underestimated; this also means that saline soils will emit 

more CO2 than previously thought.   

This thesis represents development of the following innovative and unique 

approaches: 

1. A paddock-by-paddock approach for accurate mapping of salinity for 

smaller area using multispectral high resolution imagery.  

2. Using osmotic potential (not EC) for estimating the effect of salinity on 

microbial activity and soil respiration.  

3. Calculation of a decomposition rate modifier for saline soils and its inclusion 

in Roth C 

4. Development of an approach to calculate plant inputs into saline soils and 

its inclusion in Roth C 

5. A novel approach for calculating past SOC stocks when saline soils were 

non-saline. 
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Recommendations for future research work  

 

1. The rate modifier for decomposition was derived from CO2 emission over 120 

days in a single incubation experiment with 120 soils. The decomposition rate 

modifier derived from this limited set of soils may not be generally applicable. 

Additionally, there was no relationship between sodicity and CO2 emission in 

this study, which may be due to the limited range of sodicity in the sampled 

soils. Therefore, a similar incubation experiment should be conducted focussing 

specifically on sodic soils. In order to preserve the soil structure, such an 

experiment would have to be carried out with intact soil cores.  

2. Due to the short incubation time (120 days), only easily decomposable (labile) 

SOC pools changed. It was assumed that the same rate modifier applies for all 

SOC pools. This issue could be addressed by analysing archived soil samples 

from salt-affected areas taken at least 10 years previously and comparing the 

SOC pools of these soils with those of present soils from the same location. 

3. The plant input modifier used in modelling was based on a generalised 

equation between EC and yield and did not take into account the differential 

sensitivity of plants to salinity. Moreover, yield may not be directly reflected in 

C inputs, particularly with respect to root-derived C. Root and shoot biomass of 

common crop plants will need to be determined over a range of salinity and 

sodicity levels to develop a more accurate equation for plant inputs into saline 

soils.  

4. To verify if the decomposition rate modifier is applicable to the field situation, 

CO2 emission from salt-affected soils should be measured in the field, 

accompanied by soil sampling to determine EC and water content. 
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APPENDIX -I 

 

Mapping of salt affected soils in Muktsar district, Punjab, India 

 

The multi-temporal geo rectified Resourcesat-I LISS-III data (spatial resolution = 23.5 

m) acquired during spring (April 2005), autumn (October 2005) and winter (February 

2006) of 2005-06 was used for mapping of salt-affected soils in Muktsar district. The 

imagery was provided as four bands [green (0.52 - 0.59 µm), red (0.62 - 0.68 µm), near-

infrared (0.76 – 0.86 µm) and short-wave infrared (1.55 – 1.70 µm)]. Ancillary data in 

the form of Survey of India (SOI) topographical maps, existing waste land data and 

other published reports were used as reference data. Survey of India topographical 

maps on 1:50,000 scale were used for identification of base features and for planning 

of the ground truthing. Ground-truthing was performed by collecting 120 soil samples 

over the study area of 2631 km2.  

The methodology is based on on-screen interpretation using standard image 

interpretation keys like tone, texture, size, pattern, association etc. which was 

followed by ground truthing. To delineate indicators of salinity like reduced plant cover 

and growth, halophytic vegetation, greater soil exposure and possibly brighter soil 

surfaces, suitable band combinations were used where the signatures of particular 

class were quite evident. The standard false colour composites (FCC) showed white 

patches of varying tones in the red background indicating the salt efflorescence of salt 

affected soils which showed higher digital values than non-salt-affected soils. Similar 

tone was also observed for sandy soils prevalent in the area but these soils were 

discriminated by associated features and ground truthing. The salt-affected soils were 

mapped in the light of the ground observations, visual interpretation keys and 

available soil parameters (electrical conductivity and sodium adsorption ratio) (Figure 

1). The salt-affected soils occupy less than 1% area of district in various seasons and 

the salinity was mainly induced by irrigation (secondary salinization). Some the patches 

were observed along the twin canals, these canals are aligned across the natural 

gradient of the area, obstructing the natural flow of water. Nearly 61% area of the 

district has poor quality groundwater, with 37% of the area having saline to highly 

saline, 19% saline-sodic and 5% area sodic waters (Sharma et al., 2003). 
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Figure 1: Classified Resourcesat-I LISS-III data of the Muktsar district, Punjab, India.  
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                                          NOTE:   
   This figure is included on page 134 of the print copy of  
     the thesis held in the University of Adelaide Library.
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