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Abstract 

Salt-affected soils are soils with high concentrations of dissolved mineral salts in their 

profiles to the extent that such dissolved salts adversely affect crop production. Globally 75 

countries have been recognized as having vast areas of salt-affected lands. Australia, United 

States, Turkey, India, Iran, Iraq, Mexico, Syria, Pakistan, and China are countries with serious 

salinity problems. In a recent estimate, nearly 831 million hectares of land are salt-affect 

worldwide. Salt-affected soils mostly exist in arid and semiarid regions of the world and many 

salt-affected wastelands have been productive lands in the past. Worldwide about 95 million 

hectares of soils are under primary salinization (i.e salinity occurs naturally in soils and water) 

whereas 77 million hectares suffer from secondary salinization (as a result of human activities 

and ever rising groundwater table). Also, 23% of arable lands of the world are affected by 

salinity while further 10% are saline sodic soils. In Australia sodicity affects about 17 million 

hectares of land. The key objectives of this study were to 1) study the effects of chemical 

(Gypsum) and organic (plant material) amendments on carbon dynamic in soil aggregate. 2) 

evaluate the effects of an organic amendment (Alkaline biochar) on chemical, biological and C 

stocks of “saline soils” with different salinity levels. 3) study the effects of two types of biochar 

(Acidic and Alkaline) as an organic amendment on physical, chemical, biological and C stocks 

of a “saline-sodic” soil. 4) and finally, study  the effect of vegetation cover on carbon dynamics 

in different depths of saline-sodic soils (phytoremediation).  

A series of incubation and field studies were conducted to evaluate the above mentioned 

objectives of this study. In the first incubation experiment, two saline-sodic soils (0-30 cm 

depth) were collected from two different regions of Australia. After pre-incubation, four 

treatments were imposed: un-amended (treatment N, control) ; amended with 2% (w/w) mature 

wheat straw of C: N ratio 122, and particle size of 0.25 - 2 mm (treatment P); amended with  2% 

(w/w) gypsum (treatment G) and amended with 2% gypsum and 2% wheat straw (treatment 

PG). All treatments were then incubated for 6 months. The highest amount of respiration (CO2-
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C) and microbial biomass carbon (MBC) were observed in the treatments which received wheat 

straw (P and PG) due to provision of substrate for microbial activity, while gypsum did not have 

a significant effect on these parameters. Gypsum addition increased aggregate formation and 

stability as it provided a source of coagulating Ca2+ ions. Larger aggregate classes (>2 mm and 

1-2 mm) had higher carbon contents than smaller aggregates classes (0.5 -1.0 and 0.25 - 0.5 

mm) in the PG treatment where both gypsum and wheat were applied. Surprisingly, soil organic 

carbon (SOC) increased in the G treatment which only received gypsum and no wheat, 

confirming that aggregate formation is one of the important factors affecting SOC stocks in 

saline-sodic soils. SOC content can be affected by the weight of the fraction which is physically 

stabilized through aggregate formation process. Gypsum improved aggregate formation and 

stability thus increased the proportion of >2 and 1-2 mm size classes, consequently affecting 

SOC contents in gypsum amended soils.  These results are therefore compatible with the 

concept of aggregate formation hierarchy whereby micro-aggregates bond together by 

temporary and transient bonding agents such as microbial and plant derived polysaccharides to 

form macro-aggregates thus locking up C in the inner sub-units and protecting it from microbial 

transformation. 

The second experiment evaluated the effects of four different rates (0, 2.5, 5 and 

10%w/w) of an organic amendment (alkaline biochar, pH 8.2) on chemical and biological 

properties and C stocks of experimentally-created saline soils with four different salinity levels 

(EC1:5=0, 2, 5. 8 dS m-1) over a 6-12 month incubation period. After 6 and 12 months of 

incubation, total SOC increased significantly (p<0.05) with biochar addition and was at its 

highest with 10% biochar addition. This second study showed that the highest rate of biochar 

application (10% w/w) had the most significant effects in improving chemical and biological 

properties of the saline soils. However, addition of biochar to soil at high rates is likely to add to 

the expense of the remediation process, so a rate of 5% (w/w) may provide sufficient 

improvement while at the same time limits the costs. The positive results of biochar application 

to salt-affected soils reported in this study may be of great significance to food production and C 

sequestration given the huge extent of such soils around the world.  
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In the third experiment, two types of biochar (acidic and alkaline) were added as 

organic amendments to a saline-sodic soil, with or without gypsum addition and the effects on 

physical, chemical and biological properties and C stocks were studied.The amendments had 

significant effects (p<0.05) on all the measured properties compared to the control (un-

amended). The results showed that acidic biochar improved properties such as pH, MBC, SOC, 

HC and water retention of the saline-sodic soil to a greater extent than the alkaline biochar and 

would therefore be preferred as an organic soil amendment in the rehabilitation of such a saline-

sodic soil. Furthermore, the combined application of acidic biochar and gypsum produced 

greater changes (p<0.05) in physical properties than the individual addition of these 

amendments. The positive effects of acidic biochar on soil hydraulic functions and some 

chemical and biological properties were more significant (p<0.05) when it was applied in 

conjunction with gypsum. The amendments produced changes with greater significance at the 

end of the 12 months incubation time compared to the 6 months incubation time, however there 

were still substantial and significant changes in many properties after 6 months. Studies over 

greater time periods are required to understand how long these changes will last in soil with 

applied amendments.  

And finally, in the last (fourth) experiment the effects of vegetation cover 

(phytoremediation) were studied on C dynamics in different depths of a saline-sodic soil. In this 

experiment the ability of two halophytes, Rhodes grass (RG) and saltbush (SB), to phyto-

remediate and increase C stocks of the salt-affected soil were studied compared to an un-

vegetated control site (N). In general, a significant improvement in soil chemical and biological 

properties was observed in soils sampled from the vegetated areas in comparison to the un-

vegetated control. Depth and vegetation type significantly affected respiration in this 

experiment. The SOC content increased in the areas which had vegetation cover compared to 

the control soil. However, there were significant differences among vegetation types affecting 

soil properties varying with depth. In this study, Rhodes grass improved soil chemical and 

biological properties and increased soil C stocks much more significantly than saltbush. The 

result from this study shows that phytoremediation is soil/plant dependent.  Various Other 
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studies indicate that phytoremediation of salt-affected soils by halophytes can be very time 

consuming and needs several growing seasons. However, it could become a cost-effective and 

environmental friendly method for remediation of salt-affected lands. 

Currently, the data and views on how C stocks behave in salt-affected lands seem to be 

contradictory. The contradictory results of effects of organic matter addition to salt-affected 

soils are probably due to variations in the balance between the effect of added organic matter 

and the opposing salinity and sodicity processes. Currently there are little data related to C 

stocks and dynamics in salt-affected soils. The four experiments provided further data on C 

behavior in salt-affected soils and indicated that C dynamics are complex and are very soil, site, 

and amendment specific. 
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CHAPTER ONE 

Introduction 
1.1.Definition and classification of salt-affected soils 

Globally 75 countries have been recognized as having vast areas of salt-affected lands. 

Australia, United States, Turkey, India, Iran, Iraq, Mexico, Syria, Pakistan, and China are 

countries with serious salinity problems  (Rhoades, 1998). In a recent estimate made  by 

Martinez-Beltran and Manzur (2005) nearly 831 million hectares of land are salt-affect 

worldwide. Salt-affected soils mostly exist in arid and semiarid regions of the world and many 

salt-affected wastelands have been productive lands in the past (Qadir et al., 2000). Worldwide 

about 95 million hectares of soils are under primary salinization (i.e salinity occurs naturally in 

soils and water) whereas 77 million hectares suffer from secondary salinization (as a result of 

human activities and ever rising groundwater table) (Metternicht and Zink, 2003). Also, 23% of 

arable lands of the world are affected by salinity while further 10% are saline sodic soils 

(NLWRA, 2001, Szabolcs, 1994). In Australia sodicity affects about 17 million hectares of 

lands.  

 

Figure1.1. Worldwide distribution of saline sodic soils (data from  (Szabolcs, 1989)). 

Salt-affected soils are soils with high concentrations of dissolved mineral salts in their 

profiles to the extent that such dissolved salts adversely affect crop production (Rengasamy, 
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2006, Wong et al., 2010b). These salts are primarily composed of carbonates, chlorides, 

sulphates and bicarbonates of Sodium (Na+) (Qadir et al., 2000, Manchanda and Garg, 2008). 

Rain, weathering  of  rocks,  application  of  soil  amendments  and soluble fertilizers, saline 

irrigation water, capillary rise of saline ground water  and seawater, cause salts accumulation  in 

the soil profile (Rengasamy, 2010). Soils generally become salt-affected through primary and 

secondary salinization processes. Primary salinization includes soils with naturally high amount 

of inherent salts from sources such as rock weathering (Rengasamy, 2006) while the secondary 

salinization is a consequence of human activities such as irrigation with saline water without 

sufficient leaching of salt thus increasing salt concentration in the root zone (Ghasemi, 1995). 

Secondary salinization also occurs as a result of the presence of shallow ground water tables 

together with poor drainage and high evaporation rate (Rhoades, 1987, Smedema and Shiati, 

2002, Brinck and Frost, 2009). Other contributors to soil salinity include excessive use of 

chemical fertilizer, overgrazing and deforestation (Brenstein, 1975, Lakhdar et al., 2009, 

Manchanda and Garg, 2008). 

Secondary salinity has occurred with an extensive land clearing and changed land use. It can 

happen in the form of "dryland salinity" or "irrigation-induced salinity". Removing deep rooted 

native plants and replacing them with plants with shallow roots (which use less water) leads to 

dryland salinity. Due to this change in vegetation cover, more water passes through soil to 

groundwater, raising the water table and bringing salt to the surface where it can be accumulated 

as the water evaporates. The major attention for salinity in Australia is Irrigation induced 

salinity. This kind of salinity occurs when excess water applied to crops passes the root zone to 

groundwater, raising the water table and brings salt to the surface. In Australia Murray Darling 

basing and Western Australia have major problems with, irrigation induced salinity and dryland 

salinity respectively. .High osmotic potentials (more negative) resulting from soil salinity can 

restrict water uptake by plants and decreases their ability to survive (Rengasamy, 2002).  

Salinity is managed and controlled by a combination of engineering and revegetation 

procedures. These strategies are designed to lower the water table in saline areas. Planting 
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Vegetation with high water usage reduces the groundwater as it moves through the soil. In 

planning strategies for salt control in saline area, the factors of maintaining existing vegetation, 

planting vegetation in up slope of salt-affected area and planting vegetation in the salt prone 

area, should be considered. Salt-affected soils are generally classified based on their electrical 

conductivity of saturated extract (ECe), sodium adsorption ratio (SAR) and exchangeable 

sodium percentage (ESP) (Richard, 1954). Based on these properties salt-affected soils are 

classified as: 1) saline soils: containing high levels of soluble salts and are characterised by 

having high ECe values (>4dS m-1) ; 2) sodic soils: having high levels of exchangeable sodium 

with  SAR >13 and/or ESP (>15); and 3) saline-sodic soils: in which both soluble salts and 

exchangeable sodium are high, i.e. ECe> 4dS-1, SAR>13 and ESP>15 (Richard, 1954, Ghasemi, 

1995). Due to the combined effects of salinity and sodicity on soil properties and plant growth 

in saline-sodic soils, these soils are considered to be the most degraded form of salt affected soil 

(Rengasamy, 2002) (Table 1.1). Based on an approximate correlations between the Australian 

and other soil classification systems, Sodosols (Sodic soils are known as Sodsols in Australian 

classification) approximately correspond to the orders of Alfisols and Aridisols in other soil 

classifications (Isbell, 1996). In Australia sodic soils are defined as soils with exchangeable 

sodium percentage (ESP) greater than 6 (Isbell 1996) or sodium adsorption ratio (SAR(1:5)) 

greater than 3 (Rengasamy and Olsson, 1991) (Table 1.3). The choice of ESP>6 instead of >13 

for Australian soils is on the basis of the relationship between soil hydraulic conductivity and 

soil dispersion. This means that hydraulic conductivity starts to decrease at a specific dispersion 

index, i.e. 8 for irrigation water, this point can be reached in ESP of 6 or SAR 13 in Australian 

soils  (Loveday and Pyle, 1973, Chartres, 1993). Sodium adsorption ratio (SAR) is defined as 

below (Bohn et al., 2001): 

𝑆𝑆𝑆𝑆𝑆𝑆 = [𝑁𝑁𝑁𝑁+]/[𝐶𝐶𝑁𝑁2+ + 𝑀𝑀𝑀𝑀2+]1 2�                                                                                          [1] 

The concentration of Na+, Ca2+ and Mg2+ are in mmol L-1, and exchangeable sodium percentage 

(ESP) is calculated as follow: 
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𝐸𝐸𝑆𝑆𝐸𝐸 = 𝐸𝐸𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑁𝑁𝑎𝑎+

𝐶𝐶𝑎𝑎𝐶𝐶𝐶𝐶𝐶𝐶𝑎𝑎 𝑎𝑎𝐸𝐸𝐸𝐸ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝐸𝐸𝑎𝑎𝑐𝑐𝑎𝑎𝐸𝐸𝐶𝐶𝐶𝐶𝑐𝑐 (𝐶𝐶𝐸𝐸𝐶𝐶)
× 100                           [2]                                                                                                         

Where exchangeable Na and CEC are defined as mmolc/kg (Rengasamy, 2010).  

Table1.1. Chemical characteristics of salt and sodium affected soils and main associated 
problems with these soils. 

Soil Salinity 
Class 

ECe(dS m-1) pH ESP SARe SAR1:5 Problems associated 

Normal Soil <4.0 6-8 <5 <3 <5 Can have problems other than salts 

Saline Soil >4.0 6-8 <15 <13 <5 - Osmotic effects 

- Possible toxicity of dominant anion 
or cation at high EC 

Saline-Sodic 
Soil 

>4.0 >8 >15 >13 >5 - Osmotic effects 

- HCO3
- and CO3

2-toxicity 

- Nutrient deficiency 

- Organic matter losses 

- Decline in plant growth 

- Slaking, swelling, dispersion, surface 
crust and hard setting 

- Increased carbon loss 

Sodic Soil <4.0 >8 >15 >13 >5 - HCO3
- and CO3

2-toxicity 

- Nutrient deficiency 

- Organic matter losses 

- Decline in plant growth 

- Slaking, swelling, dispersion, surface 
crust and hard setting 

- Increased carbon loss 

- Seasonal water logging 

- Na+  toxicity 

 

1.2.The effects of salinity and sodicity on soil properties  

1.2.1. The effects of Salinity and Sodicity on soil physical properties 

Elevated levels of both soluble and exchangeable Na+ cause structural deteriorations of 

the affected soils resulting in low pore volume, poor soil-water and soil-air relations in salt-

affected soils (Rengasamy and Olsson, 1991). Sodicity affects soil hydraulic properties such as 
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hydraulic conductivity and infiltration rate due to aggregate break down. Slaking, clay swelling, 

and dispersion are the main mechanisms involved in aggregate breakdown in sodic soils 

(Rengasamy and Sumner, 1998). Slaking happens during soil wetting when the entrapped air 

expands and results in breaking individual low strength aggregates. Furthermore, clay swelling 

reduces pore sizes, with increasing the swelling above the attractive forces of the clay particles. 

Consequently, aggregates are dispersed into individual clay particles (Frenkel et al., 1978, 

Rengasamy and Sumner, 1998). Dispersion is an irreversible process and can cause the 

translocation of individual soil particles and consequently the permanent blockage of water 

navigating pores but swelling is a reversible process (Sumner, 1993). The mechanism can be 

explained by diffuse double layer (DDL) theory. Based on this theory, intermolecular and 

electrostatistic forces result in attraction and repulsion between ions in soil solution and soil 

particles. Soil pore systems and structural stability are influenced by these forces (Rengasamy 

and Olsson, 1991, Quirk, 1994). By increasing sodium in soil, the repulsive forces are increased 

which increase the interparticulate distance in DDL and bring about dispersion and breakdown 

of soil aggregates which negatively affects soil structure (Oster and Shainberg, 2001). Soil 

hydraulic conductivity and infiltration also decrease by the swelling and dispersion in Na 

dominated soils. Total electrolyte concentration (TEC) of irrigation water and soil solution also 

affects clay swelling and dispersion. Soil flocculation is favoured by high electrolyte 

concentration of soil solution therefore higher levels of salinity can improve permeability and 

positively affect soil structure on a temporary basis. Conversely, low salinity and high sodicity, 

result in considerable reduction of infiltration and hydraulic conductivity by inducing swelling 

and dispersion (Dikinya et al., 2006, Frenkel et al., 1978, McNeal et al., 1968, Quirk, 2001, 

Quirk and Schofield, 1955, Shainberg and Lety, 1984, Shainberg et al., 1981).  

Following mechanical slaking and dispersion processes in the surface layer of saline-

sodic soil, a thin soil layer of high shear strength is formed after drying which is knows as a 

“surface crust”(Agassi et al., 1981). This surface crust make the surface soil susceptible to 

extreme erosion and water logged conditions (Moore and Singer, 1990, Shainberg et al., 1992). 
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“Hard setting” is another important characteristic of saline-sodic soils which functionally is very 

similar to surface crust but its formation processes take place in the lower depths of soil profile 

rather than on soil surface creating an impermeable layer with high bulk density (Qadir and 

Schubert, 2002).  

Loss of structure and reduction in transmitting capacity for air and water in soils with 

high sodium concentration will result in the formation of massive, poorly aerated and water 

logged soils. Such conditions are unfavourable for the establishment and the growth of the 

plants. (Nelson et al., 1998). 

1.2.2. The effects of Salinity and Sodicity on soil chemical properties 

Soils high in salinity and sodicity have high values of ECe, ESP, SAR and pH. Salt 

affected soils generally suffer from deficiency of nitrogen (N), phosphorus (P) and potassium 

(K). However their high pH more adversely affects the availability of micronutrients such as Fe, 

Al, Zn, Mn and Cu (Pessarakli and Szabolcs, 1999). (Lakhdar et al., 2009) (Figure1.3).  

Decline in vegetation growth due to salt toxicity, high osmotic potential and degraded soil 

structure of salt-affected soils result in lower carbon (C) inputs in these soils and further 

deterioration of their physical and chemical conditions(Wong et al., 2009a). Surface crust and 

sealing, discussed in previous section, also cause considerable erosive losses of organic matter 

in salt-affected soils so the content of organic matter is low in these soils due to their low input 

and high rates of losses (Qadir et al., 1997, Nelson and Oades, 1998). Chander et al. (1994)  

showed that with increasing sodicity by irrigation with sodic waters, total N and organic carbon 

decreased. Adu and Oades (1978) also proposed that increased dispersion of aggregates in sodic 

soils exposes their otherwise locked up organic matter to rapid decomposition by soil microbes. 

McClung and Frankenberger (1985) reported that enzyme activities and C and N mineralization 

rates decreased in high salinity levels. In their studies with increasing salinity up to the ECe of 

20 dS m-1 nitrification rate increased up to 83% which stimulated ammonia losses through 

volatilization. Similarly, Gandhi and Paliwal (1976) reported that by increasing salinity N 

mineralization decreased and gaseous NH3 losses increased. Pathak and Rao (1998) also in their 
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study in arid soils treated with organic amendments found that with increasing salinity and 

sodicity C and N mineralization decreased. Nelson et al. (1996) reported an increase in C 

decomposition in salt-affected soils by increasing sodicity due to solubilisation of organic 

matter but salinity on the other hand decreased C mineralization. Frankenberger and Bingham 

(1982) found that the activity of soil enzymes which has a role in C, N, P and S cycles 

decreased by increasing salinity. High ion concentration, primarily Na and Cl, reduces the 

ability of plant to take up water which affects the plant cells and growth (Muneer and Oades, 

1989a). Concentration of exchangeable sodium above 15% restrict the capacity of roots to 

absorb nutrient (Figure1.2) (Parton et al., 1987).  

 

Figure1.2. Nutrient constraints on plant growth in sodic and saline-sodic soils (Naidu and 

Rengasamy, 1993a) 

1.2.3. The effects of Salinity and Sodicity on soil biological properties 

Soil microbial and biochemical processes, which are important for maintaining soil 

ecological functions, are negatively affected by change in soil chemistry. (Rietz and Haynes, 

2003). Microbial growth and activity are adversely impacted on  by increasing soil salinity as 

high salt concentrations in soils causes osmotic stress and dehydration of microbial cells (Oren, 

1999, Wichern et al., 2006). Furthermore, in addition to salt stress, Na+ toxicity, nutritional 
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deficiency such as Ca2+ deficiency, accumulation of other ions to toxic levels such as carbonate, 

bicarbonate and chloride, loss of organic matter because of structural degradation in soil 

structure, all make  significant contributes to decreasing microbial populations and activities in 

salt-affected soils (Nelson and Oades, 1998, Zahran, 1997). Several studies have reported the 

effects of increasing salinity on soil microbial growth and dynamics (Garcia et al., 1994, 

Sadinha et al., 2003, Wong et al., 2009a). Garcia et al. (1994) studied the effects of salinity on 

the composition of microbial community in soils collected from arid regions of South East 

Spain. They reported a negative effect of increasing salinity on soil microbial community and its 

composition. Wichern et al. (2006) in further studies proposed that fungal communities are 

more exposed to increasing salt concentration than bacterial populations. Rietz and Haynes 

(2003) also reported that soil microbial and biochemical activities were negatively affected by 

irrigation induced salinity and sodicity. They observed an exponential decrease in microbial 

biomass C with increasing soil ECe and a linear decrease in biomass C with increasing ESP and 

SAR. They also evaluated various biochemical enzyme activities and reported that enzyme 

activities linearly decrease with increasing ECe, ESP and SAR. Several other studies have also 

reported that salinity and sodicity significantly decrease the soil microbial biomass and related 

enzyme activities (Garcia and Hernandez, 1996, Tripathi et al., 2007, Tripathi et al., 2006). 

Rietz and Haynes (2003) and Wong et al. (2008) showed that with increasing salinity and 

sodicity, metabolic quotient (respiration per unit biomass) increases, indicating a more stressed 

microbial community. Gollarata and Raiesi (2007) also found an increase in metabolic quotient 

with increase in soil salinity. Similarly, Yuan et al. (2007) also observed that with increasing 

salinity a shift in soil microbial community takes place with fewer metabolisms, which can be 

an adaptive mechanism to reduce salt stress. Maintaining soil ecological functions are 

significantly affected by microbial and biochemical activities. These activities also play a  

central role in enhancing soil structure by increasing and improving formation and stabilization 

of soil aggregations (Six et al., 2004) . 
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1.3.The effects of Salinity and Sodicity on soil carbon (C) dynamics 

1.3.1. Soil Carbon pools 

The largest stock of the continental biosphere C is soil organic matter with 1550 Pg of it 

being accumulated in soil over thousands of years. It is about three times that of vegetation 

(560-650Pg) and higher than atmospheric pool (750 Pg) (Lal et al., 2003). Soil C pool 

comprises of two parts: Soil organic Carbon (SOC) and soil inorganic carbon (SIC). SOC is the 

most common form of C in humid regions while SIC pool dominates in soils of arid and semi-

arid regions. Based on the   turnover time of carbon in soil, SOC can be partitioned into three 

main pools (Jenkinson and Raynor, 1977, Parton et al., 1987): (a) the active pool which is 

largely controlled by residue inputs and climate. It can be a nutrient source for plants. This pool 

is made up of readily oxidisable materials and its turnover time is in the order of weeks (Wong 

et al., 2009b, Schnurer et al., 1985). (b) The slow pool that its turnover time is in the order of 

decades. It contains particulate organic carbon and moderately decomposable material within 

aggregates (Parton et al., 1987, Wong et al., 2010a) and (c) the passive pool with a turnover 

time in the order of millennia. Group (c) is also called recalcitrant pool and contains stable C 

that is chemically resistant to further microbial degradation. Charcoal is one of the largest 

source of this pool (Schimel et al., 1994, Skjemstad et al., 1996, Skjemstad et al., 2002, Clough 

and Skjemstad, 2000b, Lehmann et al., 2008). 

Soil inorganic carbon (SIC) pool includes Carbonate minerals such ascalcite. This pool 

comprises of two predominant components: 1) Lithogenic or primary carbonates which are 

formed after weathering of parent material and 2) Pedogenic or secondary carbonates which are 

formed after dissolution of CO2 in soil water to  form carbonic acid and re-precipitation with 

Ca+2 or Mg+2 added to soil from different sources (Lal et al., 2006). In Australia pedogenic 

carbonate often occur in southern and inland regions and is estimated to occur in fifty percent of 

the landscape and is usually in conjunction with sodic soils (Fitzpatrick and Merry, 2000).The 

formation of pedogenic CaCO3 is linked to the development of sodicity in soils (Pal et al., 

2000). 
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1.3.2. Historic depletion of soil carbon pools 

 Soils under undisturbed natural vegetation cover contain a substantial amount of SOC 

pool. This pool ranges from 40 to 400 Mg C/ha (Post et al, 1982). Conversion of natural 

ecosystems to managed ones such as agricultural ecosystems, leads to a rapid depletion in SOC 

pool (Figure 1.3). Accelerated erosion, leaching and mineralization increase losses of SOC. The 

significance and rate of SOC depletion are high for soils containing low active clays, low 

nutrient and water holding capacity, poor soil structure and weak aggregation. Landscape 

position through runoff and erosion effects SOC depletion. Landscapes comprises of long and 

steep slopes, side slopes, convex slopes and undulating terrains which increase the effect of 

rainfall and runoff erosivity, exacerbate soil erosion and increase SOC depletion. Human has 

influenced global C cycle and soil C pool by bringing about changes in land use and the 

combustion of fossil C. About 40% of potential sources of terrestrial C is used directly or 

foregone due to human activities (Vitousek et al., 1986). Land use change has been human’s 

first influence on the global C cycle. Houghton (1999) believes that the expansion of agriculture 

has had the largest influence on the C cycle. The land area devoted to croplands and pasture 

increased from zero to about 30% of global land area in the last four centuries (Fig 1.3) (Janzen, 

2004). The net losses of forest or woodland areas and savannas/grasslands/steppes have been 

about 11.4 and 6.7 million Km2 respectively. The reserves of stored C has been severely 

depleted by this change of land use (Ramankutty and Foley, 1999). 
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Figure1.3. Expansion of area devoted to pasture and cropland, since 1700. Estimates of areas 
prior to disturbance, in millions of km2, are: cropland: 0; pasture: 0; Tundra/desert: 31.4; 
steppe/savanna/grassland/shrub land: 44.1; forest/woodland: 58.6 (Janzen, 2004). 

Imbalance equilibrium between C input and output is the reason for reducing C stocks 

through agricultural activities. C reservoir in an ecosystem is a function of inputs from 

photosynthesis and losses from heterotrophic decomposition. When photosynthesis exceeds the 

decomposition, C accumulates. In the early stages of ecosystem development, C accumulates 

because C inputs predominate (Odum, 1969). After cultivation and soil physical disturbance, the 

previously protected organic matter gets exposed to biological activities.   Farming systems are 

designed to produce saleable products at the highest possible rate hence remarkable amount of C 

is removed from soil. About 20-30%  of C stored in  grasslands is lost soon after the initial 

cultivation and its conversion to agricultural lands (Janzen et al., 1998). 

1.3.3. Carbon in salt-affected soils 

It is generally accepted that once organic matter becomes an integral part of soil 

aggregates through the processes of aggregation, it is physically protected from rapid 

decomposition. Thus any processes which contributes to the breakdown of soil aggregates also 

contributes to  organic matter decomposition, C mineralization and other forms of C loss. For 
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instance, tillage increases the disruption of aggregates and consequently raises the organic C 

mineralization rate. (Wong et al., 2010b). The loss of soil organic matter (SOM) is directly 

linked to the factors which affect its accessibility by microbial population and enzymes (Dalal 

and Mayer, 1986). In sodic soils, wetting and drying processes affect C accessibility in different 

ways. When sodic soils get wet dispersion of aggregates increases the availability of SOM and 

accelerate C loss, while on drying the availability of SOM decreases due to an increase in soil 

bulk density and a decrease in water holding capacity (Muneer and Oades, 1989b). After 

solubilisation of SOM, initial increase in substrate availability, can put some environmental 

stress on soil microbial community and decrease the adverse effects of NaCl on microorganisms 

(McCormic and Wolf, 1980, Pathak and Rao, 1998). Wong et al. (2008), reported a higher 

amount of soil microbial biomass (SMB) in the soils with high salinity treatments. They related 

this increase in SMB to increased decomposability and accessibility of SOM which result in an 

increase in substrate. In another study Wong et al. (2009a) found that an initial increase in SMB 

and respiration rate happened after the addition of organic material to a highly saline–sodic soil. 

However, after initial flush in available substrate and therefore increasing SMB, salt and Na 

stress decreases substrate decomposition and availability, consequently overtime with microbial 

adaptation to high saline environment they continue to mineralise the remaining SOM 

(Poloneko et al., 1981, Zahran, 1997). In another study, Setia et al (2011c) found EC to have  a 

negative impact on CO2 emission in salt-affected landscapes (Fig 1.4) so in estimating CO2 

release from these lands , this parameter needs to be taken into account. 
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Figure1.4: Relationship between EC (1:5 soil-water ratio) and cumulative CO2-C emission from 
unamended saline soils of Australia (Setia et al., 2011c) 

 In general, high salinity has a similar effect on both plant health and microbial activity, 

which is dominated by ion toxicity and osmotic effects (Batra and Manna, 1997). Therefore 

over a long period of time, where the salinization and sodicity processes are taking place, C 

storage decreases at a significant rate (Wong et al., 2010b). In a study in arid saline soils in 

Spain, low microbial activity was observed in a degraded land where high EC levels inhibited 

respiration. Similarly they  found that salinity decreased soil microbial biomass and concluded 

that this decline in soil microbial activity is due to a change in microbial community structure 

from fungi dominated to bacteria-dominated which are less diverse, competitive and active 

(Garcia et al., 1994, Pankhurst et al., 2001, Sadinha et al., 2003). Chander et al. (1994) observed 

that with increasing sodicity SMB decreased while the rate of organic matter mineralization 

increased. They concluded that increasing sodicity places stress on plants and decreases plant 

carbon inputs. In contrast, a slightly negative effect of sodicity on mineralization was reported 

by Nelson et al. (1997). This contradiction may have been caused by the quantity and quality of 

the added substrate used in these two studies. Pathak and Rao (1998) observed that decreasing 

microbial activity due to increase in salinity contributed to reduced C mineralization. 

 Soil enzyme activities have also, been reported to decrease by increasing levels of 

salinity (Batra and Manna, 1997). The prohibition of microbial and enzymatic activity is higher 

with NaCl than with Na2SO4 or CaCl2 (Frankenberger and Bingham, 1982). Laura (1973) also 
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found that increasing Na2CO3 concentration led to a decrease in total carbon (TC). 

Exchangeable Na increases due to an increase in Na2CO3 concentration which results in higher 

ESP values. On the other hand, precipitation of CaCO3 and MgCO3 increase pH values. These 

two processes decrease SOC stocks in salt-affected soils. Also, Pathak and Rao (1998) found 

that even in very highly saline and sodic conditions, biochemical mineralization can happen by 

soil enzymes. They suggested that the solubility of C substrate, which are amenable to 

dissolution, increases while the less readily decomposable substrates become less soluble (Table 

1.2).  

 

 

 

 

 

 

 

 

 

 

 

Table1.2. Soil organic carbon content (SOC) in some salt-affected soils 

EC (dS m-1) ESP SOC (%) Depth (m) References 

0.5 (ECe) 2.0 0.78 0-0.15 Pathak&Rao (1998) 

0.5 (ECe) 3.8 0.40 0-0.15  

1.5 (ECe) 17.7 0.42 0-0.15  

2.5 (ECe) 65.1 0.26 0-0.15  
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6.4 (ECe) 88.8 0.32 0-0.15  

6.5 (EC1:5) 13 0.7 0-0.15 Pankhurst et al (2001) 

4.0 (EC1:5) 25 1.9 0-0.15  

1.0 (EC1:5) 11 2.3 0-0.15  

0.3 (EC1:5) 10 0.8 0-0.15  

0.1 (EC1:5) 6 1.4 0-0.15  

0.1 (EC1:5) 3 1.5 0-0.15  

nd 15.7 0.63 0-0.25 Tejada et al (2006) 

2.2 (ECe) nd 14.1 0-20 Sudipta tripathi et al (2006) 

3.5 (ECe) nd 8.7 0-20  

14.7 (ECe) nd 10.2 0-20  

16.3 (ECe) nd 6.9 0-20  

15.7 (ECe) nd 5.2 0-20  

6.4 (ECe) nd 8.9 0-20  

7.1 (ECe) nd 10.4 0-20  

3.1 (ECe) nd 10.7 0-20  

5.3 (ECe) nd 10.3 0-20  

0.2 (EC1:5) 20.3 0.3 0-0.05 Wong et al (2008) 

0.2 (EC1:5) 7.9 2.3 0-0.05  

0.2 (EC1:5) 5.2 1.5 0-0.05  

0.2 (EC1:5) 3.6 2.7 0-0.05  

0.1 (EC1:5) 61.2 0.2 0-0.05  

0.1 (EC1:5) 3.3 2.0 0-0.05  

0.1 (EC1:5) 1.2 2.4 0-0.05  

• ECe: saturated electrical conductivity, 
• EC1:5:  electrical conductivity of 1:5 soil:water extract 
• ESP: Exchangeable sodium percentage  
• nd: No data exist 
• SOC: Soil organic carbon (%) 

Erosional processes are very common in salt-affected landscapes. During these 

processes SOC can be removed from surface layer because of its accessability, high erodability 

and low density. Particulate fraction of SOC is  most prone fraction to removal because of its 

low density (Lal, 2001). In salt-affected scalded soils, often less fertile B horizon gets exposed 

after  the removal of A horizon by erosion (Murphy et al., 1998). These eroded materials either 

get deposited in the downslope section of the landscape or transported to aquatic environments 
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such as lakes and reservoirs causing water pollution. Such transported, organic matter  can be 

protected from decomposition in the water bodies, thus  contributing to  C sequestration 

(Izaurralde et al., 2001, McCarty and Ritchie, 2002). 

1.4. Carbon dynamics and reclamation of salt-affected soils 

1.4.1. Chemical Reclamation 

Different reclamation processes are used for saline and sodic soils. Leaching away salts 

from the saline soils is the most commonly used method of reclaiming these soils (Abrol et al., 

1988, Yan and Marschner, 2013, Jury et al., 1979, Djedidi et al., 2005, Tanton et al., 1988, 

Letey et al., 2011).This involves infiltration of good quality water through soil profile, together 

with the provision of adequate drainage system to remove the leached salts away from the 

reclaimed area.  

On the other hand, maintaining sustainability of water resources is a worldwide priority 

for the growing population. Population growth and urbanization have imposed an extreme 

pressure on water resources resulting in reduced availability of fresh water for irrigated 

agriculture (Qadir and Oster, 2004, Levine and Asano, 2004). Therefore current and future 

generation need to use water resources very efficiently. However, maintaining or even 

increasing agricultural productivity is also very important to meet the food demands of planet’s 

growing population. Therefore, reducing the acreage under irrigation is not an option as already 

considerable amount of land is lost due to various land degradation problems. Due to this fact, 

alternatives to using potable water resources for irrigation have received increased attention. As 

a consequence, treated waste waters from municipal treatment plants (reclaimed water), 

agricultural drainage waters, agricultural and urban runoff are often considered as viable options 

for using as irrigation waters or to meet other non-potable water demands (Corwin and 

Bradford, 2008, Oster, 1994). These waters are generally referred to as “Degraded Waters” due 

to their deterioration in physical, chemical and biological properties (O'Connor et al., 2008). 

Reuse of such waters also helps to reduce and prevent their discharge into rivers, lakes and other 

water bodies, thus reducing their degradation effects on receiving environments (Grattan et al., 
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2008, Toze, 2006). In some countries such as the United States reuse of agricultural drainage 

and reclaimed waters is highly adopted to irrigate agricultural lands (Kinney et al., 2006, Wu et 

al., 2009). However, when such waters are diverted for agricultural irrigation the chemical 

constituents, most  importantly salts, can lead to their accumulation in soils causing soil 

degradation such as the loss of  soil structure and reduction in soil infiltration and permeability 

(Stevens et al., 2003). Constraints involved in using these low quality waters are mostly with 

respect to their salinity and sodicity (SAR) (Suarez et al., 2006).  

Application of waters with high salinity and sodicity and their consequential effects on 

soil properties have been long studied and are well documented (Chander et al., 1994, Suarez et 

al., 2006, Beltran, 1999, Choudhary et al., 2011, Emdad et al., 2004, Grattan and Oster, 2003, 

Rietz and Haynes, 2003) but still some research gaps remains unsolved. For example, while 

many researchers have   studied the effects of high SAR (>15) waters on soil properties, the use 

of relatively moderate SAR (<8), water such as reclaimed waters, has been less investigated 

especially for leaching salt affected soils (Mace and Amrhein, 2001, Mandal et al., 2008). 

Understanding the  effect on soil properties of using water with moderate SAR  to leach a 

saline-sodic soil treated with organic amendments, is important with respect to soil and water 

management thus  warrants further study. 

Reclamation of a saline-sodic soil requires replacing Na+ from the soil’s exchange sites 

by divalent cations such as Ca2+ followed by salt leaching process (Gupta and Abrol, 1990). Na-

Organic linkages are very soluble in saline-sodic soils resulting in dissolving organic matter in 

the percolating water and in run off in the form of Na-humates thus increasing dispersion, 

mobilization and losses of clay particles (Sumner et al., 1998). In highly alkaline soils with low 

base saturation status and high Na2CO3, firstly, Na+ must be replaced by Ca2+ to form the stable 

linkage between organic matter and Ca2+ saturated particles (Rengasamy and Olsson, 1991). 

This is because organo-mineral interactions mainly depend on Ca2+ bridges than Na+ and sodic 

soils are not able to retain products of decomposition due to higher Na+ in their exchangeable 

sites than Ca2+ (Naidu and Rengasamy, 1993b).  
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Gypsum is one of the most commonly used inorganic Ca2+ supplier. The effect of gypsum on 

the reclamation of saline-sodic soils has been extensively studied (Armstrong and Tanton, 1992, 

Choudhary et al., 2004, Ghafoor et al., 2001, Gharaibeh et al., 2010, Gharaibeh et al., 2009, 

Lebron et al., 2002, Ilyas et al., 1997, Mace and Amrhein, 2001, Oster et al., 1999, Qadir et al., 

2001b). Sulfur and sulfuric acid are the other commonly used inorganic amendments which 

upon application to calcareous soil increase soil Ca2+ levels by dissolving native calcium 

carbonate in these soils (Niazi et al., 2001, Amezketa et al., 2005, Sadiq et al., 2007, Vance et 

al., 2008).  

1.4.2. Phyto Reclamation 

Phytoremediation or vegetative bioremediation of salt-affected soils was introduced as early as 

1937 by Kelly (1937) when a sodic soil was ameliorated by Bermuda grass. Since then many 

researchers have studied the potential of crop and crop based approaches in the reclamation of 

salt-affected soils (Qadir et al., 2001a, Qadir and Schubert, 2002, Qadir et al., 1996, Robbins, 

1986, Ahmad et al., 2006, Ammari et al., 2008, Gharaibeh et al., 2011). Phytoremediation take 

places by several mechanisms in salt-affected soils (Qadir et al., 2007) (Figure 1.5) including: 

i) Producing Ca2+ in the soil solution by forming carbonic acid and solubilisation of 

native calcite due to an increase in partial pressure of CO2 (P CO2) in the root zone. 

Many sodic and saline-sodic soils are inherently a good source of Ca2+, typically in 

the form of calcite (CaCO3), at varying depths within the profile. Unlike other Ca2+ 

sources used in the amelioration of sodic and saline- sodic soils, calcite is not 

sufficiently soluble to effect the displacement of Na+ from the cation exchange 

complex. However in recent years phytoremediation has shown promises for the 

amelioration of calcareous sodic and saline-sodic soils. Phytoremediation of sodic 

and saline –sodic soils is achieved by the ability of plant roots to increase the 

dissolution rate of calcite, resulting in enhanced levels of Ca2+ in soil solution to 

replace Na+ from the cation exchange complex. Research has shown that this 

process is driven by the partial pressure of CO2 (PCO2) within the root zone. The 
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generation of proton (H+) released by roots of certain plant species enhances Na+ 

uptake by plants and its subsequent removal from the field at harvest. Enhanced 

levels of (PCO2) and H+ assist in increasing the dissolution rate of calcite (Qadir et 

al., 2005)(Qadir et al, 2005) 

ii) Improving drainage and salt leaching through the pores formed by roots and root 

penetration. Ghaly (2002) found that after the second year of a field experiment the 

role of native grass species in reducing salt content was more effective than gypsum 

only treatment. He attributed this to enhanced salt uptake by plant. This was 

evidenced by firstly, higher carbon inputs to soil resulted in reclamation of these 

soils within two years and secondly by increased amount of Na+ uptake and 

accumulation in the grass shoots. 

iii) Organic matter addition to soil and nutrient cycling in soils. 

Wong et al. (2008) showed that SOC stocks in scalded and eroded soils were about a 

third of those in vegetated soils due to very low inputs of plant biomass carbon. Similarly, 

Pankhurst et al. (2001) attributed low SOC levels in saline soils to reduced presence of plant 

cover and salt sensitive pastures. Wong et al. (2008), reported that revegetation of scalded and 

eroded areas can increase SOC stocks to the similar levels of native pastures after about 10 

years. Leguminous trees have shown that they can decrease ESP and pH and increase SMB (soil 

microbial biomass) of the salt-affected soils once they are established in such soils (Garg, 1999, 

Bhojvaid and Timmer, 1998, Mishra and Sharma, 2003). 
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Figure 1.5. Na+ removal by vegetation in salt-affected soils ((Wong et al., 2010b, Qadir et al., 

2003) 

1.4.3. Reclamation by organic amendment 

Organic matter application to salt affected soils is another method to ameliorate these 

soils by binding soil particles into aggregates (Nelson and Oades, 1998). De-protonation of 

humic and fluvic acids forms large organic poly-anions which can bind clay particles together 

and make them micro-aggregates by forming a [(Cl-P-OM)x]y complex where Cl, P and OM are 

clay particles, polyvalent cation and organic matter, respectively (Edward and Bremner, 1967, 

Tisdall and Oades, 1982). Chorom and Rengasamy (1997) observed that decomposition and 

microbial respiration of added green manure to an alkaline sodic soil decreased pH and 

increased the solubility of CaCO3 due to increase in partial pressure of CO2. Similarly, Barzegar 

et al. (1997) observed that dispersible clay decreases after the addition of pea straw irrespective 

of SAR. They concluded that organic material addition to sodic soils can enhance structural 
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stability even without initial reclamation of sodicity. Combined application of gypsum and 

organic matter has also been successful in decreasing ESP and reducing adverse effects of high 

Na+ ions. Vance et al. (1998) observed that combined application of organic matter and gypsum 

to the surface of saline-sodic soils reduced dispersion and EC more than what gypsum alone 

was capable of. 

Biohar as an organic soil amendment 

Biochar is a C rich organic material produced during exothermic slow thermal 

decomposition of biomass at temperatures ≤ 700 oC under zero oxygen or low oxygen 

conditions (Kwapinski et al., 2010, Lehman and Joseph, 2009). In recent times with increasing 

concern regarding climate change due to elevated anthropogenic CO2 emissions, research 

interest in biochar production and application has gained importance (Woolf et al., 2010). Apart 

from being a C source, biochar as an organic soil amendment, has been shown to improve and 

alter physical, chemical and biological properties of soils and as a result increase plant 

productivity (Rondon et al., 2007, Asai et al., 2009, Chan and Xu, 2009, Atkinson et al., 2010, 

Lehman et al., 2011, Jones et al., 2012, Laird et al., 2010b, Solaiman et al., 2010, Spokas et al., 

2009a, Thies and Rilling, 2009, Van Zwieten et al., 2010).  

Most of the studies of biochar have been carried out on non-salt affected soils, where 

biochar application has resulted in the improvement of soil physical properties such as, 

infiltration, hydraulic conductivity, degree of aggregation, aggregate stability, bulk density and 

water holding capacity (Asai et al., 2009, Verheijen et al., 2010, Uzoma et al., 2011, Karhu et 

al., 2011, Liu et al., 2012, Jien and Wang, 2013). For instance, Jien and Wang (2013) observed 

that application of 5% biochar to a highly weathered soil increased macro aggregation of the 

soil and its saturated hydraulic conductivity (Ks). Similarly, Asai et al. (2009) observed a two 

fold increase in soil saturated hydraulic conductivity after the application of biochar at a rate of 

16 t ha-1. Mukherjee and Lal (2013), Goerge et al. (2012) and Busscher et al. (2011) reported 

that soil aggregation increased after the addition of biochar. Piccolo et al. (1996) and (1997) 

showed that the primary binding agent responsible for enhancing soil aggregation are the coal 
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derived humic substances. In their experiment soil macro aggregate stability increased between 

20-130% when the coal derived humic substances were added to 4 experimental soil from 

Southern Nigeria. However, little is known about the use of biochar for reclamation of degraded 

salt-affected lands. As previously stated, the addition of divalent cations such as Ca2+ and Mg2+ 

is critical in the reclamation of saline-sodic soils to offset excessive exchangeable Na+ and 

biochar may be able to play a positive role in this respect. In one of the studies, Major et al. 

(2010)observed that the availability of Ca2+ and Mg2+ increased after the addition of biochar at a 

rate of 20 t ha-1 to a Columbian savanna oxisol. Laird et al. (2010b), observed that Ca2+ levels 

increased after the addition of oak derived biochar to a Midwestern agricultural soil. Similarly, 

other researchers have also shown that divalent cation concentration in soil increases after 

biochar addition (Chan et al., 2008, Gaskin et al., 2010, Novak et al., 2009). However, very few 

studies have been carried out to show if biochar has similar positive physical and chemical 

effects if applied to salt-affected soils. Lashari et al. (2013), in a recent study in salt-stressed 

cropland, used biochar-manure compost in conjunction with pyroligneous solution. The result 

showed that soil pH, salt and sodium content significantly decreased in amended treatments 

compared to control. Also they found significantly higher SOC and available P in amended 

soils.  With such dearth of information on the effect of biochar on saline and saline sodic soil,  

further research on the suitability and the functioning mechanism of biochar in salt-affected 

soils is needed, which is one of the objectives of this research project.  .  

1.5. Research questions, hypothesis and objectives 

This study aimed to determine the effects of three main methods of reclamation of salt-

affected soils on C dynamics in these soils through 4 experiments. In the first experiment the 

effect of chemical (Gypsum) and organic (plant material) amendments on carbon dynamic in 

soil aggregates was studied (Chapter 2). Second experiment evaluated the effects of an organic 

amendment (Alkaline biochar) on chemical, biological and C stocks of “saline soils” with 

different salinity levels (Chapter 3). In the third experiment, the effects of two types of biochar 

(Acidic and Alkaline) as an organic amendment on physical, chemical, biological properties and 
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C stocks of a “saline-sodic” soil was studied (Chapter 4). And finally, in the last experiment the 

effect of vegetation cover on carbon dynamics in different depths of saline-sodic soils 

(phytoremediation) was studied (Chapter 5). 

The general framework of the research program undertaken is depicted in Table 1.3 which 

covers the research questions, hypothesesand chapters of this research project.  

The above   review of the published literature highlighted important gaps in knowledge, which 

limit our current understanding of carbon dynamics in salt-affected soils. These include the 

following: 

1- To date most of the studies evaluated the benefits of biochar incorporation in non-salt 

affected soils. However, research concerning its use for the reclamation of degraded 

lands especially salt-affected soils is scant. 

2- In terms of C dynamics, currently, the data on how these salt-affected lands relate to C 

stock are contradictory. 

3- Regarding to a continuous increase in both salt-affected lands and focus on C 

sequestration processes, some assessments of the effects of rehabilitation processes on 

C cycling and C stocks in salt-affected lands are required. Also there is a need to figure 

out how  to  maximize  the  accumulation  of  C  stocks  in  salt-affected  lands  where  

SOC stocks are very small. 

The objectives of this study are: 

1- To evaluate the effect of organic (wheat straw) and chemical (gypsum) 

amendments on SOC content of each aggregate size and on biological 

properties of saline-sodic soils. 

2- To study the potential of addition of alkaline biochar as an organic rich 

material, to ameliorate salt-stressed soil and enhance their carbon (C) stocks. 

3- To compare the effects of two biochars with different pHs on physical, 

chemical and biological properties and C dynamics of saline-sodic soils. 
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4- To evaluate the effect of two vegetation types on remediation and soil 

organic carbon content of a saline-sodic soil 

Table.1.3.The general framework of the research program undertaken 

 

QUESTIONS 

 

 

HYPOTHESIS 

 

EXPERIMENTS 

 

THESIS 
CHAPTERS 

How is SOC 
content of different 
aggregate sizes in 
salt-affected soils 
influenced by 
organic and 
chemical 
amendments? 

Organic material addition 
increases the total amount of 
SOC in amended soils. Macro 
aggregates will show higher 
values of SOC due to aggregate 
formation procedure. 

Soil organic carbon 
dynamic in different 
aggregate sizes of 
saline sodic soils 
amended with gypsum 
and plant material. 

Chapter 2 

How do different 
rates of alkaline 
biochar affect 
chemical properties 
and carbon stocks 
of saline soils with 
different salinity 
levels? 

 

Biochar addition will alter 
chemical properties of saline 
soils with increasing pH, EC 
and SAR. It also will increase 
carbon stocks in saline soils 
regardless of the degree of their 
salinity levels. 

 

The effects of 
Alkaline biochar on 
carbon dynamics and 
chemical properties of 
saline soils with 
different salinity 
levels. 

Chapter 3 

How does biochar’s 
pH affects carbon 
dynamics and 
physical and 
chemical properties 
of saline-sodic 
soils? 

Acidic and alkaline biochars 
will affect saline-sodic soils 
differently. Some of soils 
chemical properties such as pH 
and SAR will improve due to 
proton generation by acidic 
biochar while alkaline biochar 
will have adverse effects. 
Changes in soil’s biological and 
carbon properties will show a 
similar trend under application 
of either acidic or alkaline 
biochar. 

The effects of biochar 
pH on carbon 
dynamics and some 
physical and chemical 
properties of saline-
sodic soils. 

Chapter 4 

How do various 
vegetation covers 
affect carbon stocks 
in different depths 
of salt-affected 
soils? 

Root system and C/N levels of 
the plants determine the C 
stocks in salt-affected soils. 
However generally C stocks 
will decrease with increasing 
soil depth.  

The effects of 
vegetation cover on C 
stocks and some 
chemical properties of 
salt-affected soils. 

Chapter 5 
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CHAPTER TWO 

Carbon dynamics in various aggregate size classes of salt-affected soils 
amended with gypsum and wheat straw 
 

Abstract 

The influence of chemical and organic amendments on chemical properties and carbon 

(C) stocks of salt-affected soils have been studied extensively. However, the effect of these 

amendments on the distribution of soil C within the aggregates of salt-affected soils is not well 

understood. The objective of this study was to determine the influence of gypsum as a chemical 

amendment and wheat residues as an organic ameliorant on aggregates and aggregate-associated 

C in saline-sodic soils. Two saline-sodic soils (0-30 cm) were collected from two different 

regions of Australia. Soil 1 had an electrical conductivity (saturated) ECe of 9.3 dS m-1 and a 

sodium adsorption ratio (SAR) of 43.6, and soil 2, an ECe of 16.7 dS m-1 and SAR of 14.6. After 

pre-incubation, four treatments were imposed: un-amended (treatment N, control); amended 

with 2% (w/w) mature wheat straw of C:N ratio 122, and particle size of 0.25 - 2 mm (treatment 

P); amended with  2% (w/w) gypsum (treatment G) and amended with 2% gypsum and 2% 

wheat straw (treatment PG). All treated soils were then incubated for 6 months. Treatment PG 

induced the greatest decrease in soil pH and SAR in the soils.  The highest amount of respiration 

(CO2-C) and microbial biomass C (MBC) were observed in the treatments which received 

wheat straw (PL and PG) due to provision of C substrate for microbial activity, while gypsum 

did not have a significant effect on these parameters. Gypsum addition increased aggregate 

formation and stability as it provided a source of coagulating Ca2+ ions. Larger aggregate classes 

(>2 mm and 1-2 mm) had higher C contents than smaller aggregates classes (0.5 -1.0 and 0.25 - 

0.5 mm) in the PG treatment where both gypsum and wheat straw were applied. Surprisingly, 

soil organic C (SOC) increased in the G treatment which only received gypsum and no wheat, 

confirming that aggregate formation is one of the important factors affecting SOC stocks in 

saline-sodic soils. SOC content can be affected by the weight of the fraction which is physically 

stabilized through aggregate formation process. Gypsum improved aggregate formation and 
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stability thus increased the proportion of >2 and 1-2 mm size classes, consequently affecting 

SOC contents in gypsum amended soils.  These results are therefore compatible with the 

concept of aggregate formation hierarchy whereby micro-aggregates bond together by 

temporary and transient bonding agents such as microbial and plant derived polysaccharides to 

form macro-aggregates thus locking up C in the inner sub-units and protecting it from microbial 

transformation.  

Keywords: Amelioration of saline-sodic soils, soil organic carbon (SOC), salt-affected soils, 

gypsum, aggregate  

2.1. Introduction 

Globally, some 75 countries have been recognized as having large tracks of  lands that 

are badly salt-affected and Martinez-Beltran and Manzur (2005) estimate that nearly 831 million 

hectares of land in these countries are classified as salt-affected lands. These lands mostly exist 

in  arid and semi-arid  regions  of  the  world  but many  salt-affected  wastelands  have  been  

productive in  the  past (Qadir et al., 2000). Salt-affected soils  have high concentrations of 

dissolved mineral salts in their profiles, to the extent that it affects their crop production 

(Rengasamy, 2006, Wong et al., 2010b). Weathering of rocks, application of soil amendments 

and soluble fertilizers, saline irrigation water, capillary rise of saline ground water and seawater, 

all  cause salt accumulation in the soil profile (Rengasamy, 2010).  

Elevated levels of both soluble and exchangeable sodium (Na+), which are the 

characteristics of sodic soils, cause structural deterioration resulting in poor soil-water and soil-

air relations in such soils (Rengasamy and Olsson, 1991). Thus, sodicity can also negatively 

affect soil hydraulic properties such as conductivity and infiltration rate due to aggregate break-

down. Slaking, clay swelling, and dispersion are the main mechanisms involved in aggregate 

breakdown in saline-sodic soils (Rengasamy and Sumner, 1998). Loss of soil structure and 

reduction in air and water transmitting capacity in soils with high Na+ concentration often 

results in the formation of high bulk density subsoil which may be poorly aerated and water 
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logged under wet conditions.  All these conditions can cause serious problems for the 

germination, establishment and  growth of plants in these soils (Nelson et al., 1998).  

Salt-affected soils also suffer from nutrient deficiencies due to the adverse effect of 

their high pH on the availability of micronutrients such as iron (Fe), zinc (Zn), molybdenum 

(Mn) and  copper (Cu) (Pessarakli and Szabolcs, 1999). Similarly, these soils are often very 

deficient in macronutrient nitrogen (N), phosphorus (P) and potassium (K) (Lakhdar et al., 

2009) which leads to a decline in vegetation growth. In slightly to moderately alkaline soils, 

molybdenum and macronutrient (except for P) availability is sometimes increased, but P, Fe, 

Mn, Zn Cu, and cobalt (Co) levels are reduced and this may adversely affect plant growth. In 

contrast, micronutrient availability (except for Mo and Bo) is increased in acidic soils. Nitrogen 

is supplied as ammonium (NH4) or nitrate (NO3) in fertilizer amendments, and dissolved N will 

have the highest concentrations in soils with pH 6–8. Concentrations of available N are less 

sensitive to pH than concentration of available P. In order for P to be available for plants, soil 

pH needs to be in the range 6.0-7.5. If pH is lower than 6, P starts forming insoluble compounds 

with Fe and Al. If pH is higher than 7.5, P starts forming insoluble compounds with calcium 

(Ca). Most nutrient deficiencies can be avoided in a pH range between 5.5 and 6.5, provided 

that soil minerals and organic matter contain the essential nutrients to begin with. Furthermore, 

salt toxicity, osmotic potential differences and degraded soil structure decrease C inputs in salt-

affected soils through their negative effects on plant growth and vegetation cover (Wong et al., 

2009a). Crusting and surface sealing also cause considerable losses of organic matter in salt-

affected soils by increasing runoff and erosion.  The content of organic matter is therefore low 

in these soils due to their low input and high rates of losses (Qadir et al., 1997, Nelson and 

Oades, 1998). 

Several publications on non-salt affected soils indicate that there is a close relationship 

between aggregation and SOC dynamics (Blanco-Canqui and Lal, 2004, Six et al., 2004). 

Therefore, aggregate formation appears to be a very important process, through which SOC is 

physically protected in the soil from microbial decomposition or enzymatic attack. For this 
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reason, soil management and rehabilitation practices involving C inputs (e.g. addition of plant 

material) and promotion of aggregation may favour SOC accumulation in these soils. Likewise, 

application of chemical ameliorants, which replace Na+ ions with Ca2+ on the exchange sites and 

improve aggregation, may assist SOC accumulation. With regard to the central role of 

aggregates in C dynamics and sequestration, a better understanding of soil C distribution within 

the aggregate fractions of salt-affected soils is necessary. Evaluating the potential of these soils 

to sequester C under different rehabilitation treatments may establish how aggregates store and 

interact with SOC. Such findings will enable development of appropriate management strategies 

to increase C sequestration at both regional and global scales (Blanco-Canqui and Lal, 2004).  

This incubation study aims to evaluate firstly how the SOC content of different 

aggregate sizes in salt-affected soils is influenced by organic and chemical amendments over 

time. Secondly, it aims to assess how biological properties of saline-sodic soils, such as 

respiration and microbial biomass C, are affected by the addition of gypsum and wheat straw. It 

is hypothesised that for saline-sodic soils: i) the addition of organic material will increase the 

total amount of SOC in the different aggregate sizes of amended soils and this effect will 

increase with time; ii)  macro aggregates will show higher values of SOC due to aggregate 

formation processes. iii) adverse soil physical and chemical conditions restrict C stocks and C 

availability to the microbial community and the amelioration with organic material will increase 

microbial biomass and activity. iv) interaction between gypsum  and organic matter as the 

synergy between the two gives the best improvement in aggregation and SOC content in 

aggregates.  

2.2. Material and methods 

2.2.1. Soils used for the incubation experiment 

Two saline-sodic soils (0-30 cm depth) were collected from two sites in Australia. The 

first site was located between Boonah and Beaudesert in South East Queensland (27°54' S, 

152°53' N) with a sub-tropical monsoon climate and an annual precipitation of 940 mm. The 

second site was in Monarto (35º05′ S and 139º06′ E) in South Australia with a dry 
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Mediterranean climate and an annual precipitation of 345 mm. The soil from Queensland (soil 

1) had a clay texture with more than 50% clay content and the South Australian soil (soil 2) was 

a silt loam. Further details on these soils are described below and are shown in Table 2.1.  

2.2.2. Soil Characterisation  

Soil characterisation was carried out by measuring EC, pH, sodium adsorption ratio 

(SAR), optimum water content for microbial processes, particle size distribution (PSD) and total 

organic C (TOC) of both soils (Table 2.1). EC and pH were measured in a 1:5 soil: water 

suspension (Rayment and Higginson, 1992). Another 1:5 suspension was shaken for 18 hours in 

an over-end-over shaker at 25oC and the concentrations of Na+, Ca2+ and Mg2+in the suspension 

were measured by atomic absorption. The SAR was calculated from these concentrations using 

Richard’s  equation  (Eq. 2.1) (Richard, 1954): 

𝑆𝑆𝑆𝑆𝑆𝑆 = [𝑁𝑁𝑁𝑁]+ (1/2[𝐶𝐶𝑁𝑁2+⁄ +𝑀𝑀𝑀𝑀2+])1 2�                                                               Eq.2.1 

Where, Na+, Ca2+ and Mg2+ are in meq L-1. 

EC1:5 values were converted to ECe  (saturation EC) by the following Equation  2.2 (Shaw et al., 

1987): 

𝐸𝐸𝐶𝐶𝑎𝑎 = 𝐸𝐸𝐶𝐶1:5(−2.21 × %𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶0.5 + 23.78)         Eq. 2.2 

Based on the study of Setia et al (2011b), optimum water contents for microbial 

processes are 50 and 55% of the maximum water holding capacity (WHC) for clay and loam 

soils respectively.   This corresponds to the gravimetric water content held at -10 kPa (~field 

capacity).  This was measured for the two soils using a sintered glass funnel connected to a 100 

cm water column (Ψm= −10 kPa). Soil was placed in rings in the sintered glass funnel, 

thoroughly wetted and allowed to drain for 48 h. Samples were weighed then oven dried at 105 

°C for 24 h before reweighing to determine the moisture content at -10 kPa.  

The PSD was determined using the hydrometer method (Bouyoucos, 1936, Beretta et 

al., 2014). The SOC and total N (TN) were measured after removal of the inorganic carbonates 
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with acid (10% HCl), by an isotope ratio mass spectrometer with a Eurovector Elemental 

Analyser (Isoprime- EuroEA 3000, Milan, Italy) according to the method of (He et al., 2008). 

 

Table 2.1 Properties of the two experimental soils 

Soil Sand 
(%) 

Silt 
(%) 

Clay 
(%) 

TOC 
(%) 

TN 
(%) 

ECe  

(dS m-1) 
pH SAR 

%  of WHC 

(Incubated 
soils) 

1 11 32 57 2.7 0.2 9.3 9.2 43.6 50 

2 41 43 16 2.8 0.1 16.7 8.1 14.7 55 

    

Based on the criteria established by (Richard, 1954), these soils are characterized as saline-

sodic, as previously described in Section 1.1 (ECe> 4 dSm-1, SAR>13). The soils textures are 

clayey for soil 1 and silt loam for soil 2.  

2.2.3. Soil preparation for incubation 

Soil samples were air dried, passed through a 4 mm sieve and stored prior to 

experimentation. At the start of the experiment the soils were wetted up to the water contents 

(specific WHC stated in section 2.2.2) that can result in maximum respiration and incubated. 

The required amount of water was gradually applied to the soil’s surface in a circular motion to 

maximise the homogeneity of wetting. Soils and water were thoroughly mixed. The wetted soils 

were pre-incubated for 14 days at 25 oC. This length of pre-incubation was chosen based on 

Butterly et al (2010) who reported that microbial activity stabilises within 10 days after 

rewetting air-dry non-saline soils. The containers were weighed weekly and the target water 

content was maintained on a mass basis by adding water if necessary. After the pre-incubation 

period, the following four treatments were imposed on each soil:  

• Treatment CL – unamended (control)  

• Treatment PL – amended with finely ground 2% (w/w) mature wheat straw (C: N ratio 

122, particle size between 0.25 and 2 mm) 
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• Treatment G – amended with 2% (w/w) gypsum (CaSO4.2H2O) and 

• Treatment PG – amended with both 2% gypsum and 2% wheat straw.  

The soils were then thoroughly mixed and 50 g samples of soil from each treatment were 

incubated in 75 ml containers and placed in air-tight jars and kept at 25oC. Containers were 

removed after first, third and sixth month and used for analyses as explained in section 2.2.4. 

Three replicates were prepared for each treatment. 

2.2.4. Analyses on incubated soil 

2.2.4.1. ECe, pH and SAR 

The EC, pH and SAR were measured on air-dried soil samples which were 

passed through a 2 mm sieve. These parameters were measured in 1:5 soil: water 

suspension using the same methods and equations described in section 2.2.2. EC1:5 

values were converted to ECe as described in section 2.2.2. 

2.2.4.2. Soil respiration 

Soil respiration was determined by trapping the CO2 released from incubated samples in 

NaOH (Alef, 1995, Rodella and Saboya, 1999).Air-tight jars containing 50 g soil and 10 ml 0.1 

M NaOH were used for this experiment. The CO2 trapped in the NaOH was precipitated by Ba2+ 

(added as 1 ml 1M BaCl2) and the remaining hydroxide was titrated with 0.05 M HCl. Three 

blank samples (without soil) were also prepared and tested in the same way as described above, 

to account for the amount of CO2 in the air (Chen et al., 2004).  These blank samples had 

negligible CO2 concentrations.  Soil respiration containers were removed after 24, 48 and 72 

hours in the first week followed by weekly intervals for the first two months and then every four 

weeks for the remaining period of the incubation.  

2.2.4.3. Microbial biomass carbon and nitrogen (MBC and MBN) 

The fumigation–extraction method described by (Vance et al., 1987) was used to 

measure soil microbial biomass C and N (MBC and MBN respectively). Briefly, two 10 g sub-

samples of incubated soils were weighed. One of them was fumigated by chloroform for 24 h. 
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Then 50 ml of 0.5 M K2SO4 was added to both fumigated and non-fumigated sub-samples. The 

suspensions were shaken end-over-end for 30 min and then filtered through Whatman 42 filter 

papers. A Shimadzu TOC-VCSH/CSN TOC/N analyser was used to measure TOC of both 

extractions (Chen and Xu, 2005). The MBC and MBN were calculated by Equations 2.3  and 

2.4 respectively from Vance et al (1987): 

MBC = (TOC Fumigated soil – TOC non-fumigated soil)/0.45     Eq 2.3 

MBN = (TN Fumigated soil- TN non-fumigated soil)/0.57                                Eq 2.4 

2.2.4.4. Aggregate fractionation  

At each sampling time, incubated samples for each treatment were removed and 

aggregate fractionation was done. The percentages of water-stable aggregates in different size 

classes of the two soils were determined using a standard wet sieving apparatus. This apparatus 

comprised a nest of four pre-weighed sieves with apertures of 2, 1, 0.5, and 0.25 mm. The nest 

of sieves were submerged in a large container of de-ionized water and connected via a hook to 

an electric motor which gently raised/lowered the sieves in the container. Samples were first air-

dried at room temperature. Then 25 g of air-dried soil was added to the top of the nest of sieves. 

The motor was turned on and the nests of sieves were raised and lowered approximately 1.3 cm, 

35 times per minute for 3 min. The sieves were then immediately removed, separated, and dried 

at 105oC to determine the percentage of oven-dried soil remaining on each sieve. Mean weight 

diameter (MWD) of soil aggregates was calculated as follows (Clark et al., 2009, Kemper and 

Rosenau, 1986): 

𝑀𝑀𝑀𝑀𝑀𝑀 = ∑ 𝑥𝑥𝐶𝐶𝑎𝑎
𝐶𝐶=1 𝑤𝑤𝐶𝐶        Eq.2.5  

Where: 

𝑥𝑥𝐶𝐶  is the mean aperture of the adjacent sieves and 𝑤𝑤𝐶𝐶is the mass fraction of remaining soil on 

each sieve. 
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2.2.4.5. SOC measurements in each aggregate size 

After weighing the aggregates from Section above, the total soil SOC in each aggregate 

size class of >2, 2-1, 1-0.5, 0.5-0.25 mm was determined. Aggregates were first ground to a fine 

powder using a RocklabTM ring grinder. The SOC was then measured in a mass spectrometer 

(GV Isoprime, Manchester, UK) according to the method described by He et al. (2008) after the 

removal of inorganic carbon by treating the samples with 10% HCl. 

2.2.5. Statistical analyses  

A complete randomised factorial design with 4 (treatments) × 2 (soils) × 3(incubation 

times) × 3 (replicates) was used in this incubation experiment. A three-way analysis of variance 

(ANOVA) was conducted to explore the impact of incubation time, soil type and amendment on 

the aggregate stability, SAR, EC, pH, MBC/N, CO2-C and SOC content in each aggregate size 

class using SPSS statistical software. Significant differences were identified at 5% level interval 

using a LSD test. 

2.3. Results 

2.3.1. Effect of soil type, amendment and incubation time on chemical properties of 

the soils 

Variations in soil EC, pH and SAR over time of incubation are presented in Table 2.2a. Also, 

ANOVA for the effects of incubation time and treatment are presented in Table 2.2.b. 

Table 2.2.a   Mean soil ECe, pH and SAR values over time under different treatments* 

Month  ECe  (dS/m)   pH             SAR 

  CL PL G PG   CL PL G PG  CL PL G PG 

 Soil1                

1  10.1 10.5 23.9 26.3   9.2 8.5 7.9 7.7  43.6 65.4 13.7 23.0 

3  10.0 28.9 15.2 28.0   9.1 8.1 7.3 7.1  43.6 63.3 14.3 21.7 

6  10.2 35.5 19.65 32.9   9.0 7.9 6.8 6.6  42.5 65.3 14.2 20.8 

 Soil2                

1  17.1 20.2 24 41.6   9.0 8.4 7.6 7.0  14.7 16.1 4.9 9.2 

3  17.6 45.3 29.7 49.4   8.9 8.1 6.7 6.2  14.3 29.0 4.5 5.8 
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6  17.6 74.4 43.1 84.4   8.8 7.9 6.4 6.1  14.3 39.1 4.1 4.5 

                 

*Treatments are: CL (Control – no amendment), PL (Plant material), G (Gypsum) and PG 
(Plant material + Gypsum)  

 

 

 

 

 

Table 2.2.b. ANOVA for the effects of incubation time, treatment and soil type on ECe, pH and 
SAR. 

Source DF MS F-Value Probability (p) 

ECe     

Time 2 2001.8 50.8 <0.001 

Treatment 3 3461.2 87.9 <0.001 

Soil 1 5669.6 144.1 <0.001  

Time×Treatment 6 289.5 7.36 <0.001 

Time×Soil 2 782 19.9 <0.001 

Treatment×Soil 3 372.5 9.47  <0.001 

Time×Treatment×Soil 6 141.89 3.61 0.005 

pH     

Time 2 3.1 28.1 <0.001 

Treatment 3 18.2 163.0 <0.001 

Soil 1 2.3 20.2 <0.001 

Time×Treatment 6 0.3 2.9 0.02 

Time×Soil 2 0.05 0.42 0.659 

Treatment×Soil 3 0.3 3.12 0.034 

Time×Treatment×Soil 6 0.02 0.14 0.990 

SAR     

Time 2 43.4 20.0 <0.001 

Treatment 3 3843.2 1770.6 <0.001 

Soil 1 11273.4 5193.8 <0.001 

Time×Treatment 6 29.7 13.7 <0.001 

Time×Soil 2 40.5 18.7 <0.001 
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Treatment*Soil 3 1205.9 555.6 <0.001 

Time×Treatment×Soil 6 47.6 21.93   0.981 

 

Soil type, amendment treatment and incubation time all had significant effects on 

measured ECe and pH (p<0.05). Also, soil type and amendment significantly affected SAR of 

amended treatments (p<0.05) however, time did not affected SAR significantly (p>0.05).  

Significant differences were observed for ECe values between the two soils used in this 

experiment (p<0.05 Table 2.2b). Soil 2 with a mean ECe value of 38.7 dS m-1 showed a higher 

degree of salinity than soil 1 whose mean ECe value was 20.9 dS m-1 in all treatments. Control 

soils had the lowest values of ECe. The highest ECe values were observed in treatments which 

received gypsum addition (G and PG). Plant only amended treatments (PL) showed higher ECe 

values in comparison to control treatments (Table 2.2.a). ECe values were significantly different 

in the successive months of incubation (p<0.05), with maximum values of ECe being observed 

in the 6thmonth of incubation in both soils. In summary, an increasing trend in ECe values was 

observed in the following order: 

Control (CL), < Plant only treatment (PL) < Gypsum only treatments (G) < Gypsum and Plant 

material treatments (PG) 

The pH values also significantly differed with soil type, treatment and incubation time 

(p<0.05, Table 2.2b). Higher pH values were observed in soil 1 compared to soil 2 (Table 2.2a). 

Similarly to ECe, type of amendment affected pH values in the experimental soils however, in 

contrast, the lowest values of pH were observed in soils with a combined application of gypsum 

and plant material (PG) while the control soils (CL) had the highest pH. Treatments with only 

plant additions (PL) showed significantly lower pHs compared to the control (CL) but were 

higher than treatments receiving gypsum (G and PG) (Table 2.2a). The pHs in all amended 

treatments decreased during incubation and reached their lowest values after 6 months of 

incubation. The differences in pH values at one, three and six months incubation were all 

significant (p<0.05) for amended treatments. The observed trend in pH values was as follow: 
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Control (CL)> Plant only treatments (PL) > Gypsum only treatments (G) > Gypsum and plant 

material treatments (PG) 

Significantly different values of SAR were observed in the two soils with Soil 1 having 

higher SARs than soil 2 (p<0.05, Table 2.2a). The highest SAR was observed in treatments 

which only received plant material (PL) and treatments with only addition of gypsum showed 

the lowest SARs.  SAR values at sixth months were significantly different to the first and third 

month but there were no significant differences between the first and third months (Table 2.2.b). 

The observed trend was as follow:  

Plant only treatments (PL) > Control (CL) > Gypsum +plant material treatments (PG) > 

Gypsum only treatments (G) 

A significant interaction effect of Time×Treatment×Soil was observed for ECe. However, 

ANOVA multi-way analyses did not show any significant interaction effect of 

Time×Treatment×Soil. Further LSD all-pair comparisons were conducted for this significant 

interaction for ECe values.  

2.3.2. Microbial Biomass Carbon and Nitrogen 

The effects of soil type, incubation time and amendment on MBC and MBN are shown 

in Figure 2.1a and b and Tables 2.3 and 2.4. Soil 2 had higher MBC values than soil 1 and the 

highest levels of MBC were observed in the sixth month of incubation for both soils. MBC 

values after sixth months were significantly different from the first and third month (p<0.05) 

(Figure 2.1a). Plant material (wheat straw), significantly (p<0.05) increased MBC values. 

Treatments receiving wheat straw (PL and PG) showed higher levels of MBC than the control 

(CL) or treatments receiving gypsum (G) only (Figure 2.1a).   

The effect of the three independent factors of soil type, incubation time and amendment 

on MBN was studied in similar manner (Figure 2.1b). Soil type did not affect MBN 

significantly (p>0.05). Also, MBN values did not differ much between the two experimental 

soils during the incubation period (p>0.05). However, treatments significantly affected MBN 

values and the highest amount of MBN was observed in treatments amended with wheat 
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residues (PL and PG) which were significantly different from G and N (p<0.05). Similar to 

MBC, amending soil samples with gypsum did not influence their MBN and these values were 

similar to control treatments (CL) (p>0.05).  

The interaction effects of Time ×Treatment and Treatment×Soil were observed for 

MBC and MBN, respectively. The MBC values of each treatment were significantly different 

from the values of same treatments in different sampling times. For example, MBC values after 

sixth months were significantly different from the first and third month. As mentioned above, 

soil type did not affect MBN values, however soil type and treatment had an interaction effect 

on this value. Figure, 2.1b was drawn based on this interaction. This figure presents the 

significant differences (p<0.05) of treatments those received plant residue (PL and PG) between 

two soils. However, no significant difference was observed between two soils in their control 

and gypsum amended treatments (CL and G). 

 

 

Table 2.3. Analysis of variance (ANOVA) for microbial biomass carbon (MBC) 

Source DF MS F-Value Probability (p) 

Time 2 2088 24.8 <0.001 

Treatment 3 1761 209.3 <0.001 

Soil 1 1563 18.6 <0.001 

Time ×Treatment 6 7484 8.9 <0.001 

Time×Soil 2 69 0.1 0.921 

Treatment×Soil 3 764 0.9 0.444 

Time×Treatment×Soil 6 102 0.1 0.993 
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Figure 2.1a. The effects of treatment and incubation time on MBC of two soils. Treatments are 
CL (Control), G (gypsum), PG (Plant material + gypsum) and PL (Plant material). Barred lines 
indicate standard errors. 
 
 
 
 
 
Table. 2.4. Analysis of variance (ANOVA) for microbial biomass nitrogen (MBN) 
Source DF MS F-Value Probability (p) 

Time 2 1.1×10-27 0.0 1.000 

Treatment 3 1902 91.8 <0.001 

Soil 1 536.2 2.6 0.114 

Time ×Treatment 6 4.15×10-29 0.0 1.000 

Time×Soil 2 2.51×10-29 0.0 1.000 

Treatment×Soil 3 2009.9 9.7 <0.001 

Time×Treatment×Soil 6 1.75×10-29 0.0 1.000 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 
0

20

40

60

80

100

120

140

Soil 1 Soil 2

M
B

N
 (µ

g 
g-1

) 

G

CL

PG

PLd d d 
cd 

a 

a 

b 
b 

49 
 



Chapter 2 
 
Figure 2.1b. The effects of treatment and time on MBN of two soils. Treatments are CL 
(Control), G (gypsum), PG (Plant material + gypsum) and P (Plant material). Barred lines 
indicate standard errors. 
 
 

 

 

 

2.3.3. Soil respiration  

Similar levels of CO2-C evolution (respiration) with time were observed in control 

treatments (CL) of both soils as indicated in Figure 2.2 (p>0.05). However, respiration was 

affected by incubation time and by amendment type (p<0.05) (Table 2.5).  Respiration values 

were not significantly different between treatments at days 2 and 4 however respiration 

significantly increased until day 56 in both soils. The change in respiration rate with time 

decreased after day 59 (almost 2 months) as indicated by the decreased gradients of the lines in 

Figure. 2.2. Organic amendments strongly affected respiration values in both soils and wheat 

residue amended treatments (PL and PG) showed the higher levels of respiration compared to 

control (CL) and gypsum only treatments (G) (p<0.05). The least level of respiration was 

observed in the gypsum only amendment (G) which was significantly lower than control (CL) 

(p<0.05) (Figure 2.2). 

The highest interaction effect of Time×Treatment×Soil was observed in cumulative CO2-C data. 

The soil type did not significantly affect respiration data, however, this independent parameter 

in conjunction with time and treatment affected cumulative CO2-C data. Treatments those 

received plant residue addition (PL and PG) showed significantly higher amounts of respiration 

in soil 2 in different times. 

 

Table 2.5. Analysis of variance for cumulative CO2-C 

Source DF MS F-Value Probability (p) 

Time 13 2.43×100.07 38884.6 <0.001 
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Treatment 3 3.93×100.07 62973.1 <0.001 

Soil 1 2364.8 3.8 0.053 

Time ×Treatment 39 2564561 4101.11 <0.001 

Time×Soil 13 1543.9 2.5 0.004 

Treatment×Soil 3 51208.9 81.9 <0.001 

Time×Treatment×Soil 39 2257.4 3.6 <0.001 

 

 

 

 

Figure 2.2. Cumulative CO2 respiration during 180 days of incubation in the treatments: CL 
(Control), G (gypsum), PG (Plant material + gypsum) and PL (Plant material). Barred lines 
indicate standard errors. 
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2.3.4. Aggregation 

In this study, mean weight diameter (MWD) of soil aggregates was used as a statistical 

index for aggregation (see Eq.2.5). MWD reflects the relative proportions of aggregates having 

a mean diameter of the size fractions defined by the upper and lower boundaries of the sieves 

used. Higher MWD therefore indicates larger and more water- stable aggregates. Soil type, 

incubation duration and amendment type all significantly affected MWD values (Figure 2.3) 

(p<0.05) (Table 2.6). Significant higher values of MWD were observed in soil 2 compared to 

soil 1 (p<0.05). Also, MWD increased during the incubation time in all amended treatments and 

maximum values of MWD were observed at the end of the sixth month of incubation. Similarly 

amendment treatments had significantly different effects on the MWD values (p<0.05). Gypsum 

(G) and wheat straw (PL) treatments had higher MWDs than control soils (CL). The highest 

MWD was observed in the PG treatment due to the combined effect of these two amending 

materials (Figure 2.3). 

The highest significant interaction of Time×Treatment×Soil was observed in MWD data (Table 

2.6). This interaction presents the significant differences of each amended soil during the three 

sampling times. For instance, as mentioned above, the highest values of MWD were observed in 

soil 2 and in treatments those received a combined application of plant residues and gypsum 

(PG). These treatments are not only significantly different (p<0.05) from the similar treatments 

of soil 1 in different sampling times but also different from the other treatments of soil 2. The 

same trend was observed for the rest of the treatments those received amendment application 

and regardless of the amendment type. However, control treatments did not significantly 

changed over time for each soil (p<0.05) (Figure 2.3).  

Table 2.6. Analyses of variance for MWD. 

Source DF MS F-Value Probability (p) 

Time 2 8.1 2101.3 <0.001 

Treatment 3 11.9 3078.5 <0.001 

Soil 1 2.0 522.0 <0.001 
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Time ×Treatment 6 1.5 400.8 <0.001 

Time×Soil 2 0.04 12.9 <0.001 

Treatment×Soil 3 0.1 35.2 <0.001 

Time×Treatment×Soil 6 0.1 22.1 <0.001 

 

 

 

 

 

 

 

 

 

 

Figure 2.3. Mean weight diameter MWD of soil aggregates after the 1st, 3rd and 6th  month of 
incubation under different treatments of CL (Control), G (gypsum),  PG (Plant material + 
gypsum) and PL (Plant material). Barred lines indicate Standard Errors of the mean. 

 

 

2.3.5. Soil organic carbon (SOC) distribution in soil aggregates 

The effect of time, treatment, soil type and aggregate size on SOC was studied by 

ANOVA multi-way analysis (Table 2.7). The result showed that soil and treatment type did not 

significantly (p>0.05) affect SOC content in aggregates and this parameter was, mainly, affected 

by time and aggregate sizes (p<0.05). The result showed that SOC values were significantly 

different in the two soils in month 1 (p>0.05). However, SOC content in soil 2 in month 3 was 

not significantly different from month 6 (p>0.05). A similar trend was observed in soil 1. The 
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maximum amount of SOC was observed in the large aggregates (>2mm) of soil 2 and in 

treatments which received both gypsum and plant material (Figure 2.5). Also, regardless of lack 

of the significant main effects of soil and treatment type, these two parameter significantly 

affected SOC content in aggregates through their interaction with the other parameters. For 

instance, the highest (3-way) significant interactions of Time× Treatment× Size, Time× Soil× 

Size and Treatment× Soil× Size were observed in the outcome of ANOVA analyses (table 2.7). 

The figure 2.4 was drawn based on the interaction of Time×Treatment×Size as this interaction 

more noticeably and clearly shows the changes of SOC content in each aggregate size during 

the incubation time and different amendments (figure 2.4). The treatments those received 

gypsum addition (G and PG) contained higher amount of SOC in their aggregate sizes of 2mm. 

The values of the SOC in these aggregate also changed during the incubation time and the 

highest amount was observed at the end of 6 months (Figure 2.4). 

The SOC contents were significantly affected by aggregation (aggregate size) and 

gypsum amended treatments of G and PG showed significantly higher amounts of SOC in their 

aggregates than the control (N) (p<0.05). Treatments receiving gypsum (G and PG) showed 

higher SOC content than those receiving only wheat residue (P). Regression analyses (Figure 

2.5) showed a strong relationship (R2= 0.79, p<0.05) for soil 1 and R2= 0.72, p<0.05 for soil 2) 

of soil aggregate sizes and SOC increased with increasing aggregate size. Regression studies 

showed a strong positive linear relationship (R2=0.79, p<0.05) (Figure. 2.5) between MWD and 

SOC content of aggregates showing with increasing MWD, SOC content increased. 
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Table 2.7. Analysis of variance for soil organic carbon (SOC) 

Source DF MS F-Value Probability (p) 

Time 2 112.3 3.33 0.037 

Treatment 3 54.5 1.62 0.186 

Soil   1 16.7 0.50 0.482 

Size 2 37592.8 1114.84 <0.001 

Time ×Treatment 6 17.7 0.52 0.790 

Time×Soil 2 2.3 0.07 0.935 

Time×Size   4 1236.0 36.65 <0.0001 

Treatment×Soil 3 14.8 0.44 0.724 

Treatment×Size 6 805.0 23.87 <0.001 

Soil×Size 2 1364.8 40.47 <0.001 

Time×Treatment×Soil 6 8.1 0.24 0.963 

Time×Treatment×Size 12 196.6 5.83 <0.001 

Time×Soil×Size 4 533.0 15.81 <0.001 

Treatment×Soil×Size 6 196.3 5.82 <0.001 
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Figure 2.4. SOC content in mg per 100 g of specific aggregate sizes of >2, 1-2, 0.5-1.0 and 
0.25-0.5 mm in control (CL), Gypsum (G), Plant (PL) , Gypsum and Plant (PG) treatments.  

 

 

Figure2.5. Relationship analyses between MWD and SOC content of different aggregate sizes. 

 

2.4. Discussion 
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            This study assessed the individual and combined effects of two commonly used 

chemical and organic amendments (gypsum as a chemical and wheat straw as an organic 

amendment) on basic soil properties during a six month incubation period.   
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increased. Increasing soil carbon dioxide partial pressure (PCO2) (organic matter increases 

respiration and PCO2) causes mineral dissolution in treatments that received only wheat straw 

which leads to an increase in ion concentration in solution and consequently increases ECe 

(Wong et al., 2009a, Sekhon and Bajwa, 1993). Also soil organic matter itself releases cations 

like Ca2+ and Mg2+ and anions during decomposition and thus increases ECe. The maximum EC 

values were observed in soils which received both gypsum and wheat residue due to the 

combined effects of the above two processes. Also, high Na+ contents in wheat straw might be 

another reason for high ECe values in treatments those received plant residue application. 

Although, elemental content of wheat residue did not tested. 

 Application of gypsum decreased the pH values of both soils (Table 2.2a). Dissolution 

of gypsum removes Na+ ions by replacing them with Ca2+. This process together with proton 

generation (releasing of H+ ions that can be caused by several proton sources such as 

dissociation of carbonic and organic acids (Breemen et al., 1984, Binkley and Richter, 1987, 

Ulrich, 1989)) caused a reduction in pH after gypsum application (Qadir and Oster, 2002, Wong 

et al., 2009a) (Table 2.2a).  (Another explanation for pH is the precipitation of carbonates and 

bicarbonates by Ca+2 from gypsum: Ca2++CO3
2-↔CaCO3, Ca2++2HCO3

-↔CaCO3+CO2+H2O). 

The addition of wheat residues to soils also resulted in the lowering of their pH by increasing 

PCO2 and organic acid production as a result of wheat straw decomposition (Chorom and 

Rengasamy, 1997, Nelson and Oades, 1998, Wong et al., 2009a). Decrease in pH was more 

pronounced in treatments that received both gypsum and wheat residues due to the combined 

effects of the two amendments. These results are in agreement with those of Wong et al. (2009a) 

who reported  a greater decrease in pH in highly alkaline soils from different depths with the 

combined incorporation of gypsum and plant material compared to individual gypsum or plant 

material treatments. In other studies, Malik and Haider (1977) and Nelson and Oades (1998), 

also reported a decrease in soil pH due to the addition of organic material to saline soils. This is 

a consequence of the formation of humic acids and increased CO2 production, the latter reacting 

with water to form carbonic acid which dissociates to produce H+ and decreases pH  
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Similarly, SAR decreased in both soils with gypsum application due to an exchange 

reaction between exchangeable Na+ and added Ca2+ ions. However, SAR increased in treatments 

which only received wheat straw. As described previously, with wheat straw application, PCO2 

causes mineral dissolution in treatments which leads to an increase in ion concentration 

(including Na+) in solution and consequently increases SAR. 

In general, these results showed that a combined application of organic material such as 

wheat straw and a chemical amendment containing Ca2+ ions such as gypsum, leads to the best 

outcome in rehabilitation of saline-sodic soils, decreasing the negative consequences of high 

pH, SAR and EC. Similar results have been reported by Chorom and Rengasamy (1997) 

working on alkaline sodic soils with gypsum and organic manure amendments. Also, Wong et 

al. (2009a) reported a similar result working on saline-sodic soils amended with gypsum and 

plant residue. 

2.4.2. Effects of amendment treatments on soil respiration  

Low rates of respiration were observed in the control (CL) and in treatments receiving 

gypsum amendment (G) (Figure 2.2), which is due to low levels of SOM and the small amount 

of decomposable substrate in these treatments (Wong et al., 2009a). Despite an improvement in 

soil aggregate formation (Figure2.3) and a reduction in pH and SAR values in gypsum amended 

treatments (Table 2.2), cumulative respiration was lower in these samples relative to the control 

(CL) due to:  

i)  low levels of easily available C stocks; 

ii) low (more negative) osmotic potential due to high salt concentration, both of which can 

contribute to a reduced available water to microorganisms or indeed cause emptying of water 

from their cells (Rietz and Haynes, 2003, Tripathi et al., 2006, Yuan et al., 2007); 

iii) a decrease in available organic matter caused by bonding of Ca2+ to organic matter 

compounds (Baldock et al., 1994, Clough and Skjemstad, 2000a); 

iv) protection of organic matter from microbial breakdown by creation of stable aggregates after 

gypsum addition (Suriadi et al., 2002). 
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Despite the significant differences in soil properties among amended treatments in each 

soil, the two soils did not show significant differences from each other in CO2-C values. This 

can be explained by noting that the most important factors controlling soil respiration are 

temperature and the quality of added organic material.  Both soils were incubated in the same 

temperature of 25oC and wheat straw was added at the same rate of 2% to the plant amended 

treatments.  

In contrast to the gypsum-treated soils, the highest rates of respiration were measured in 

the wheat residue treatments (Figure 2.2). In a similar study by Sarig and Steinberger (1994) the 

highest microbial activity in saline conditions was found in treatments receiving halophyte plant 

residues as an organic matter amendment. They concluded that increased microbial activity after 

addition of organic material can be the result of providing nutrients to microbes and intensifying 

enzyme activities. (Liang et al., 2005, Tejada and Gonzalez, 2006) and McCormic and Wolf 

(1980)  applied alfalfa as an organic material to saline soils and reported that organic matter 

helped to reduce the deleterious effects of salinity on microbial activity. 

In this study, the evolution of C-CO2 quantities with time tended to reach a steady rate 

(Figure 2.2) proving that the time chosen for the experiment was sufficient. In another study, 

Yazdanpanah et al. (2013) noted that a steady state of C-CO2 balance was approached after 120 

days.  

In summary, respiration results showed that the application of organic material is the 

most important factor in increasing respiration in saline-sodic soils due to the above-mentioned 

impacts on soil chemical properties and the microbial community. A chemical amendment such 

as gypsum is more likely to have a negative impact on respiration which is due to an increase in 

EC and the imposition of osmotic stress on microbial community.  

2.4.3. Effects of amendments on soil microbial biomass C and N  

The two soils were significantly different in their MBC values (p<0.05) as shown in 

Figure 2.1a.  A similar trend in MBC to that observed for respiration was seen in the amended 

treatments. Treatments with wheat straw addition (PL and PG) showed higher values of MBC 
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than the control (CL) and gypsum only amended soils (G). Generally, the low osmotic potential 

of salt-affected soils reduces MBC (Pankhurst et al., 2001, Yuan et al., 2007, Chowdhury et al., 

2011, Mamilov et al., 2004). However in this study, in addition to the osmotic effect of salts, the 

low level of SOC was probably the main restriction factor. Generally, nutrients are released 

after the addition of organic material and they are used for microbial growth. Consequently, soil 

MBC increases. Also, organic matter acts as a buffer in saline and sodic conditions and can 

decrease the impact of stress on microorganism growth (McCormic and Wolf, 1980, Schnürer et 

al., 1985). 

Decreased MBC due to gypsum addition in this study (Figure 2.1 a) can be attributed to 

low levels of C stocks in soil and high salt concentrations resulting in low (more negative) 

osmotic potential. The later reduces available water to microbes or even drains water from their 

cells (Rietz and Haynes, 2003, Tripathi et al., 2006, Wichern et al., 2006, Yuan et al., 2007). In 

the PG treatments, increased C availability with wheat residue addition increased the ability of 

microbes to tolerate low osmotic potential in the experimental soils. This is in agreement with 

Pathak and Rao (1998) and Wichern et al. (2006) who reported that increased availability of 

substrate can increase microbial tolerance of salinity. 

The highest values of MBN were observed (Figure 2.1b) in treatments receiving wheat 

residue application (PL and PG). Several studies have shown that the addition of N from 

materials with various C/N ratios has varying effects. Microbial activity has increased (Recous 

et al., 1995, Henriksen and Breland, 1999) or decreased (Kowalenko et al., 1978, Söderström et 

al., 1983, Janssens et al., 2010) or even has shown no effect (Allison and Klein, 1962, Hobbie 

and Vitousek, 2000) following the addition of N from different sources. The different results 

may be due to the ratio of available C to N, the soil N availability, and the effects of soil 

properties such as pH on MBN.  In this study, low initial levels of total N was observed in 

control (CL) treatments in both soils (Table 2.1). Application of wheat straw provided a rich 

source of N for microbial community in plant amended treatments, resulting in immobilization 

of N by microbial community and increasing MBN. 
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2.4.4. Effects of amendments on soil aggregation 

Soil parameters that generally increase MWD include C, clay % and silt %, while 

parameters that decrease MWD include Na+ (ESP or SAR) and sand % (Mbagwu et al., 1994, 

Blair et al., 2006). Soil 2 showed higher aggregate stability (MWD) than soil 1 in the control 

(CL) and in most treatments (Figure 2.3). Although, clay and organic matter content can also 

influence MWD, but in this study high SAR affected MWD more severely than clay and organic 

matter content, resulting in less MWD in soil 2 with very high SAR.  

A higher MWD was observed in gypsum amended treatments in both soils (G and PG) 

(p<0.05). Gypsum has two main effects in soils. Firstly, it increases clay flocculation by 

increasing electrolyte concentration. Secondly, it provides Ca2+cations that replace Na+ cations 

from the exchange sites, thereby decreasing dispersion. Thus the addition of gypsum is expected 

to increase aggregate size. 

The formation and the stability of soil aggregates also increased in treatments that 

received wheat residue due to the bonding mechanisms between soil particles and organic 

matter (Figure 2.3). Organic materials and microbial decomposition encourage aggregation in 

two ways:  

i) by production of microbial polysaccharides which stabilise macro-aggregates. This happens 

via an increase in microbial biomass and activity following the addition of organic material 

to soil; 

ii) by production of humic compounds which stabilize micro-aggregates (Tisdall and Oades, 

1982, Blanco-Canqui and Lal, 2004). 

Overall therefore, the treatments which received both wheat straw and gypsum showed the 

highest MWDs due to the combined effects of gypsum and wheat straw (Figure 2.3). 

 Both organic matter addition and chemical amelioration can strongly affect aggregate 

stabilization in non-salt affected soils. However, for the saline-sodic soils in this study, the 

flocculation and ion exchange effects of added gypsum have had a more effective impact on 

aggregate formation and stabilization than organic matter addition.  This is illustrated in Figure 
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2.3 where there the G treatment has had much more impact that the P treatment in increasing 

MWD. 

2.4.5. SOC content in different aggregate sizes 

The SOC content in aggregates varies among different textural classes and soils with 

fine texture and  high clay content often contain more SOC in their aggregates (Adu and Oades, 

1978, Blanco-Canqui and Lal, 2004). In this study, soil 2 had a higher SOC content in its 

aggregates than soil 1 (Figure 2.5), due to its greater silt content and the sampling site which 

had a history of agricultural practices in it. 

The highest SOC contents were observed in the two soils which received both wheat 

residues and gypsum (PG) treatments. In contrast, soils which only received gypsum, despite 

their improved physical structure, showed lower SOC contents in their aggregates than the 

wheat residue amended soils. However, both had higher SOCs than the control (CL).  A number 

of processes may have affected SOC contents of soil aggregates in this study. Firstly, SOC may 

have been   affected by the weight of the fraction which is physically stabilized through 

aggregate formation. Gypsum improves both formation and stability of aggregates thus 

increasing the fractional weight of >2 and 2-1 mm aggregates over smaller aggregates.  This 

process can  affects SOC contents of gypsum amended soils as pointed out by (John et al., 

2005). Secondly, these results can be interpreted using the concept of aggregate formation 

hierarchy in which micro-aggregates bond together by temporary and transient bonding agents, 

such as microbial and plant derived polysaccharides, to form macro-aggregates (Tisdall and 

Oades, 1982, Six et al., 2000, Emerson, 1959, Edward and Bremner, 1967). This aggregate 

hierarchy principal suggests increase in carbon content with increasing aggregate size classes 

and the trapping of added organic matter (Elliott, 1986). 

A strong positive correlation (R2=0.79) was found between aggregate size classes and 

their SOC contents (Figure 2.5), which strongly suggest that SOC content increases with 

increasing the size of soil aggregates. However there have been many contradictory results 

regarding the correlation between SOC content of aggregates and their sizes suggesting that the 
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processes involved in the formation and trapping of SOC in aggregates are complex. Many of 

these processes including the functioning of binding agents or other  interactions between SOC 

and soil particles are not accounted for by simple correlations (Blanco-Canqui and Lal, 2004). 

For instance, Hernanz et al. (2002) reported a reasonably strong correlation between prevalence 

of 1-2mm  aggregates in soils and SOC content (R2=0.62) while (Jastrow et al., 1996) reported a 

weak correlation between aggregates size and SOC content of soils.  

2.5. Conclusion 

In this study, C stocks in two saline-sodic soils were initially low (soil 1 had total SOC of 2.7% 

and SOC content for soil 2 was 2.8%). The low SOCs were most likely a result of low plant 

biomass input in these soils due to their high pHs, ECs and SARs.  Low levels of MBC and 

respiration were attributed to the low SOCs, thus the microbial communities were restricted by a 

lack of substrate. When organic material in the form of wheat straw was added, regardless of 

high pH, SAR and EC, the microbial communities became active. It is therefore suggested that 

there are salt-tolerant population of microorganisms in salt affected soils which can multiply 

when SOC substrate is provided.  

In this study, gypsum addition imposed an increase in ECe. However, despite this 

increase, microbial respiration was not significantly affected, thus from this study it can be 

concluded that decomposition processes are restricted by limited organic material stocks rather 

than saline-sodic soil. A number of processes would have affected SOC contents of soil 

aggregates in this study. Firstly, SOC content may be affected by the weight of fraction which is 

physically stabilized through aggregate formation. Gypsum improves aggregate formation and 

stability and thus increases the fraction weight of >2 and 1-2 mm aggregates This result 

confirmed the hypothesis of macro aggregates will show higher values of SOC than micro 

aggregates due to aggregate formation processes. This consequently affects SOC contents in 

gypsum amended soils. Secondly, these results are compatible with the concept of aggregate 

formation hierarchy in which micro-aggregates bond together by temporary and transient 

bonding agents such as microbial and plant derived polysaccharides to make macro-aggregates. 
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This aggregate hierarchy consequently increases carbon content with increasing aggregate size 

classes due to organic matter incorporation.  

Currently, there are few studies on C dynamics in salt-affected soils and data on how C 

is stored in different aggregate sizes of these soils is non-existent. Thus, in this study, the 

research gap on the effects of rehabilitation processes on increasing C stocks and accumulation 

in different aggregate sizes of salt-affected soils was studied. For further studies, it is 

recommended that different pools, content and concentrations of both SOC and soil inorganic 

carbon (SIC) in saline-sodic soil be evaluated. The extension of lands affected by salinity and 

sodicity continues to increase due to both climate change and adverse agricultural practices. 

Consequently, studies on the mechanisms of C sequestration in salt-affected soils are warranted.  
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CHAPTER THREE 

Respons of soil carbon to the amendment of high temperature biochar in 
soils with different levels of salinity 

Abstract 

Salinity in soils is one of the major problems threatening world crop production and the 

problem may become even more serious if climate change continues as predicted. This study 

examined the potential of addition of alkaline biochar, as an organic-rich material, to ameliorate 

saline soils and enhance their carbon (C) stocks. An incubation experiment was conducted over 

12 months to determine the effects of alkaline biochar on some chemical and biological 

properties and C stock of soils with different salinity levels. The incubation experiment 

comprised a factorial design with four levels of biochar addition (B=0, 2.5, 5 and 10% w/w) and 

four levels of initial soil salinity based on electrical conductivity (EC=0, 2, 4 and 8 dS m-1).  

Soil chemical properties such as EC, pH and sodium adsorption ratio (SAR) significantly 

decreased with increasing application rate of biochar in saline treatments (p<0.05). These 

parameters all increased in saline treatments that did not receive biochar application.   The 

biochar used in this study was produced at a high temperature (>700oC), thus resulting in large 

surface area and high adsorption capability for salt and Na+ ions. Concentrations of soil 

inorganic nitrogen (N), NH4-N and NO3-N, tended to decrease with increasing salinity level, 

biochar rate and incubation time (p<0.05). The maximum concentration of NH4-N and NO3-N 

was observed in control (non-saline) soils that did not receive biochar amendment (EC=0, B=0). 

Some C substrates in biochar may stimulate the growth of microbes while using inorganic N in 

soils. The microbial biomass (C) (MBC) increased with increasing biochar rate when compared 

to treatments that did not receive biochar application, suggesting that microbial growth has been 

accelerated by biochar addition. Application of biochar provided a rich source of N for the 

microbial community in biochar amended treatments, resulting in immobilization of N by the 

microbial community and increased microbial biomass nitrogen (MBN). Conversely, MBN 

decreased with increasing salinity and the least amount of MBN was observed in treatments 

with highest level of salinity (EC=8).  
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Microbial respiration increased significantly (p<0.05) with increasing biochar rate. The 

highest rates of respiration were observed in treatments that received a biochar rate of 10%. This 

trend was observed in both non-saline (EC=0) and saline treatments. After 6 and 12 months of 

incubation, total soil organic C (SOC) increased significantly (p<0.05) with biochar addition 

and was at its highest with 10% biochar addition.  Alkaline biochar was therefore found to 

increase SOC contents and improve chemical properties of saline soils despite its own high pH. 

The results of this study therefore suggest that biochar can not only be used as a C source for 

enhancing fertility of saline soils but also can improve chemical and biological properties of 

these soils. Adding high pH biochar to saline soils does not seem to have any adverse impact on 

these soils as far as their pH, EC or SAR are concerned. The greatest changes in measured 

values occurred with the largest biochar addition (10% w/w) for all applied salinity levels and 

the treatment EC=8, B=10 showed the largest change of 1.4 dS m-1 at the end of 6th month. 

Similar changes were also observed after 12 months.  

Keywords: alkaline biochar, saline soil amelioration, carbon dynamics, salt-affected soils, soil 

organic carbon (SOC), microbial biomass 

3.1. Introduction 

Salinization of soils is a serious worldwide problem, restricting crop production as well 

as food quality and quantity (Kammann et al., 2011). A well-known strategy for improving 

adverse condition of problematic soils, such as salt-affected soils, is to improve soil’s organic 

carbon (SOC) content. However, the majority of studies on SOC dynamic have been carried out 

on non-saline soils with little information available on the impact or the fate of SOC in saline 

and alkaline soils. In countries with dry climates and vast tracks of salt-affected lands, such as 

Australia, we still do not know much about SOC dynamics in salt-affected soils. In Australia, 

salt-affected lands extend across 357 million hectares (Rengasamy, 2006). A mixture of 

different salts is usually found in saline soils, however most saline soils contain excessive 

quantities of sodium chloride salts (Rengasamy, 2006). The high salt concentration negatively 

affects soil microbial activity as well as soil’s chemical and physical properties thus causing a 

decline in soil productivity (Masoud and Koike, 2006, Lobell et al., 2007). Decline in vegetation 
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growth due to salt toxicity and detrimental osmotic potential results in lower carbon (C) inputs 

into these soils and further deterioration of their physical and chemical conditions (Wong et al., 

2009a).Therefore, over a long period of soil salinization, C storage decreases at a significant 

rate (Wong et al., 2010b).  

Application of organic matter (such as green manures, compost, and food processing 

wastes) can both ameliorate and increase the C stocks and fertility of saline soils. Biochar is a 

C-rich organic material produced by biomass pyrolysis at various temperatures under limited 

oxygen conditions (Kwapinski et al., 2010, Lehman and Joseph, 2009). In recent years with 

increasing concern about climate change due to elevated anthropogenic CO2 emissions, research 

interest on biochar production and its application to soils has gained importance (Woolf et al., 

2010). Apart from being a source of C, biochar as an organic soil amendment, has been shown 

to alter and improve physical, chemical and biological properties of soils and as a result increase 

plant productivity (Rondon et al., 2007, Asai et al., 2009, Chan and Xu, 2009, Spokas et al., 

2009b, Spokas and Reicosky, 2009, Thies and Rilling, 2009, Atkinson et al., 2010, Jones et al., 

2010, Laird et al., 2010a, Solaiman et al., 2010, Van Zwieten et al., 2010, Lehman et al., 2011, 

Jones et al., 2012). Most biochar studies around the world have been carried out on non-saline 

affected soils. However, a small number of studies carried out on the application of biochar to 

salt affected soils have indicated the biochar may also have positive effects of the chemical and 

biological properties of these problem soils. With such a dearth of information on the effect of 

biochar on saline and saline-sodic soils, further research on the suitability and the functioning 

mechanisms of biochar in these soils is needed. This study therefore aims to determine the 

effects of four different application rates of alkaline biochar on chemical, biological and C 

stocks of saline soils with four different salinity levels using an incubation experiment. Most 

biochars are alkaline in nature (high pH) and they are cheaper to obtain and easier to produce 

than neutral or acidic biochars. Availability and ease of access to alkaline biochar were the 

reasons for using this type of biochar in this study as it makes field application of any positive 

results recommendable and achievable.   Soil chemical properties measured in this experiment 

were EC, pH, SAR, inorganic N (NH4-N and NO3-N) and SOC. Biological properties of the 

73 
 



Chapter 3 

soils including soil microbial biomass C (MBC) and N (MBN) and respiration were also 

measured and related to the level of added biochar. 

3.2. Material and method 

3.2.1. Experimental soil and biochar properties 

A sandy loam non-salt affected soil was collected from 0-30 cm depth from Griffith 

University, Nathan campus in Brisbane (27°35′ S; 153°05′ E).  The soil is classified as an 

Orthod (SoilSurveyStaff, 1999) or a Podzol (FAO, 1998).  Soil characterization was carried out 

by measuring EC, pH, SAR, water holding capacity (WHC), particle size distribution (PSD) and 

total soil organic carbon (SOC) (Table 3.1). The EC and pH were measured in a 1:5 soil: water 

suspension (Rayment and Higginson, 1992).  Another 1:5 suspension was shaken for 18 hours 

in an over-end-over shaker at 25 oC and the concentrations of Na+, Ca2+ and Mg2+ in the 

suspension were measured by atomic absorption. The SAR was calculated from these 

concentrations using Richard’s  equation (3.1) (Richard, 1954): 

𝑆𝑆𝑆𝑆𝑆𝑆 = [𝑁𝑁𝑁𝑁]+ (1/2[𝐶𝐶𝑁𝑁2+⁄ +𝑀𝑀𝑀𝑀2+])1 2�                                                Eq. 3.1                                            

Where, Na+, Ca2+ and Mg2+ are in mmolL-1. 

Water holding capacities (WHC) of the soil was measured using a sintered glass funnel 

connected to a 100 cm water column (Ψm -10 kPa). Soil was placed in rings in the sintered 

glass funnel, thoroughly wetted and allowed to drain for 48 h. Samples were weighed,  oven 

dried at 105°C for 24 h before reweighing to determine the moisture content at -10 kPa. This 

WHC moisture content is assumed to be equal to the soil field capacity. Particle size distribution 

was determined using the hydrometer method (Bouyoucos, 1936, Beretta et al., 2014). The SOC 

and total nitrogen (TN) were measured after the removal of the inorganic carbonates from the 

soil by 5% HCl acid wash, using an isotope ratio mass spectrometer with a Eurovector 

Elemental Analyser (Isoprime- EuroEA 3000, Milan, Italy) according to the method described 

by  (He et al., 2008). 

Tables 3.1 and 3.2 give details of the initial properties of the soil and biochar amendment used 

in this study. The soil has a low electrical conductivity (EC1:5) of 0.09 dS m-1, a close to neutral 
74 

 



Chapter 3 

pH of 6.4, a low SAR and a low SOC and TN. The texture of the experimental soil was sandy 

loam, with more than 50% sand particles (Table 3.1).  

Table3.1. General properties of the experimental soil 

 Sand 
(%) 

Silt  
(%) 

Clay 
(%) 

SOC  
(%) 

TN  
(%) 

EC1:5 
(dS m-1) pH SAR WHC 

(%) 
 58.7 27.1 14.2 2.07 0.12 0.09 6.4 0.1 50.3 

 

An alkaline biochar with a pH of 8.2, with high TOC and low TN was used as an amendment in 

this study. This biochar was made from pine wood as a source material and combusted at a 

700oC temperature and zero oxygen condition 

Table3.2. General properties of the biochar used in this experiment 

Source  
material 

Pyrolysis  
Temperature 

(0C) 

C 
(%) 

N 
(%) 

C/N pH Surface area 
(m2 g-1) 

Pine 700 81.6 0.16 510 8.2 510 

 

3.2.2. Soil preparation for incubation 

Soil samples collected were air dried and passed through a 4 mm sieve. At the start of 

the incubation preparation, the <4 mm soil fraction was wetted to a water content that can result 

in maximum respiration. Based on the study of Setia et al (2011b), which reported that the 

maximal respiration happen at around 55% of WHC for soils with 10-20% clay, a water content 

of 55% WHC was therefore chosen as the study soil has 14% clay (Table 3.1). The required 

amount of water for a given weight of air dry soil was therefore calculated and was gradually 

applied to the soil surface in a circular motion to maximise the homogeneity of wetting. The soil 

and water were thoroughly mixed and the wetted soil was then pre-incubated for 14 days at 

25oC. This length of pre-incubation was chosen based on the work of Butterly et al (2010) who 

reported that microbial activity stabilises within 10 days after rewetting air-dry non-saline soils. 

The pre-incubated soil was subsequently subdivided and mixed with different rates of biochar 

separately and transferred to containers. For each sampling time a separate set of containers was 

prepared. Thereafter the containers were weighed weekly and the target water content was 
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maintained on a mass basis by adding water if necessary. After the pre-incubation period, two 

different sets of treatments were applied, namely: salinity (measured by EC) and biochar. The 

salinity of soil –water or soil solution was modified to various EC values. ECs were imposed on 

the soil using NaCl to obtain final EC1:5 values of 0 (original control soil) 2, 4 and 8 dS m-

1(Setia et al., 2011a).  The treatments comprising EC=0 did not have any NaCl added and 

represented the unamended soil EC (0.09 dS m-1). Biochar was applied at four different levels to 

the soil (0, 2.5, 5 and 10% w/w) and two incubation times were applied, 6 months and 12 

months. 

The following 16 treatments were thus imposed on the soil (where, EC is the electrical 

conductivity of 1:5 soil to water suspension and B is biochar amendment rates (% w/w).  

• EC=0, B=0 • EC=2, B=0 • EC=4, B=0 • EC=8, B=0 

• EC=0, B=2.5 • EC=2, B=2.5 • EC=4, B=2.5 • EC=8, B=2.5 

• EC=0, B=5 • EC=2, B=5 • EC=4, B=5 • EC=8, B=5 

• EC=0, B=10 • EC=2, B=10 • EC=4, B=10 • EC=8, B=10 

The soils were thoroughly mixed with the required NaCl and biochar and three replicates of 50 

g samples from each treatment were incubated at 25oC in 75 ml containers and placed in air-

tight jars. A complete randomised factorial design with three replicates was thus used and 

incubated for 6 months. An identical second set of treatments were applied and incubated for 12 

months. Containers were removed after six and twelve months and used for analyses as 

explained in section 3.2.3. 

3.2.3. Analyses on incubated soil 

3.2.3.1. EC, pH and SAR 

EC1:5, pH and SAR were measured on incubated soil samples from Section 3.2.2. These 

parameters were measured in a 1:5 soil: water suspension as per the method described in 

section 3.2.1. 
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3.2.3.2. Inorganic N (NO3
--N and NH4

+-N) 

Soil NH4
+-N and NO3

−-N were determined in a 2 M KCl extraction of incubated soils, using 

SMARTCHEM 200 discrete chemistry analyser (DCA)(Hosseini Bai et al., 2014). 

3.2.3.3. Soil respiration 

Soil respiration was determined by trapping the CO2 released from incubated samples in 

NaOH (Alef, 1995, Rodella and Saboya, 1999). Air-tight jars containing 50 g soil and 

10 ml 0.1 M NaOH were used for this experiment. The CO2 trapped in the NaOH was 

precipitated by barium   (added as 1 ml 1M BaCl2) and the remaining hydroxide was 

titrated with 0.05 M HCl. Three blank samples (without soil) were also prepared and 

tested in the same way as described above, to account for the amount of CO2 in the jar 

air (Chen et al., 2004). These blank samples had negligible CO2concentrations. Soil 

respiration containers were removed after 24, 48 and 72 hours in the first week followed 

by weekly intervals for the first two months and then every four weeks for the 

remaining period of the incubation experiment. 

3.2.3.4. Microbial biomass C and N   

The fumigation–extraction method described by (Vance et al., 1987) was used to 

measure soil MBC and MBN, respectively. Briefly, two 10 g sub-samples of incubated soils 

were weighed. One of them was fumigated by chloroform for 24 h. Then 50 ml of 0.5M K2SO4 

was added to both fumigated and non-fumigated sub-samples. The suspensions were shaken 

end-over-end for 30 min followed by filtration through a Whatman 42 filter paper. A Shimadzu 

TOC-VCSH/CSN TOC/N analyser was used to measure TOC and TN  of both extractions (Chen 

and Xu, 2005). The MBC  and MBN were calculated by equations 3.2 and 3.3 respectively from 

Vance et al. (1987): 

MBC = (TOC Fumigated soil – TOC non-fumigated soil)/0.45                             Eq.3.2 

MBN= (TON Fumigated soil- TON non-fumigated soil)/0.57                        Eq. 3.3 
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3.2.3.5. Total soil organic carbon (SOC) 

Soil samples first were ground to a fine powder using a RocklabTM ring grinder. 

SOC in the ground soil was then measured in a mass spectrometer (GV Isoprime, 

Manchester, UK) after the removal of inorganic C by treating the samples with 10% 

HCl, according to the method of He et al. (2008). 

3.2.4. Statistical analyses  

A complete randomised factorial design with three replicates was used in this 

incubation experiment. A three-way analysis of variance (ANOVA) was conducted to explore 

the impact of incubation time, salinity level, and biochar rate on the SAR, EC, pH, MBC and 

MBN, Inorganic N (NH4-N and NO3-N), CO2-C and SOC content in each treatment using SPSS 

statistical software. Significant differences were identified at 5% level interval using a LSD test. 

3.3. Results 

3.3.1. Soil chemical properties of saline treatments 

3.3.1.1. Electrical conductivity (EC), pH and sodium adsorption ratio (SAR) 

Biochar application rate and incubation time had significant effects on soil EC values 

(p<0.05) (Table 3.3 and 3.4). The EC values significantly decreased with increasing application 

rate of biochar across the range of saline-sodic soils. Saline treatments amended with 10% 

biochar showed an average reduction of 0.8 dS m-1 in EC values compared to the same saline 

soils without biochar application (Table 3.4). However, addition of different rates of biochar did 

not significantly change the EC values in the non-saline soils (EC=0, p>0.05). Also, significant 

interaction effects of Biochar ×NaCl, NaCl×Time and Biochar×NaCl×Time were observed in 

variance analyses of EC (Table 3.3). Table 3.4, presents the three way interaction of 

Biochar×NaCl×Time. The EC values did not change with biochar addition in non-saline 

treatments, over time. However, biochar application significantly (p<0.05) affected EC in saline 

treatments and EC decreased over time and with increasing application rate of biochar.   
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Table 3.3. Analysis of variance (ANOVA) for electrical conductivity (EC) 

Source DF MS F-Value Probability (p) 

Biochar 3 2.913 74.00 <0.001 

Salinity 3 264.65 6722.49 <0.001 

Time 1 6706 67.06 <0.001 

Biochar ×NaCl 9 8.70 8.70 <0.001 

Biochar×Time 3 1.41 1.41 0.249 

NaCl×Time 3 16.54 16.54 <0.001 

Biochar×NaCl×Time 9 2.27 2.27 0.028 

 
 
Table 3.4. LSD all-pairwise Comparison test of electrical conductivity (EC) for the significant 
interaction of Biochar ×Salinity×Time. 

Month Biochar (%) 
Salinity (dS m-1) 

0 2 5 8 

6th 

0 0.09p 2.3mn 5.56h 8.11a 

2.5 0.03p 2.16mn 5.33hi 7.59b 

5 0.03p 1.98no 4.93jk 6.84cd 

10 0.03p 1.69o 4.71k 6.64de 

12th 

     

0 0.12p 2.65l 6.49ef 8.08a 

2.5 0.09p 2.44lm 6.27f 7.71b 

5 0.04p 2.11n 5.91g 7.50b 

10 0.04p 1.72o 5.04ij 7.10c 

 

When reductions in EC values of the different treatments (calculated as initial EC- Final 

EC) after 6 months incubation were plotted against %w/w of biochar addition, the results 

showed that the greatest reductions in EC values occurred with the largest biochar addition 
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(10% w/w) for all applied salinity levels and the treatment EC=8, B=10 showed the largest 

reduction of 1.4 dS m-1 at the end of 6th month (Figure 3.1). The addition of biochar has 

therefore produced the greatest EC reduction in the soil with highest salinity, with an average 

reduction of -0.165 dS m-1 for every 1% w/w of biochar added, as determined from the gradient 

of the regression line.  Similar EC reduction trends were observed over a 12 month incubation 

although in this case the highest reduction (-1.4 dS m-1) was observed in the EC=5 treatment at 

10%w/w biochar addition. 

 

 

 

Figure 3.1. Reduction in soil mean EC with different biochar additions after 6 and 12 months 
incubation. Sample number: n=48 
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The pH values were also significantly (p<0.05) affected by biochar application rate and 

incubation time (Table 3.5) in all amended treatments. Increasing salinity levels of incubated 

soils increased pH in salt-affected treatments (Figure 3.2). Despite biochar’s high pH of 8.2, its 

application did not increase soil pH in the control (EC = 0) treatments and pH increased only 

with increasing salinity levels (Figure 3.2). However, pH decreased with increasing biochar 

application and the highest reductions in pH were observed in treatments that received a biochar 

application rate of 10% (w/w) on all saline treatments. For instance, the largest reductions of -

0.9, -0.8 and -0.8 pH units at 6 months were observed in treatments of EC=2, B=10; EC=5, 

B=10 and EC=8, B=10, respectively (Figure 3.3).  Therefore, on average, for every 1% biochar 

addition there was a ~0.08 reduction in pH units across the different salinity levels. The pH 

values increased in saline treatments over incubation time of 12 months while non-saline 

treatments (EC=0) did not show any increase in their pH with increasing biochar application 

rate over the incubation time (Figure 3.3).  

The significant interaction effects of Biochar ×NaCl and NaCl×Time were observed after 

statistical analyses of variance (Table 3.5). This interactions present the significant changes of 

pH in saline treatments those received biochar over the incubation time. For instance, the 

maximum effects of biochar addition has been observed in treatments with the highest rate of 

biochar addition (10%), highest salinity (EC=8 dS m-1) at the end of 12th month.  

 

Table 3.5. Analysis of variance (ANOVA) for pH. 

Source DF MS F-Value Probability (p) 

Biochar 3 1.53 70.11 0<001 

Salinity 3 25.29 1155.90 0<001 

Time 1 2.50 114.40 0<001 

Biochar ×NaCl 9 0.21 9.75 0<001 

Biochar×Time 3 0.01 0.39 0.76 

NaCl×Time 3 0.24 10.95 0<001 

81 
 



Chapter 3 

Biochar×NaCl×Time 9 0.02 1.13 0.36 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. The pH values after 6and 12months incubation at different biochar rates (B=0, 2.5, 5 and 10% 
w/w) and initial salinity levels (EC=0, 2, 4, 8 dS m-1).Barred lines indicate standard error. 
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Figure 3.3. Reduction in pH with different biochar and initial EC after 6 and 12 months. 
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were observed in treatments receiving the maximum biochar application rate of 10% (w/w). 

SAR values increased in saline treatments over the incubation time of 12 months while the non-

saline treatments (EC=0) did not show any increase in their SAR with increasing biochar 

application rate over the incubation time. When reductions in SAR values of the different 

treatments (calculated as initial EC- Final EC) after 6 months incubation were plotted against 

%w/w of biochar addition (Figure 3.4), the results showed that the greatest reductions occurred 

with the largest biochar addition (10% w/w) for all salinity levels, and the treatments of EC=8, 

B=10 showed the largest reduction of 1.54 dS m-1 at the end of 6th month of incubation. The 

biochar has therefore produced the highest SAR reduction in the most saline soils, with an 

average reduction of -0.15 for every 1% w/w of biochar added, as determined from the gradient 

of the regression line.  Similar reduction trends in SAR were observed over 12 months. 

 

 

Table 3.6. Mean value of SAR at different biochar rates (B=0, 2.5, 5 and 10% w/w) and initial 
salinity levels (EC=0, 2, 5, 8 dS m-1). The alphabets indicate significant differences for 
Biochar×Salinity interaction. 

Biochar (%) 
Salinity (dS m-1) 

0 2 5 8 

0 0.14i 5.08g 12.51d 16.28a 

2.5 0.12i 4.69gh 11.56e 15.49b 

5 0.11i 4.54h 11.28ef 14.78c 

10 0.10i 4.17h 11.00f 14.67c 
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Figure 3.4. Reduction in SAR with different biochar rates and initial EC values after 6 and 12 
months. 
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lowest values of NH4
+-N and NO3

--N were observed in soils with the highest salinity and 

biochar levels (EC=8, B=10). NH4-N did not change over time in the non-saline treatments 

(EC=0) while a decrease in NH4-N values was observed in saline biochar amended treatments 

(Figure 3.6). Similarly, NO3-N values decreased significantly (p<0.0.5) during the incubation 

periods in all amended saline treatments (Figure 3.5 (Table 13)). The only observed significant 

interaction effect (p<0.05) for both NH4
+-N and NO3

--N was Time×Salinity (Table 3.7 and 3.8) 

and the salinity of the samples in all biochar levels increased during the incubation time and the 

maximum values of NH4
+-N and NO3

—N was observed at the end of incubation period at month 

12. 

 

 

 

Table 3.7. Analysis of variance (ANOVA) for NH4-N 

Source DF MS F-Value Probability (p) 

Biochar 3 536.81 123.89 <0.001 

Time 1 103.90 23.98 <0.001 

Salinity 3 415.27 95.84 <0.001 

Biochar ×Time 3 2.31 0.53 0.661 

Biochar×Salinity 9 3.51 0.81 0.608 

Time×Salinity 3 24.07 5.56 0.002 

Biochar×Time×Salinity 9 1.80 0.41 0.922 
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Figure 3.5. NH4
+-N (µg g-1) after 6and 12 months of incubation at different biochar rates (B=0, 2.5, 5 and 

10%) and initial salinity levels (EC=0, 2, 4, 8 dS m-1). Barred lines indicate standard error. 
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Table 3.8. Analysis of variance (ANOVA) for NO3-N 

Source DF MS F-Value Probability (p) 

NO3     

Biochar 3 418.19 457.80 <0.001 

Time 1 14.67 16.06 <0.001 

Salinity 3 116.74 127.80 <0.001 

Biochar ×Time 3 0.18 0.20 0.661 

Biochar×Salinity 9 13.68 14.97 0.608 

Time×Salinity 3 0.17 0.18 0.002 

Biochar×Time×Salinity 9 0.50 0.55 0.922 
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Figure 3.6. NO3-N (µg g-1) after 6 and 12 months of incubation at different biochar rates (B=0, 2.5, 5 and 
10%) and initial salinity levels (EC=0, 2, 4, 8dS m-1). Barred lines indicate standard error. 

3.3.2. Microbial biomass C and N (MBC and MBN) 

Application rate of biochar, salinity levels and incubation duration all significantly 

affected MBC values (p<0.05) (Table 3.9). MBC increased with increasing biochar application 

rate in all treatments and the maximum amount of MBC was observed in treatments with 10% 

(w/w) biochar application (Figure 3.7). Salinity levels negatively affected MBC values and the 

lowest MBC values therefore occurred in the EC=8 treatments at each respective biochar 

application rate. A significant interaction effect (p<0.05) of Time×Salinity was observed for 

0

5

10

15

20

25

30

EC=0 EC=2 EC=5 EC=8

N
O

3 
(µ

g 
g-1

) 

EC (dS m-1) 

6th Month 

B=0

B=2.5

B=5

B=10

a 

b 
c cd cd 

d 
e e 

ef f f f 
g gh gh h 

0

5

10

15

20

25

30

EC=0 EC=2 EC=5 EC=8

N
O

3 
(µ

g 
g-1

) 

EC (dS m-1) 

12th Month 

B=0

B=2.5

B=5

B=10

a 

b bc 
cd cd d 

e fg 
gh ghi 

hij ij 
j j 

ef efg 

89 
 



Chapter 3 

MBC in saline samples amended with different levels of biochar (Table 3.9). This interaction 

explains the increase in MBC values with incubation time in salt-affected soils compared to 

non-saline treatments (EC=0). The MBC did not change in amended non-saline treatments with 

incubation time.  

 

Table 3.9. Analysis of variance (ANOVA) for microbial biomass carbon (MBC) 

Source DF MS F-Value Probability (p) 

Biochar 3 80642.9 444.15 <0.001 

Time 1 25740.3 141.77 <0.001 

Salinity 3 21898.1 120.61 <0.001 

Biochar ×Time 3 201.8 1.11 0.351 

Biochar×Salinity 9 321.6 1.77 0.091 

Time×Salinity 3 2431.9 13.39 <0.001 

Biochar×Time×Salinity 9 74.1 0.41 0.926 
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Figure3.7. Microbial biomass carbon after 6 and 12 months incubation at different biochar rates 
(B=0, 2.5, 5 and 10%w/w) and initial salinity levels (EC=0, 2, 4, 8 dS m-1). Barred lines indicate 
standard errors. 
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MBN was significantly affected by the application rate of biochar, salinity level and 

incubation time (p<0.05) (Table 3.10). MBN increased with increasing application rate of 

biochar and maximum amount of MBN was observed in treatments those received 10% (w/w) 

biochar application. However, MBN values decreased with increasing salinity levels and the 

four EC=0 treatments showed higher amounts of MBN in comparison to saline treatments 

(Figure 3.8). Following analyses of variance for MBN, a significant interaction effect (p<0.05) 

of Time×Salinity was observed (Table 3.10). Regarding to this interaction, MBN decreased 

during increasing incubation time and both saline and non-saline treatments had higher MBN 

values in month 6 compared to month 12. However, this increase in MBN value was more 

significant (p<0.05) in treatments with higher salinity levels (EC=8). 

 

 

Table 3.10. Analysis of variance (ANOVA) for microbial biomass nitrogen (MBN) 

Source DF MS F-Value Probability (p) 

Biochar 3 1260.05 444.15 <0.001 

Time 1 402.19 141.77 <0.001 

Salinity 3 342.16 120.61 <0.001 

Biochar ×Time 3 3.15 1.11 0.351 

Biochar×Salinity 9 5.03 1.77 0.091 

Time×Salinity 3 38.00 13.39 <0.001 

Biochar×Time×Salinity 9 1.16 0.41 0.926 
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Figure 3.8. Microbial biomass nitrogen (MBN) (µg g-1) after 6 and 12 months incubation at different 
biochar rates (B=0, 2.5, 5 and 10% w/w) and initial salinity levels (EC=0, 2, 4, 8 dS m-1). Barred lines 
indicate standard errors 

 

3.3.3. Soil respiration 

Biochar application rate, salinity levels and time had significant (p<0.05) effects on 

microbial respiration rate in the incubated soils (Table 3.11). Respiration increased with 

increasing the rate of biochar in all treatments (Fig.3.9). Similarly to the results on MBC/N 
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given earlier, salinity negatively affected respiration rate and with increasing EC values 

respiration decreased in all salt-affected treatments in comparison to control (EC=0) (Figure 

3.9). The lowest amount of respiration was observed in soils with an EC of 8 and without 

biochar application (EC=8, B=0). Further correlation studies (Pearson) showed a negative 

correlation between EC and cumulative CO2-C (µg g-1) (r= - 0.74, p<0.05) while a positive 

correlation was observed between biochar application rate and cumulative CO2-C (r=0.66, 

p<0.05). Cumulative CO2-C values were significantly different in different days and respiration 

increased during the incubation period until reaching to almost a steady state at last couple of 

months of incubation (Table 3.13). The highest significant (p<0.05) effect of 

Biochar×Time×Salinity was observed after analyses of variance for Cumulative CO2-C (Table 

3.11). Treatments with low levels of salinity and higher rates of biochar showed higher 

microbial respiration during the incubation time compared to treatments with high salinity 

(EC=8) and low rates of biochar (Figure 3.9).   

 

Table 3.11. Analysis of variance (ANOVA) for Cumulative CO2-C (respiration) 

Source DF MS F-Value Probability (p) 

Biochar 3 34714.8 5153.52 <0.001 

Time 12 15570.0 2311.41 <0.001 

Salinity 3 59116.7 8776.04 <0.001 

Biochar ×Time 36 108.0 16.03 <0.001 

Biochar×Salinity 9 951.9 141.31 <0.001 

Time×Salinity 36 688.4 102.20 <0.001 

Biochar×Time×Salinity 108 37.4 5.55 <0.001 
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Figure 3.9. Cumulative CO2 values in different initial EC (EC=0, 2, 4, 8 dS m-1) and biochar 
treatments (B=0, 2.5, 5 and 10% w/w) during the incubation period. Barred lines indicate 
standard errors 

 

3.3.4. Soil organic carbon (SOC) 

The SOC values were significantly affected by the application rate of biochar, salinity 

levels and incubation time (p<0.05) (Table 3.12). SOC increased with increasing rate of biochar 

in all treatments (Figure 3.10). Correlation studies between application rate of biochar and SOC 

values showed a strong positive linear correlation between the two (R= 0.98, P <0.05), 

confirming that with increasing application rate of biochar, SOC increases (Figure 3.12). 

Conversely, salinity had a significant (p<0.05) negative effect on SOC concentrations and the 

lowest SOC concentrations were therefore measured in the E=8 salinity levels for each 

respective biochar application rate. Consequently, the maximum amount of SOC was observed 

in the EC=0, B=10 treatment. (Figure 3.10). In this study, the influence of biochar on SOC 

stocks (p<0.001) was more significant than soil salinity or EC treatments (p<0.05). SOC 

showed higher variation (7666), (R2= 0.97) than MBC (13.08), (R2= 0.79) (Figure 3.11). The 

only observed significant interaction effect (p<0.05) was Biochar ×Time (Table 3.2). The SOC 

stocks increased during incubation time in all treatments that received biochar amendment, so 

the higher SOC concentrations were observed at the end of the 12 month incubation period.  
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Table 3.12. Analysis of variance (ANOVA) for soil organic carbon (SOC) 

Source DF MS F-Value Probability (p) 

Biochar 3 228.75 1660.81 <0.001 

Time 1 10.34 75.09 <0.001 

Salinity 3 2.77 20.09 <0.001 

Biochar ×Time 3 1.62 11.75 <0.001 

Biochar×Salinity 9 0.09 0.65 0.747 

Time×Salinity 3 0.01 0.04 0.987 

Biochar×Time×Salinity 9 0.09 0.67 0.737 
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Figure 3.10. Soil organic carbon (SOC) content (%) after 6 and 12 months incubation at 
different biochar rates (B=0, 2.5, 5 and 10%) and initial salinity levels (EC=0, 2, 4, 8 dS m-1). 
Barred lines indicate standard error 

 

Further regression analysis showed a high positive linear correlation between SOC and 

MBC at the end of 6th and 12th month of incubation (R2= 0.77 and R2=0.88, respectively, P < 

0.05) (Figure 3.12). 
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              Figure 3.11. Linear regression between SOC (%) and MBC (µg g-1). 
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Figure 3.12. Variation of SOC and MBC with biochar during 12 months of incubation 

3.4. Discussion 

3.4.1. Chemical properties 

Effects of biochar amendment on soil salinity 

In this study, salt addition increased soil EC, pH and SAR and the maximum values of 

these parameters were observed in the EC=8 treatments. The pH changed significantly with 

increasing EC in both treatments with and without biochar addition. This increase in the pH 

values was due to elevated amounts of Na+ ions in soil solution created by high salt 

concentration, resulting in the formation  of NaOH and NaCO3 (Figure 3.3). 

Saline treatments showed significant decrease in their EC, pH and SAR (Figures 3.1, 

3.3) with biochar addition, but surprisingly biochar did not significantly change EC, pH and 

SAR in non-saline treatments (EC=0). This reduction trend in saline soils was more obvious 

with higher rates of biochar addition (5% and 10%).  Addition of 10% biochar reduced EC by 

1.65, 0.93 and 0.6 dS m-1 in the EC= 8, 5 and 2 treatments respectively according to regression 

analysis (Figure 3.2). This indicates a substantial reduction in the amount of soluble salts in the 

saline soil treatments as a result of adding biochar. Biochar has a fine pore structure that allows 

it to adsorb different materials in soil solution by trapping them physically within the pores 
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(Nguyen et al., 2004, Yu et al., 2006).  However, the pore structure depends on the production 

temperature of the biochar. Biochars produced at high temperature have greater surface area and 

aromaticity (because of its sigmoid shape which affects the way that other chemical groups can 

absorb on it) (Ahmad et al., 2012) resulting in more absorption of salts including Na+ on to the 

functional carboxylic and phenolic groups present on the surface of biochar (Glaser et al., 2002, 

Lehmann et al., 2005). Figure 3.14 shows an example of such binding between a carboxylic 

groups and Na+ ions.  Chun et al. (2004) pyrolised wheat residue (Triticumaestivum L.) for 6 h 

at different temperatures between 300 and 700 0C and observed that biochar samples produced 

at high temperature between 500-700oC had higher surface area (>300 m2g-1) than biochars 

produced at 300-400oC (<200 m2g-1). The biochar used in current study was produce at 

relatively high temperature (>700oC), thus resulting in large surface area and high absorption 

capability for salt and Na+ ions.   

 

Figure 3.14. Na+ adsorption to a carboxylic group 

Deluca et al. (2009) noted that there are few, if any, studies demonstrating pH reduction 

with biochar in salt-affected soils. However, in a later field experiment by Lashari et al. (2013) 

the effects of biochar produced from manure compost on soil quality and wheat yield of a salt-

stressed cropping land was investigated and similar to this study, they observed a significant 

decrease in soil salt, pH and sodium content. They concluded that this reduction had taken place 

through improving soil physical and biological properties while increasing salt leaching in salt-

affected crop lands and neutralizing soil reaction. 

Effects of biochar addition on soil inorganic N under different salinities 

Salinity level, biochar rate and incubation time showed to have significant effects 

(p<0.05) on inorganic N forms of NH4-N and NO3-N. Both parameters tended to decrease with 
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increasing salinity level, biochar rate and incubation time (Figure 3.6 and 3.7).The maximum 

amount of NH4-N and NO3-N was observed in control soils, which was non-saline and  did not 

receive biochar addition (EC=0, B=0). Conversely, the lowest NH4-N and NO3-N 

concentrations were observed in soils with highest salinity and received the highest rate of 

biochar (EC=8, B=10) (Figure 3.6 and 3.7).  

Nitrogen mineralization and nitrification are well known to be inhibited by salinity in 

soils. The reason is the adverse effects of salinity on ammonifying and nitrifying soil organisms, 

which restricts their ability to break down organic material and produce NH4-N and NO3-N 

respectively.  This trend of decreasing NH4-N and NO3-N with increasing salinity agrees with 

the observations of Sindhu and Cornfield (1967a), Sindhu and Cornfield (1967b), Agarwal et al. 

(1971), Laura (1974), Westerman and Tucker (1974), Heilman (1975), Laura (1977). However, 

the, NH4-N and NO3-N concentrations decreased with increasing biochar rate in EC=0 

treatments, indicating that the biochar also had a negative effect on mineral N concentration, 

apart from any salinity effect. The role of biochar in changing the concentration of NH4-N and 

NO3-N  in non-saline soils has been examined by many researchers (Mizuta et al., 2004, Yao et 

al., 2012, Kameyama et al., 2012, Dempster et al., 2012b, Ippolito et al., 2012, Schomberg et al., 

2012, Ventura et al., 2013). However, this is the first study where the effects of biochar on 

NH4
+-N and NO3

--N in salt-affected soil are evaluated. The following two mechanisms may be 

responsible for biochar reducing the concentration of NH4 and NO3 in this study: 

i) Adsorption of NH4
+and NO3 by the biochar.  The biochar used in this study was 

prepared at a high temperature of >7000C. It has been reported that high 

temperature biochars (>600 0C) are able to remove NO3 from solution (Yao et al., 

2012). This is consistent with the findings of Mizuta et al. (2004) who observed that 

bamboo biochar prepared at 900 °C had a high adsorption capacity for both anions 

and cations. Biochar adsorption capacity of NH4
+has also been studied in several 

experiments. For instance, Yao et al. (2012) tested 13 different biochars in their 

sorption experiment and showed that 9 out of 13 biochars could remove NH4
+from 

solution. The removal rates varied widely with pyrolysis temperature and source 
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material (feedstock) and ranged was from 1.8%–15.7% (0.05 to 0.79 mg NH4
+per g 

biochar). Dempster et al. (2012a) observed that Eucalypt sp biochar manufactured 

at 600oC adsorbed 75% of NH4
+ in solution. 

ii) Increased immobilization of N: Immobilization of N can occur as a result of labile 

C addition in biochar amended soils. Because, immobilisation rate of N in soils are 

a function of C: N ratios (available C and N pools to microorganisms), and when C: 

N increases immobilization of N occurs. (Clough et al., 2013) 

In this study the content of NH4
+-N decreased with increasing EC and pH in treatments that did 

not receive biochar. This may have been  caused by the formation of volatile ammonia due to 

the effect of increasing pH (and thus increase of OH- ions) and the neutralization of NH4
+-N 

(Clough and Condron, 2010). 

3.4.2. Effects of biochar amendment on soil microbial properties  

MBC decreased with increasing salinity (Figure 3.8) because the low osmotic potential 

of salt-affected soils (Pankhurst et al., 2001, Yuan et al., 2007, Chowdhury et al., 2011, 

Mamilov et al., 2004). In addition to the osmotic potential effect of salts, the low level of SOC 

in these soils is probably the other restricting factor for MBC in treatments that did not receive 

biochar application. 

Any change in MBC reflects organic matter degradation and microbial growth and 

death. In our study MBC increased with increasing biochar rate when compared to treatments 

that did not receive biochar application (Figure 3.8). This suggests that microbial growth has 

been accelerated by biochar addition. Previous studies on the effects of biochar on MBC are 

inconsistent. In some studies, there was no significant effect of biochar application on soil MBC 

(Castaldi et al., 2011, Zavalloni et al., 2011) while in others   biochar addition has been reported 

to significantly decrease soil MBC (Dempster et al. (2012a). In contrast, this study and few 

others (Kolb et al., 2009, Liang et al., 2010, Lehman et al., 2011, Zhang et al., 2014) have found  

positive effects of biochar addition on microbial biomass. Furthermore, a positive linear 

relationship between MBC and biochar rate of application has been reported by Steiner et al., 

(2008) for a highly weathered soil. In this study, regression analyses between MBC and biochar 
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rate also showed a positive linear relationship (Figure 3.9). This analysis confirms that MBC 

increases by about 13 ug g-1 for every 1%w/w increase in biochar addition to soil due to 

microbial growth acceleration. The microbial community positively responded to biochar 

addition in the short term (Fig 3.9) - 6 months, (R2=0.595, P <0.05), however a stronger linear 

relationship was observed after 12 months (R2=0.791, p<0.05) suggesting that time is an 

important factor affecting MBC after biochar application.   

MBN  also decreased with increasing soil salinity in much the same way as MBC did 

(Figure 3.9) and the least amount of MBN was observed in treatments that received the highest 

rate of salt addition (EC=8), due to the same reasons stated above for MBC. MBN increased 

with increasing biochar application rate (Figure 3.9). The N content of the biochar (0.08%, 

Table 3.1), provided a rich source of N for microbial community in biochar amended 

treatments, resulting in immobilization of N by microbial community and increasing MBN. 

Microbial respiration increased with increasing the rate of biochar application (Figure 

3.10). The highest rates of respiration were observed in treatments that received the highest 

biochar rate of 10% (w/w). This trend was observed in both non-saline (EC=0) and saline 

treatments. Increasing respiration in the early days of the incubation in biochar amended soils 

provides strong evidence that even when biochar is not fully incorporated into soil particles, it 

can provide noticeable amounts of labile carbon which are readily available to soil 

microorganisms. This means that soil microorganism can use biochar as an energy source soon 

after its application to soil (Figure 3.11). The initial increase in respiration can be attributed to: 

i) microbial decomposition of labile components of biochar (Smith et al., 2010), 

ii) inorganic carbon abiotic release (Zimmerman, 2010, Jones et al., 2011), and 

iii) priming effect (the initial effects of biochar addition to soil )by increased 

decomposition of organic matter (Wardle et al., 2008, Jones et al., 2011). 

Respiration decreased with increasing salinity levels (Figure 3.10). It is concluded that the 

reason for low respiration rate in saline treatments is because of high osmotic potential (high in 

absolute value or highly negative) and high salt concentration. These can both contribute to 
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reduced available water to microorganisms which indeed can cause desiccation and death of 

microbial cells. Also in treatments that did not receive biochar addition (B=0), low levels of 

easily available C stocks is the other reason for their low respiration rates (Rietz and Haynes, 

2003, Tripathi et al., 2006, Yuan et al., 2007).  

3.4.3. Effects of biochar amendment on soil organic C (SOC) of saline soils  

The SOC increased significantly (p<0.05) with increasing biochar addition (Figure 

3.11). The highest SOC content was observed in the in treatment that received 10% (w/w) 

biochar after 12 months of incubation. SOC contents were in the order of soil+10%biochar > 

soil+5%biochar >soil +2.5% biochar >control (biochar=0). The native (original) SOC was 

similar among treatments, irrespective of the external addition of biochar. The presence of 

Biochar in the soil can inhibit the mineralization of native SOC. Thus, biochar addition may 

contribute to the build-up of recalcitrant SOC pool in the soil thus contributing to atmospheric C 

sequestration into soils even in salt-affected soils (Lehman et al., 2011). As a result, biochar 

application to soil may contribute to the reduction or slowing-down global warming. The 

positive results of biochar application to salt-affected soils reported in this study may be of great 

significance to food production and C sequestration given the vastness of such soils around the 

world. Nevertheless, the functioning of biochar in different saline soils and the responses of soil 

to different biochars need to be further investigated in the field. 

SOC decreased with increasing salinity due to increase in solubilisation of organic 

matter and reduction in the activity of soil enzymes that have a role in C cycles (Frankenberger 

and Bingham, 1982, Nelson et al., 1996). A regression analyses was applied to compare the 

variation of SOC and MBC with biochar. SOC showed higher variation, (R2= 0.97) than MBC, 

(R2= 0.79) (Figure 3.13). It was concluded that biochar has significant effect on both C addition 

to soil as well as restoring native soil carbon. This happens through: i) the high C content of 

biochar which adsorbs to soils when it becomes  in contact with soil particles for an adequate 

period of time and ii) as stated before, the characteristics of biochar which can inhibit the 

mineralization of SOC. In this study, MBC increased with increasing biochar rate due to 

increase in content inputs. The reason is that MBC reflects any changes in SOC content and 
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decomposition. Thus any processes and materials which increase or decrease C content in soil 

can affect biomass and activity of microbial community. Thus, biochar, as a pure C source, can 

provide more C for microbial community and increases MBC.  

3.5. Conclusion 

Despite biochar’s inherent high pH, its addition to both non-saline and saline soils improved 

their chemical and microbial properties. Biochar addition decreased EC, pH and SAR in each 

salinity treatment. Biochar also significantly increased MBC, MBN, microbial respiration and 

total SOC. Increase in MBC and respiration rate in saline soil suggests that microbial growth 

has been accelerated by biochar addition. Total SOC was the highest in treatments that received 

the highest rate of biochar application (10% w/w). This suggests that biochar addition may have 

contributed to increased recalcitrant SOC pool and that is why biochar is able to decrease 

atmospheric CO2 concentrations by sequestering C.  The positive results of biochar application 

to salt-affected soils reported in this study may be of great significance to food production and 

carbon sequestration given the vastness of such soils around the world. Nevertheless, the 

functioning of biochar in different saline soils and the responses of soil to different biochars 

need to be further investigated in the field. 

The results of this study showed that high pH biochars can be successfully used as an 

organic ameliorant in saline soils without worrying about further increase in soil pH. Indeed the 

results of this study show that with the addition of alkaline biochar, the pH of soils not only did 

not increase but decreased significantly and the decrease in pH was larger at the higher rates of 

biochar application. However there are some important points which need to be noted. Firstly, 

the time period over which soil is contact with biochar is an important factor which influences 

the biochar’s function in soil. In this study various chemical and biological properties of the 

saline soil were positively affected by biochar application in the first 6 months of incubation. 

However, further improvement was observed when incubation period was extended to 12 

months. More studies over longer periods of time are needed to fully understand the mechanism 

through which biochar affects the properties of saline soils. Secondly, this study showed that the 

highest rate of biochar application (10% w/w) had the most significant effects on improving 
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chemical and biological properties of the saline soils. However, addition of biochar to soil at 

high rates is likely to add to the expense of the remediation process, so a rate of 5% (w/w) may 

provide sufficient improvement while at the same time limits the costs.  Economic studies in 

conjunction with cropping studies are however required to identify the best rates.   
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CHAPTER FOUR 

The effects of different biochars on carbon dynamics and some physical and 
chemical properties of saline-sodic soils. 

Abstract 
Use of organic and inorganic ameliorants to improve properties of saline-sodic soils and 

to increase their carbon (C) stocks has been studied by many researchers. Gypsum, one of the 

most common inorganic ameliorants, has been shown to improve saline-sodic soils. There have 

been studies on saline-sodic soils using combined applications of gypsum and organic materials 

such as plant residues but there are no studies that have investigated individual and combined 

effects of gypsum and biochar as an organic material. Improved soil physical properties, 

increased C stocks and nutrient availability of non-salt affected soils treated with biochar have 

been reported in many studies. However, is less understood the effects of biochar on saline-

sodic soils is less understood. Different biochars have diverse characteristics depending on their 

source material and pyrolysis temperature. Biochar pH is an important parameter that could 

potentially affect amendment of saline-sodic soil but little is known about it. Thus, this study 

aims to compare how biochars of different pH affect C dynamics and physical, chemical and 

biological properties of a saline-sodic soil using an acidic and an alkaline biochar. The biochars 

were applied at 5% w/w to the soil with or without addition of 2% w/w gypsum and investigated 

during a 12 month incubation experiment. Changes in soil properties were evaluated and 

compared to an unamended control and included electrical conductivity (ECe), pH, sodium 

adsorption ratio (SAR), microbial biomass C (MBC) and nitrogen (MBN), soil organic C 

(SOC), respiration, hydraulic conductivity (Ksat) and water retention curves (WRC). Results 

showed that the acidic biochar was more effective than alkaline biochar in improving soil 

physical properties including the Ksat and WRC. Also, the combined application of acidic 

biochar and gypsum produced greater changes (p<0.05) in physical properties than the 

individual addition of these amendments. Compared to the control, biochar and gypsum addition 

caused significant differences (p<0.05) in soil chemical properties ECe, pH and SAR. The pH 
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was significantly decreased by acidic biochar and gypsum. However, EC and SAR were not 

affected by biochar type alone and both biochars had the same effect on decreasing these 

parameters. The MBC and SOC increased with biochar addition and a significant increase in 

MBC (p<0.05) was observed in treatments that received acidic biochar. Respiration was 

increased by acidic biochar more significantly (p<0.05) than by alkaline biochar while gypsum 

addition did not affect respiration. The application of biochar can therefore be a useful strategy 

for the remediation of a saline-sodic soil.  The current study showed that acidic biochar is a 

better ameliorant for this saline-sodic soil, improving its physical, chemical and biological 

characteristics more significantly than the alkaline biochar.  

 

 

Keywords: acidic biochar, alkaline biochar, saline-sodic soils, gypsum, SOC 
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4.1. Introduction 

Soil salinity and sodicity are two important environmental issues leading to land 

degradation in arid and semi-arid areas worldwide (Mahmoodabadi et al., 2013). Saline-sodic 

soils are degraded by both the negative effects of high salinity on plant growth and of sodicity 

on soil structure. High amounts of exchangeable sodium (Na+) cause poor structure due to 

swelling and dispersion which leads to limited soil infiltration and low permeability.  Soil 

chemical and biological properties and organic matter content are also negatively affected by 

salinity and sodicity (Gharaibeh et al., 2010, Yu et al., 2010, Frankenberger and Bingham, 1982, 

Garcia and Hernandez, 1996, Rietz and Haynes, 2003, Wichern et al., 2006, Wong et al., 2008).  

Soil organic C (SOC) can be removed from surface layers of saline-sodic soils because 

of its accessibility, high erodibility and low density. As a result, when reclaiming saline-sodic 

soils, it is necessary to replace the Na+ with Ca2+ as well as to increase the C stocks. Gypsum is 

one of the most common inorganic compounds used to supply Ca2+ in the soil. The effect of 

gypsum on the reclamation of saline-sodic soils has been extensively studied (Armstrong and 

Tanton, 1992, Ilyas et al., 1997, Oster et al., 1999, Ghafoor et al., 2001, Qadir et al., 2001b, 

Lebron et al., 2002, Choudhary et al., 2004, Gharaibeh et al., 2009, Gharaibeh et al., 2010). 

Organic matter application is another method used to ameliorate salt-affected soils as it 

improves structure by binding soil particles into aggregates (Nelson and Oades, 1998).  

De-protonation of humic and fulvic acids in the organic matter, leads to formation of 

large organic poly-anions. These can bind clay particles together into micro-aggregates by 

forming  [(Cl-P-OM)x]y complexes where Cl, P and OM are clay particles, polyvalent cations 

and organic matter, respectively (Edward and Bremner, 1967, Tisdall and Oades, 1982). Vance 

et al. (1998) observed that combined application of organic matter and gypsum to the surface of 

saline-sodic soils reduced dispersion and EC more than gypsum.  

In recent times with increasing concern regarding climate change due to elevated anthropogenic 

CO2 emissions, research interest in biochar production and application, as a C rich organic 
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material, has gained importance (Woolf et al., 2010). Biochar is produced by pyrolysis under an 

oxygen-limited environment (Kwapinski et al., 2010, Lehman and Joseph, 2009). Apart from 

being a C source, biochar as an organic soil amendment, has been shown to improve and alter 

physical, chemical and biological properties of soils and as a result increase plant productivity 

(Rondon et al., 2007, Asai et al., 2009, Chan and Xu, 2009, Atkinson et al., 2010, Lehman et al., 

2011, Jones et al., 2012, Laird et al., 2010b, Solaiman et al., 2010, Spokas et al., 2009a, Thies 

and Rilling, 2009, Van Zwieten et al., 2010). Most biochar studies have been on non-salt 

affected soils, where biochar application has resulted in the improvement of soil physical 

properties such as, infiltration, hydraulic conductivity, degree of aggregation, aggregate 

stability, bulk density and water holding capacity (Asai et al., 2009, Verheijen et al., 2010, 

Uzoma et al., 2011, Karhu et al., 2011, Liu et al., 2012, Jien and Wang, 2013). For instance, Jien 

and Wang (2013) observed that application of 5% biochar to a highly weathered soil increased 

its macro-aggregation and saturated hydraulic conductivity (Ksat). Similarly, Asai et al. (2009) 

observed a two fold increase in soil saturated hydraulic conductivity after the application of 

biochar at a rate of 16 t ha-1. Mukherjee and Lal (2013), Goerge et al. (2012) and Busscher et al. 

(2011) reported that soil aggregation increased after the addition of biochar. Piccolo et al. 

(1996) showed that the primary binding agents responsible for enhancing soil aggregation are 

the coal-derived humic substances. In their experiments, soil macro-aggregate stability 

increased between 20-130% when the coal-derived humic substances were added to four 

experimental soils from Southern Nigeria.  

However, little is known about the use of biochar for reclamation of degraded salt-

affected lands. As previously stated, the addition of divalent cations such as Ca2+ and Mg2+ is 

critical in the reclamation of saline-sodic soils to offset excessive exchangeable Na+ and biochar 

may be able to play a positive role in this respect. In one study, Major et al. (2010) observed that 

the availability of Ca2+ and Mg2+ increased after the addition of biochar to a Columbian savanna 

oxisol, at a rate of 20 t ha-1. Laird et al. (2010b) observed that Ca2+ levels increased after the 

addition of oak-derived biochar to a midwestern agricultural soil in the USA. Similarly, other 

researchers have also shown that divalent cation concentration in soil increases after biochar 
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addition (Chan et al., 2008, Gaskin et al., 2010, Novak et al., 2009). However, very few studies 

have been carried out to show if biochar has similar positive physical and chemical effects if 

applied to salt-affected soils. Lashari et al. (2013), in a recent study on salt-stressed cropland, 

used biochar-manure compost in conjunction with a pyroligneous solution.  The result showed 

that soil pH, salt and sodium content significantly decreased in amended treatments compared to 

the control. Also they found significantly higher SOC and available phosphorus (P) in amended 

soils.   

Different biochars have diverse characteristics depending on their source and 

decomposition temperature. For example, surface area of biochar has been found to increase 

with increasing biochar production temperature (Nguyen et al., 2004, Pattaraprakorn et al., 

2005, Rutherford, 2005, Weng et al., 2006). Also, the alkalinity of biochar has been shown to 

increase with increasing pyrolysis temperature (Mukherjee et al., 2011, Yuan et al., 2011b). 

Organic anions and inorganic carbonates are the alkaline components in biochar (Yuan et al., 

2011b), and alkaline substances of biochar can more easily release to soil and affect soil pH 

compared to the feed stock (which biochar has been produced from) (Yuan et al., 2011a). 

Biochar pH is one of the most important parameters that could potentially affect biochar 

amended saline-sodic soils. However, there is little known about this pH effect as well as other 

effects of biochar in saline-sodic soils. There have been contradictory results for the effects of 

biochar pH on different soils. For instance, Van Zwieten et al. (2010) applied two biochar with 

pHs of 9.4 and 8.2 to a Ferrosol (pH=4.2)  and calcarosol (pH= 7.67). They observed that only 

the biochar with a pH of 8.2 increased the pH of Calcarosol soil. Also, Yuan et al. (2011a) 

observed that biochar addition decreased the pH of acidic Ultisol with increasing incubation 

time. The production of acidic functional groups during incubation time may decrease the soil 

pH (Cheng et al., 2006). 

 This study therefore aims to determine the effects of use of an alkaline and an acidic 

biochar, either alone, or  combined with gypsum, on C stock and associated chemical, physical 

and biological properties in a saline-sodic soil using a 12 month incubation experiment.  
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4.2. Material and method 

4.2.1. Soil Characterisation 

The saline-sodic soil sample used for this study was collected (0-30 cm depth) from a site 

located in Monarto (35º05′ S and 139º06′ E) in South Australia with a dry Mediterranean 

climate. Soil characterization was carried out by measuring EC, pH, sodium adsorption ratio 

(SAR), water holding capacity (WHC), particle size distribution (PSD) and total soil C (TC) 

(Table 4.1).  The EC and pH and SAR were measured in a 1:5 soil: water suspension already 

described in 2.2.2 and 3.2.1  (Rayment and Higginson, 1992).   

EC1:5 values were converted to ECe (saturation EC) by the following Equation  2 (Shaw et al., 

1987): 

𝐸𝐸𝐶𝐶𝑎𝑎 = 𝐸𝐸𝐶𝐶1:5(−2.21 × %𝐶𝐶𝐶𝐶𝑁𝑁𝐶𝐶0.5 + 23.78)                                                                          Eq. (2)                                                           

Water holding capacity (WHC) of the soil was measured using a sintered glass funnel 

connected to a 100 cm water column (Ψm −10 kPa). Soil was placed in rings in the sintered 

glass funnel, thoroughly wetted and allowed to drain for 48 h. Samples were weighed then oven 

dried at 105°C for 24 h before reweighing to determine the moisture content at 10 kPa (Field 

capacity). Particle size distribution was determined using the hydrometer method (Bouyoucos, 

1936, Beretta et al., 2014) and the soil was found to have a loam texture. The SOC was 

measured after removal of the inorganic carbonates with acid (HCL, 5%), using an isotope ratio 

mass spectrometer with a Eurovector Elemental Analyser (Isoprime- EuroEA 3000, Milan, 

Italy) according to the method of (He et al., 2008). Total carbon (TC) was measured without 

acid treatment.  

Based on the criteria established by (Richard, 1954), this soils is characterised as saline-sodic, 

as previously described in Section 1.1 (ECe> 4 dS m-1, SAR>13) (Table 4.1).  

Table 4.1. General properties of the experimental soil 

Sand 
(%) 

Silt 
(%) 

Clay 
 (%) 

TC 
(%) 

TN 
(%) 

ECe 
(dS m-1) 

pH Ca2+ 

(mmol l-1) 
Mg2+ 

(mmol l-1) 
Na+ 

(mmol l-1) 
SAR WHC 

(%) 
43.2 40.3 16.5 1.5 0.12 19.2 8.4 11.1 6.6 44.1 14.8 48.3 
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4.2.2. Biochar characteristics 

Two biochars were used in this study. The acidic biochar was obtained from pyrolysis 

of wood at 500 oC and had a pH of 3.4. The alkaline biochar was obtained from pyrolysis of 

pine at 700 oC and had a pH of 8.2 (Table 4.2). 

Table 4.2. General properties of the biochar 

Biochar 
description 

Source  
material 

Pyrolysis 
Temperature 

(0C) 

TC 
(%) 

TN 
(%) 

C/N pH Surface area 
(m2 g-1) 

Alkaline  Pine leaves 700 81.6 0.16 173.4 8.2 510 

Acidic Wood 500 51.7 0.2 290 3.1 258.5 

 

4.2.3. Soil preparation for incubation 

The Monarto saline-sodic soil was air dried at room temperature, passed through a 4 mm 

sieve and stored prior to experimentation. At the start of the experiment, the soil was wetted up 

to the water content that can result in maximum respiration and incubated. Based on the study of 

Setia et al (2011), this water content for loam soils is 55% of the WHC. The required amount of 

water was calculated, then gradually applied to the soil surface in a circular motion to maximise 

the homogeneity of wetting. The soil and water were thoroughly mixed. The wetted soils were 

pre-incubated for 14 days at 25oC. This length of pre-incubation was chosen based on work of 

Butterly et al. (2010) who reported that microbial activity stabilises within 10 days after 

rewetting air-dry non-saline soils. The containers were weighed weekly and the target water 

content was maintained on a mass basis by adding water if necessary. After the pre-incubation 

period, the following six treatments were imposed on the soil:   

• Treatment N- unamended (control)  

• Treatment G - amended with 2% (w/w) gypsum (CaSO4.2H2O)  

• Treatment A- amended with 5% (w/w) acidic biochar 

• Treatment B- amended with 5% (w/w) alkaline biochar 

• Treatment GA- amended with both 2% (w/w) gypsum and 5% (w/w) acidic biochar 

• Treatment GB- amended with both 2% (w/w) gypsum and 5% (w/w) alkaline biochar 
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The soil was then thoroughly mixed and 50 g samples of soil from each treatment were 

incubated in 75 ml containers, in three replicates and placed in air-tight jars and kept at 25oC. 

Containers were removed after the 6th and 12th month and used for analyses as explained in 

section 4.2.4. 

4.2.4. Analyses on incubated soils 

4.2.4.1. ECe, pH and SAR 

The ECe, pH and SAR were measured on air-dried soil samples which were passed 

through a 2 mm sieve. These parameters were measured in 1:5 soil: water suspension using the 

method described in section 4.2.1.  The EC1:5 values were converted to ECe using Eq. (2), as 

mentioned in section 4.2.1.  

4.2.4.2. Soil respiration 
Soil respiration was determined by trapping the carbon dioxide (CO2) released from 

incubated samples in NaOH (Alef, 1995, Rodella and Saboya, 1999) as described previously in 

2.2.4.2 and 3.2.3.3 sections . Soil respiration containers were removed after 24, 48 and 72 hours 

in the first week followed by weekly intervals for the first two months and then every four 

weeks for the remaining period of the incubation.  

4.2.4.3. Microbial biomass carbon and nitrogen  
The fumigation–extraction method described by (Vance et al., 1987) was used to 

measure soil MBC and MBN. The undertaken procedure has already described in previous 

sections in 2.2.4.3 and 3.2.3.4 sections.  

4.2.4.4. Soil Organic Carbon (SOC) 
The total SOC in each treatment was measured using a mass spectrometer. Treatments 

were first ground to a fine powder using a RocklabTM ring grinder. After the removal of 

inorganic carbon by treating the samples with 10% HCl,  SOC was then measured in a mass 

spectrometer (GV Isoprime, Manchester, UK) according to the method of (He et al., 2008).  
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4.2.4.5. Hydraulic conductivity (Ksat) 
Saturated hydraulic conductivity (Ksat) was measured using the constant head method 

described by Klute and Dirksen (1986). Briefly, 100 g of air-dried soil samples were packed 

into glass columns (burettes) with a length of 500 mm and diameter of 20 mm.  The soil column 

length was ~150 mm. The soil was packed into the columns with a bulk density of 1.50 g cm-3 

(approximating a typical bulk density for loam soil). Small wads of glass wool were inserted 

into the glass columns before and after the soil addition, to prevent soil loss and soil splash, 

respectively.  Deionized water was supplied to the surface of the sample using a Mariotte bottle 

to provide a constant hydraulic head of 5-10 cm above the soil surface. The stopcock at the 

bottom of the glass burette was then opened and the first 50 mL of drainage water was collected 

and discarded. After the water level above the soil stabilized and was measured, the drainage 

water was collected in pre-weighed beakers every 15 minutes until the drainage rate (the volume 

of drainage water per unit time) did not change over time.   The Ksat
 was calculated using the 

following equation: 

𝑘𝑘𝑆𝑆𝑎𝑎𝐶𝐶 = 𝑉𝑉𝑉𝑉/[𝑆𝑆𝐴𝐴(𝐻𝐻2 − 𝐻𝐻1)]                                                   Eq. (5)                                    

where Ksat is saturated hydraulic conductivity (m s-1), V is the volume of water flowing out of 

the soil column (m3), A is the cross-sectional area of soil column (m2), t is time (s), L is soil 

column length (m) and (H2-H1) is hydraulic head difference imposed across the soil sample (m).  

 

4.2.4.6. Water Retention Curve (WRC) 
Soil-water characteristic curves, also called water retention curves (WRC), show the 

relationship between water content and suction. Air dried soil samples were passed through 2 

mm sieve. After that, soils samples were put into plastic rings seated on a weighed No 1 

Whatman filter paper so the top of the soils were at the same level as the top of the ring. The 

soils were then covered with a weighed No 1 Whatman paper and were saturated with deionized 

water for 24 hours. The following day the saturated soil samples with filter papers still attached 

were weighed then placed on the appropriate ceramic cell plate and placed in pressure apparatus 

at 500, 1000, 5000, and 15000 cm suction. For low pressure measurements of <1000 cm suction 
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(~1 bar), approximately 24 hours is usually sufficient to achieve equilibrium. At 1000 – 5000 

cm suction (1-5 bar), 48 hours is sufficient and for 15000 cm suction (15 bar) the system is run 

for 2-3 days. After the soils reached equilibration, they were removed from the chambers and 

gravimetric water contents were determined. Briefly, the empty soil moisture tins and their lids 

were weighed. The samples were placed in the tin and the wet soils plus tin were weighed. The 

tins with the soils in them were placed in the oven for 24 hours at 105oC and then the dry soils 

plus tin were weighed. The gravimetric water contents were calculated as follow (Klute, 1986). 

θg= ((mass of tin+lid+moist soil)-(mass of tin+lid+oven-dry soil))/((mass of tin+lid+oven-dry 

soil)-(mass of tin+lid))                                                                                               Eq. (6) 

The gravimetric water content (θg) was converted to volumetric water content (θv) using the 

bulk density (ρb) as follow: 

θv= θg×ρb/ρw                                                                                            Eq. (7) 

Where ρb = bulk density of the soil (1.5 g cm-3) and ρw is the density of water which is equal to 

1 g cm-3. 

4.2.5. Statistical analyses  

A complete randomized factorial design was used in this incubation experiment 

comprising 6 (treatments) × 2 amendment × 2 (incubation time) × 3 (replicates). A two-way 

analysis of variance (ANOVA) was conducted to explore the impact of incubation time, and 

amendment on the SAR, EC, and pH, MBC/N, CO2-C, SOC content, Ksat and WRC in each 

treatment using SPSS statistical software. Significant differences were subsequently identified 

at the 5% level interval using a LSD test. 

4.3. Results 

4.3.1. Saturated Electrical Conductivity (ECe), pH and Sodium Adsorption Ratio 
(SAR) 

The soil ECe values were all high, exceeding 49 dS m-1 in gypsum-only amended 

treatments (G) (Figure 4.1). Treatment type and incubation time had significant effects on soil 

ECe (p<0.05) (Table 4.3). Gypsum application increased ECe in treatments that received gypsum 
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(G, GA and GB) relative to the control (p<0.05) (Figure 4.1), however biochar type did not 

affect ECe significantly (p>0.05). The ECe decreased with biochar addition relative to the 

control and treatments that received only biochar showed the lowest ECe (A and B) (Figure 4.1). 

Furthermore, ECe decreased over time in treatments that received biochar addition (A, B, GA, 

GB) during incubation time and lower ECe values were observed at the end of the 12th month. A 

significant interaction effect (p<0.05) of Time×Treatment was observed after 2-way analyses by 

ANOVA (Table 3.4) and Figure 4.1 presenting both the significant interaction and ECe changes 

during incubation time and in different treatments. This interaction presents the ECe increase 

after 12 month in treatments those received only gypsum (G) compared to the treatments 

amended with both gypsum and biochar. In the latter, despite receiving the same rate of gypsum 

the ECe values decreased during incubation time.  

Table 4.3. Analysis of variance (ANOVA) table for electrical conductivity (ECe) 

Source DF MS F P 

Time 1 39.56 10.02 <0.001 

Treatment 5 1443.08 365.38 <0.001 

Time×Treatment 5 69.12 17.50 <0.001 

 

 

 

 

 

 

 

 

Figure 4.1. ECe after 6 and 12 months incubation with different treatments: N (control), G 
(Gypsum), A (acidic biochar), B (alkaline biochar), GA (gypsum + acidic biochar), GB 
(gypsum + alkaline biochar). Barred lines indicate standard error of the mean. 
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The soil pH values ranged from 8.43 in control treatments to 6.13 in treatments that 

received both gypsum and acidic biochar (GA) (Figure 4.2) and pH was significantly affected 

by treatment and incubation time (p<0.05 (Table 4.4)). Gypsum and acidic biochar addition 

decreased pH significantly in treatments that received these amendments (G, A and GA) and the 

lowest pH was observed in treatments with both gypsum and acidic biochar application (GA). 

However, treatments that received only alkaline biochar did not differ significantly (p>0.05) in 

their pH from control treatments (N). The pH significantly decreased during incubation time and 

lower pH values were observed at the end of the 12th month, however there was no change in 

soil pH during incubation for alkaline biochar. 

Table 4.4. Analysis of variance (ANOVA) table for pH. 

Source DF MS F P 

Time 1 1.40 23.12 <0.001 

Treatment 5 3.84 63.49 <0.001 

Time×Treatment 5 0.21 3.49 0.016 
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Figure 4.2. Soil pH after 6 and 12 months incubation with different treatments: N (control), G 
(Gypsum), A (acidic biochar), B (alkaline biochar), GA (gypsum + acidic biochar), GB 
(gypsum + alkaline biochar). Barred lines indicate standard error of the mean. 

 

Soil SAR values all exceeded 6 (Figure 4.3) and were significantly affected by 

treatment and incubation time (p<0.05) (Table 4.5). Gypsum addition decreased SAR compared 

to the control (N) and treatments with only biochar addition (A and B) (Figure 4.3). Biochar 

type did not affect SAR significantly and treatments that received only acidic biochar (A) were 

not significantly different from only alkaline biochar amended treatments (B). Incubation time 

significantly affected amended treatments and lower values of SAR were observed in gypsum 

amended treatments (G, GA and GB) at the end of the 12th month (Figure 4.3).  

Table 4.5. Analysis of variance (ANOVA) table for sodium adsorption ratio (SAR) 

Source DF MS F P 

Time 1 4.22 24.43 <0.001 

Treatment 5 65.23 377.45 <0.001 

Time×Treatment 5 0.17 1.00 0.44 
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Figure 4.3. SAR after 6 and 12 months incubation with different treatments: N (control), G 
(Gypsum), A (acidic biochar), B (alkaline biochar), GA (gypsum + acidic biochar), GB 
(gypsum + alkaline biochar). Barred lines indicate standard error of the mean. 

4.3.2. Microbial Biomass Carbon and Nitrogen  

Treatment and time significantly affected MBC in amended treatments (p<0.05) (Table 

4.6). MBC decreased with gypsum addition relative to the control (Figurer 4.4) and the lowest 

MBC values were observed in treatments that received only gypsum (G). Biochar addition 

increased MBC in biochar amended treatments and the maximum increase of 63.8 µg g-1 in 

MBC was observed in treatments receiving the acidic biochar (A) (Figure 4.4). Incubation time 

significantly affected MBC values in treatments that received only gypsum addition. These had 

a reduction of -46.2 µg g-1 in their MBC values at the end of 12th month compared to the control 

while this reduction was -42.0 µg g-1 at the end of 6th month for the same treatments. However, 

the treatments that received biochar with/without a combination of gypsum, increased their 

MBC value at the end of the 12th month compared to the 6th month. For instance, treatments 

receiving gypsum combined with acidic or alkaline biochar showed an increase of 63.8 µg g-1 

and 54.2 µg g-1, respectively at the end of 12th month. The highest increase of 63.84 µg g-1 was 

observed in treatments that received only acidic biochar (A) at the end of 12th month while this 

increase was 42.7 µg g-1 for those treatments with alkaline biochar addition (B) (Figure 4.4). 

 

Table 4.6. Analysis of variance (ANOVA) table for microbial biomass carbon (MBC) 

Source DF MS F P 

Time 1 324.4 10.88 0.003 

Treatment 5 8837.28 296.32 <0.001 

Time×Treatment 5 54.11 1.81 0.15 
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Figure 4.4. MBC after 6 and 12 months incubation with different treatments: N (control), G 
(Gypsum), A (acidic biochar), B (alkaline biochar), GA (gypsum + acidic biochar), GB 
(gypsum + alkaline biochar). Barred lines indicate standard error. 

 

The MBN values were also significantly affected by the treatments (p<0.05) (Table 

4.7). Gypsum addition decreased MBN while biochar increased MBN compared to the control 

treatment (Figure 4.5). The maximum MBN was observed in treatments that received acidic 

biochar (A). Incubation time also significantly affected MBN (p<0.05). Treatments that 

received gypsum addition, had a higher reduction in their MBN (-6.81 µg g-1) in the 6th month 

than in the 12th month (-4.82 µg g-1). The highest increase of 9.94 µg g-1 at the end of 12th month 

was observed in treatments that received only acidic biochar while this increase was 7.54 µg g-1 

at the end of 6th month for the same treatments (Figure 4.5). 

Table 4.7. Analysis of variance (ANOVA) table for microbial biomass nitrogen (MBN) 

Source DF MS F P 

Time 1 28.07 10.40 0.004 

Treatment 5 135.80 50.33 <0.001 
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Time×Treatment 5 1.14 0.42 0.828 

 

 

 

 

 

 

 

 

Figure 4.5. MBN after 6 and 12 months incubation with different treatments: N (control), G 
(Gypsum), A (acidic biochar), B (alkaline biochar), GA (gypsum + acidic biochar), GB 
(gypsum + alkaline biochar). Barred lines indicate standard error (SE). 

 

4.3.3. Soil respiration 

Treatment and time significantly affected cumulative microbial respiration in amended 

treatments (p<0.05) (Table 4.8). Cumulative respiration increased with biochar addition (Figure 

4.6) reaching a maximum of 137.53 µg g-1 in treatments that received acidic biochar (A) after 12 

months. Acidic biochar had a more significant effect (p<0.01) than alkaline biochar on 

respiration and the highest amount of cumulative CO2-C was observed in the treatment that 

received only acidic biochar (A). Gypsum addition did not affect cumulative respiration 

compared to the control treatment (N) and a similar rate of respiration to the control was 

observed (p>0.05) in the treatment that received only gypsum application (G) (Figure 4.6). 

Respiration rate was the highest at the beginning of the incubation and then slowly decreased to 

a steady rate after 178 days.  

A significant interaction effect of Time×Treatment was observed for cumulative CO2-C data 

(P<0.05) (Table 4.8). Cumulative CO2-C increased during the incubation time in treatments 
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those received biochar compared to control treatments (N) and treatments those received only 

gypsum addition (G) which remained almost constant (Fig. 4.6).  

 

Table 4.8. Analysis of variance (ANOVA) table for cumulative CO2-C  

Source DF MS F P 

Time 12 2958.4 509.25 <0.001 

Treatment 5 10790.2 1857.39 <0.001 

Time×Treatment 60 84.7 14.58 <0.001 

 

 

 

Figure 4.6. Cumulative CO2-Cduring 12 months incubation with different treatments: N 
(control), G (Gypsum), A (acidic biochar), B (alkaline biochar), GA (gypsum + acidic biochar), 
GB (gypsum + alkaline biochar). Barred lines indicate standard error (SE). 

4.3.4. Soil organic carbon (SOC)  

SOC values ranged from 1.47 % in gypsum only amended (G) treatments to 6.69% in 

treatments that received both gypsum and Alkaline biochar (GA) (Figure 4.7).  Treatment type 

significantly affected SOC in amended soils (p<0.05) (Table 4.9). There were large increases in 

SOC with biochar addition (Figure 4.7).  Increase in SOC with Alkaline biochar were more 

significant (p<0.01) than those with acidic biochar and the highest amount of SOC was 
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observed in alkaline biochar amended treatments (A and GA). Gypsum addition did not affect 

SOC content compared to the control treatments (N) (p>0.05). A significant interaction effect 

(p<0.05) of Time×Treatment was observed for SOC data of different treatments. Incubation 

time, also, significantly increased SOC content in biochar amended treatments (p<0.05). 

Treatments that only received biochar addition (B) showed an increase of 4.75% at the end of 

the 12th month and this increase was 5.18% for those received both gypsum and Alkaline 

biochar (GB) which was not significantly different from B (p>0.05). Similarly A and GA 

showed an increase of 3.76% and 3.41, respectively, compared to the control at the end of the 

12th month. However, SOC content did not change with incubation time in control treatments 

(N) and those receiving only gypsum (G) (p>0.05) (Figure 4.7).  

Table 4.9. Analysis of variance (ANOVA) for soil organic carbon (SOC) 

Source DF MS F P 

Time 1 2.90 28.69 <0.001 

Treatment 5 25.23 250.05 <0.001 

Time×Treatment 5 0.58 5.79 0.001 

 

 

 

 

 

 

 

 

Figure 4.7. SOC content (%) after 6 and 12 months incubation with different treatments: N 
(control), G (Gypsum), A (acidic biochar), B (alkaline biochar), GA (gypsum + acidic biochar), 
GB (gypsum + alkaline biochar). Barred lines indicate standard errors. 
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4.3.5. Saturated Hydraulic Conductivity (Ksat) 

Treatment and incubation time significantly affected Ksat in amended treatments 

(P<0.05) (Table 4.10). The Ksat values ranged from 0.56 cm h-1 in the control treatments (N) to 

3.80 cm h-1 in treatments that received both gypsum and acidic biochar (GA) (Figure 4.8). The 

maximum Ksat were observed in treatments that received gypsum addition (G, GA and GB) 

(Figure 4.8). These treatments were not significantly different from each other (p>0.05).  

Biochar addition also increased Ksat  compared to control treatments (N) (p<0.05) and 

treatments that received only acidic biochar (A) showed a more significant increase in their Ksat  

than those with only alkaline biochar addition (B) (p<0.05). The maximum increase of 3.22 cm 

h-1 was observed in GA treatments at the end of 12th month which was 0.5 cm h-1 higher than 

Ksat of the 6th month, for the same treatments. Treatments that only received acidic or alkaline 

biochar application showed changes of only 0.22 and 0.18 cm h-1 at the 12th month compared to 

the 6th month, respectively. Treatments that received only gypsum addition also showed a 

relatively high increase of 0.38 cm h-1 at the 12th month compared to the 6th month (Figure 4.8).  

Table 4.10. Analysis of variance (ANOVA) for saturated hydraulic conductivity (ksat) 

Source DF MS F P 

Time 1 0.74 16.79 <0.001 

Treatment 5 8.37 190.33 <0.001 

Time×Treatment 5 0.05 1.06 0.406 
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Figure 4.8. Soil hydraulic conductivity (Ksat) after 6 and 12 months incubation with different 
treatments: N (control), G (Gypsum), A (acidic biochar), B (alkaline biochar), GA (gypsum + 
acidic biochar), GB (gypsum + alkaline biochar). Barred lines indicate standard errors (SE). 

4.3.6. Water Retention Curve (WRC) 

Soil water retention curves were significantly affected by the treatment and incubation 

time (p<0.05) in amended treatments (Table 4.11). Both gypsum and biochar addition increased 

water retention as shown by the upward shift of the curves in treatments A, B, G, GA and GB 

compared to the control treatment (N) (Figure 4.9). The maximum increase was observed in 

treatments that received both gypsum and biochar addition (GA and GB) due to the combined 

effect of these amendments. Comparison analyses of volumetric water contents (θv) at different 

suctions with the control treatments (N) showed the highest increase of 0.08, 0.09, 0.15, 0.17 

and 0.09 (cm3 cm-3) occurred in GA treatments at the end of 6th month which were not 

significantly different from GB treatments. A similar result was observed for the 12th month. 

Also, the maximum increase of 0.17 cm3 cm-3 and 0.19 cm3 cm-3 in moisture content was 

observed in GA treatments compared to control treatments at suction of 500 kpa at the end of 6th 

and 12th month respectively. Water retention significantly increased during incubation time 
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(p<0.05) and higher retention was observed at the end of 12th month in amended treatments 

(Figure 4.9).  

Table 4.11. Analysis of variance (ANOVA) for water retention curve (WRC) 

Source DF MS F P 

Time 1 0.002 8.41 0.013 

Treatment 5 0.022 81.85 <0.001 

Time×Treatment 5 0.00 0.95 0.484 
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Figure4.9. Comparing water retention curve (WRC) of different treatments: N (control), G 
(Gypsum), A (acidic biochar), B (alkaline biochar), GA (gypsum + acidic biochar), GB 
(gypsum + alkaline biochar). 

 

4.4. Discussion 

4.4.1. Effects of biochar amendment on soil alkalinity and salinity  

Treatment and time significantly affected ECe, pH and SAR values in amended saline-

sodic samples (p<0.05). The ECe of soils amended with gypsum increased by > 30 dS m-1 

compared to the control (N) because the treatments were not subjected to leaching to remove the 

added CaSO4 salts (Figure 4.1). Also, ECe increased in gypsum amended treatments over 

incubation time due to the further dissolution of CaSO4 and releasing salts into soil solution. An 

increase of 28.55 and 37.78 dS m-1 was observed in treatments that received gypsum addition, 

respectively at 6th and 12th month. However, less increase in ECe was observed in treatments 

that received both gypsum and biochar (GA and GB) respectively (12.58 and 12.53 dS m-1 at the 

end of 12th month) (Figure 4.1). In a similar result, Zou et al. (2008), studied the effect of 

biochar on soil that had received salt addition. In their study, EC was low in biochar amended 

non-saline treatments (120-135 µS cm-1) but much higher in biochar amended saline treatments 

(176- 1171 µS cm-1). They concluded that addition of biochar can mitigate or eliminate the 

negative effects of salinity on vegetation cover. They related this to adsorptive properties of 

biochar which can be responsible for reducing salt stress on plants. 

Addition of both gypsum and biochar decreased soil pH. A maximum reduction of -1.83 

and -2.33, respectively, was observed at the end of the 6th and 12th month in GA treatments 

which was significantly different from GB (p<0.05), mainly caused by the far lower pH of 

acidic biochar compared to the soil and alkaline biochar. Wu et al. (2014), studied the effects of 

a plant material (Furfural) and its biochar (pH=4.5) on general properties of saline soils. They 

observed that pH was decreased by biochar addition and concluded that biochar lowered the soil 

pH because of its much lower pH compared to the soil.   

Also, in this study, SAR decreased with gypsum and biochar addition and a maximum 

reduction of 6.80 and 7.47 was observed, respectively at the end of the 6th and 12th months in 

134 
 



Chapter 4 

GA treatments but these values were not significantly different from GB treatments 

(p>0.05)(Figures 4.2 and 4.3). The reduction of pH and SAR due to gypsum addition was 

previously discussed as dissolution of gypsum removes Na+ ions by replacing them with Ca2+. 

This process, together with proton generation (releasing of H+ ions) that can be caused by 

several proton sources such as dissociation of carbonic and organic acids (Breemen et al., 1984, 

Binkley and Richter, 1987, Ulrich, 1989), caused a  reduction in pH and SAR after gypsum 

application (Qadir and Oster, 2002, Wong et al., 2009a). A reduction of – 1.87 and -7.47 was 

observed in pH and SAR of G treatments, respectively, at the end of 12th month. The ability of 

activated char to adsorb salts has long been noted (Bartell and Miller, 1923) and charcoal has 

also been used in industrial desalination processes (Zou et al., 2008). Application of both acidic 

and alkaline biochar (A and B) decreased SAR by approximately the same amount (SAR 

decreased -1.96 in A treatments and -2 in B treatments at the end of the 12th month). Despite a 

higher surface area in the alkaline biochar than the acidic biochar (Table 4.2), there were no 

significant differences between the two biochars with respect to SAR values (p>0.05). This 

could be due to a high Ca2+ sources in the acidic biochar which possibly helped offset its lower 

surface area compared to the alkaline biochar which has a high surface area and higher Na+ 

adsorption ability. Biochar has a very high concentration of exchangeable Ca2+ and Mg2+ cations 

which can replace Na+ in soil solution (Lashari et al., 2013) Also, biochar has a fine pore 

structure. This allows the biochar to adsorb different materials by trapping them physically 

within the pores (Nguyen et al., 2004, Yu et al., 2006). Biochar can also adsorb salts such as 

Na+ on to the functional carboxylic and phenolic groups present on the surface of biochar 

(Glaser et al., 2002, Lehmann et al., 2005). Figure 3.13 shows an example of such bindings 

between carboxylic groups and Na+.   

4.4.2. Effects of biochar amendment on physical properties of a saline-sodic soil 

Saturated hydraulic conductivity (Ksat) 

Both gypsum and biochar addition increased Ksat in amended treatments (Figure 4.8) 

compared to the control (N). Solo addition of gypsum increased Ksat by 2.52 cm h-1. Gypsum, by 

providing Ca2+ ions and replacing Na+ ions in the saline-sodic soil, has reduced the SAR and 
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this is the possible reason for increased conductivity in this treatment. High SAR negatively 

affects soil hydraulic properties such as hydraulic conductivity and infiltration rate due to 

dispersion and aggregate break down (Rengasamy and Sumner, 1998). Greene et al. (1988), 

using micro-morphological observations, suggested that the increase in Ksat following gypsum 

addition  is associated with reduced clay dispersion and increased visible macro-pores in soil.  

In concurrence with results from this experiment, several studies have also shown 

increases in Ksat following biochar addition. Oguntunde et al. (2008) found Ksat improved from 

7.5 x 10− 6 m s-1 in un-amended soils to 1.3 x 10 − 5 m s–1 in charcoal amended soils. Uzoma et al. 

(2011) also reported an increase in Ksat values using doses of biochar of 10 to 20 t ha–1 in a 

sandy soil (sand 95%, bulk density ~1.5 g cm−3). In a recent study, Herath et al. (2013) observed 

an increase in porosity and Ksat of amended soils with corn stover biochar. Biochar application 

has been shown to increase macro-porosity and total pore volume of soils is increased by 

biochar application (Oguntunde et al., 2008, Jones et al., 2010) and other organic amendments 

(Aggelides and Londra, 2000, Bhogal et al., 2009, Du et al., 2009). Development in macro-

porosity can cause an increase in Ksat (Heard et al., 1988, Logsdon et al., 1990, Azooz and 

Arshad, 1996). Acidic biochar increased Ksat more significantly than alkaline biochar due to: 

i) its low pH which contributed to decreasing soil pH (Wu et al., 2014).The main 

effect of pH on Ksat is attributed to pH effect on charge. In this study, acidic 

biochar contains more positive charges, thus its point of zero net charge 

(PZNC) is lower than alkaline biochar. This decreased the net surface charges, 

resulting in flocculation and creation of a higher Ksat (Bolan et al., 1996)   

ii) its greater SOC than alkaline biochar. Addition of organic material to soil has 

the potential to improve soil hydraulic properties such as Ksat  due to its 

important function in providing binding agents between soil aggregates (Tisdall 

and Oades, 1982, Benjamin et al., 2008), thus improving porosity. 

Gypsum addition resulted in a larger change in Ksat (an increase of 8.04 cm s-1) than biochar 

addition alone (Ksat was increased by 1.93 and 1.26 cm h-1, respectively, for A and B at the end 

of the 12th month), however, application of gypsum and biochar together increased Ksat more 
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significantly (Ksat increased by 3.22 and 3.10 cm h-1, respectively, for GA and GB at the end of 

the 12th month) due to combined effects of these two amendments. Time also significantly 

affected Ksat. The highest values of Ksat were observed at the end of the 12th month. This is 

attributed to increased biochar microporosity with time which could be due to the dissolution of 

the ash fraction (ash fraction initially clogs micropores in charcoal). 

Water retention curve (WRC) 

At any specific suction (matric potential), treatments which received gypsum and 

biochar applications had greater values of θv than the control treatment (N). The maximum 

increase was observed in treatments that received both gypsum and biochar addition (GA and 

GB) due to the combined effect of these amendments on the chemistry and physics of the soil. 

The specific increase in soil θV observed in biochar-amended soils can be likely related to the 

oxidation of biochar surfaces, with the subsequent increase in hydrophilicity (Hina et al., 2010). 

Once biochar is produced and is in contact with moist air, its surface will oxidise. This ageing 

process will continue when biochar is in the soil, and the acidic functional groups created again 

increase hydrophilicity (Zimmerman, 2010). The increased SOC from biochar could also aid 

aggregation and increased porosity, thereby increasing the ability of the soil to hold water. The 

increase in the volumetric water content of gypsum amended soil samples is attributed to the 

fact that increases in gypsum content will increase the osmotic suction pressure (Aldaood et al., 

2014). Like other salts, gypsum causes osmotic suction (the osmotic potential resulting from 

salts present in the soil pore water)(Fredlund and Rahardjo, 1993) and more water is attracted 

into the gypsum-soil matrix with a developing osmotic gradient, as a result, gypsum application 

influences the WRC.  

From the experimental data, soil water retained at a matric suction of 300 cm was 

considered as the field capacity (FC) based on  the soil textural properties (Nachabe, 1998) 

(Table 4.1). The maximum increase of 10.5 % in the FC (% moisture = 100 * θV in cm3 cm-3) 

relative to the control was observed in GA treatments. Furthermore, the following trend in FC 

increases was observed in treatments: GA (10.50%) > GB (8.7 %)> A (6.5 %) > B (5.1%)> G 

(4.3%). This increase may be due to previously discussed reasons such as higher hydrophilicity 
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or SOC contents in treatments that received biochar or osmotic suction changes resulting from 

gypsum addition. Glaser et al. (2002), reported an increase of 18% in field capacity for 

Anthrosols rich in charcoal. Also, Zeelie (2012) and Herath et al. (2013) observed a similar 

result in their biochar amended treatments. A similar trend to FC was observed in θv values at 

the wilting point (WP) (with a matric suction of 15000 cm) which might be due to increase in 

microporosity, or structural changes resulting from changes in chemical properties such SAR.   

Time had a significant effect on θv values (p<0.05) and higher mean values of θv were 

observed at the end of 12th month. This is attributed to increased biochar microporosity with 

time which can be due to the dissolution of ash fraction (ash fraction initially was clogging 

micropores in charcoal). 

4.4.3. Soil organic carbon content (SOC %) 

The SOC% was increased by biochar addition and treatments that received alkaline 

biochar (B and GB) showed the highest amount of SOC (Figure 4.7). The high amount of SOC 

in alkaline biochar treatments is related to the high C content of this biochar (81%) compared to 

the acidic biochar (51%) (Table 4.2). Gypsum addition (G) did not change the SOC levels 

compared to the control due to the low native organic carbon content in the soil and no addition 

of organic matter. Biochar, compared to soil, can inhibit the mineralization of native SOC. 

Thus, biochar addition may contribute to the recalcitrant SOC pool and that is why biochar is 

able to decrease atmospheric CO2 concentrations by sequestering C (Lehman et al., 2011). As a 

result, biochar application to soil may contribute to the reduction or slowing-up the global 

warming. Nevertheless, the functioning of biochar in different soils and the responses of soil to 

different biochars need to be further investigated in the field. Incubation time affected various 

treatments differently. For instance, those only receiving gypsum addition (G) did not show 

significant differences in their SOC content at the end of the12th month compared to the 6th 

month. However, treatments that received biochar addition, showed a small but still significant 

SOC increase of 0.43 % comparing the 6th month to the 12th month.  Due to the recalcitrant 

characteristic of biochar C, more time is needed for the SOC be released and become 

incorporated into soil particles. 
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4.4.4. Effects of biochar amendment on soil microbial properties 

Any change in MBC reflects organic matter degradation and microbial growth and 

death. In this study MBC increased by 63.84 µg g-1 in treatments with acidic biochar addition 

and 54.15µg g-1  in alkaline biochar amended treatments at the end of the 12th month compared 

to treatments that did not received biochar application (Figure 4.4). This suggests that microbial 

growth has been accelerated by biochar addition due to extra C input to soil. Previous studies on 

the effects of biochar on MBC are quite inconsistent. In some of them (Zavalloni et al., 2011, 

Castaldi et al., 2011), there was no significant effect of biochar application on soil MBC. 

However,  in another study, Dempster et al. (2012a) observed that biochar addition significantly 

decreased soil MBC in coarse textured soils. In contrast, this study and others (Kolb et al., 2009, 

Liang et al., 2010, Lehman et al., 2011, Zhang et al., 2014) all found the same positive effects of 

biochar addition on microbial biomass. Furthermore, a positive linear relationship between 

MBC and biochar rate was also found in a highly weathered soil (Steiner et al., 2008).  

The highest amounts of MBC in this study were observed in treatments which received 

acidic biochar (A and GA) compared to the alkaline biochar (B and GB) (Figure 4.4). The 

reason for this can be the more noticeable improvement in soil physical and chemical properties, 

as stated before, in soils received acidic biochar compared to alkaline biochar which provided a 

better environment for microbial growth and activity. 

The MBC decreased with gypsum addition by -46.24 µg g-1 at the end of 12th month 

compared to the control (N).  This decrease can be attributed to low initial levels of total C 

stocks in the soil (1.5 %) and also the high salt concentrations (ECe=19.2 dS m-1) resulting in 

low (more negative) osmotic potential. The latter reduces available water to microbes or even 

drains water from their cells (Rietz and Haynes, 2003, Tripathi et al., 2006, Wichern et al., 

2006, Yuan et al., 2007). 

The MBN also increased with biochar application (Figure 4.5). This shows that biochar 

acted as an N source for the microbial community in this study. Application of biochar provided 

a rich source of N for microbial community in biochar amended treatments, resulting in 
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immobilization of N by microbial community and increasing MBN (Figure 4.5). The highest 

amount of MBN was observed in treatments that only received acidic biochar (A) (the highest 

increase of 9.94 dS m-1 was observed at the end of 12th month). Gypsum addition decreased 

MBN in gypsum amended treatments due to the reasons mentioned for MBC. Both MBC and 

MBN increased in biochar amended treatments during incubation time and the highest amount 

of these parameters were observed at the end of 12th month (MBC= 165 µg g-1 and MBN=32.55 

µg g-1) due to the reasons stated before. Bruun et al. (2012), also similarly reported N 

immobilization by the microbial community in non-salt affected treatments after biochar 

addition. In their study MBN increased with increasing biochar addition. 

Cumulative microbial respiration increased with biochar application (p>0.05) (Figure 

4.6) compared to the control. However, gypsum application did not show a significant 

difference to the control. Cumulative CO2-C increased until 178 days and after that a steady 

state was achieved. This trend confirms that the incubation time for observing microbial activity 

has been enough.  Rapid respiration rates in the early days (days 4 and 7) and months (first 3 

months) of the incubation in biochar-amended soils provides strong evidence that even when 

biochar is not yet fully incorporated into  soil aggregates, it can provide noticeable amounts of 

labile carbon which are readily available to soil microorganisms. This means that soil 

microorganism can use biochar as an energy source within a quite short time (Figure 4.6). The 

initial increase in respiration can be attributed to: 

i) microbial decomposition of labile components of biochar (Smith et al., 2010), 

ii) inorganic carbon abiotic release (Zimmerman, 2010, Jones et al., 2011), and 

iii)      the priming effect (the initial effects of biochar addition to soil) by increased 

decomposition of organic matter (Wardle et al., 2008, Jones et al., 2011). 

Low rates of respiration were observed in the control (N) and in treatments receiving 

gypsum amendment (G) (Figure 4.8), which is due to low levels of SOM and the small 

amount of decomposable substrate in these treatments. Similarly,  Wong et al. (2009a) 

observed a lower levels of respiration than controls  in treatments that received only gypsum 

application in saline –sodic soils. In this study despite a reduction in pH and SAR values in 
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gypsum amended treatments, respiration decreased in these samples relative to the control 

and biochar treatments due to:  

i) low levels of easily available C stocks;  

ii) low (more negative) osmotic potential due to high salt concentration. Both of these 

can contribute to a reduced available water to microorganisms or indeed cause 

emptying water from their cells (Rietz and Haynes, 2003, Tripathi et al., 2006, 

Yuan et al., 2007); 

iii) a decrease in organic matter caused by bonding of Ca2+  to organic matter 

compounds (Baldock et al., 1994, Clough and Skjemstad, 2000a); 

iv) protection of organic matter  from microbial break down by creation of stable 

aggregates after gypsum addition (Suriadi et al., 2002).  

Acidic biochar increased respiration more significantly than alkaline biochar (p<0.05) 

(Figure 4.8). Acidic biochar treatments (A and GA) produced a greater decrease in pH 

compared to the alkaline biochar (Figure 4.2), thus creating a more favourable microbial 

environment and also had larger C stocks (Table 4.2), consequently increasing microbial 

activity. 

 

4.5. Conclusion 

Two types of biochar were added to a saline-sodic soil individually or combined with 

gypsum in an incubation experiment. The acidic biochar was obtained from pyrolysis of wood 

at 350oC and had a pH of 3.4. The alkaline biochar was obtained from pyrolysis of pine at 

700oC and had a pH of 8.2. The amendments had significant effects on soil physical, chemical 

and biological properties and increased SOC stocks in the biochar treated soils. The results 

showed that acidic biochar improved properties such as pH, MBC, SOC, Ksat and water 

retention of the saline-sodic soil to a greater extent than the alkaline biochar and would 

therefore be preferred as an organic soil amendment in the rehabilitation of such a saline-sodic 

soil. The positive effects of acidic biochar on soil hydraulic functions and some chemical and 

biological properties were more significant when it was applied in conjunction with gypsum.  
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The alkaline biochar also positively improved some soil physical, chemical and biological 

properties but the effects were less significant compared to the acidic biochar.  The amendments 

produced changes with greater significance at the end of the 12 months incubation time 

compared to the 6 months incubation time, however there were still substantial and significant 

changes in many properties after only 6 months. Studies over greater time periods are required 

to understand how long these changes will last in soil with applied amendments.  

The present results are biochar dose and type specific. It is expected that soil 

interactions will evolve with longer incubation times, because biochar will have enough time to 

continue oxidising and contribute to further soil aggregation. Further studies using long term 

field and pot trials with different types of biochar made from various sources and pyrolysis 

temperatures and different soil-types are required. This will enable determination of the ideal 

biochar to be applied to a specific soil type and the required length of time to effect changes. 

This will provide ideal information on how biochars can rehabilitate saline-sodic soils or 

increase SOC stocks permanently.  
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CHAPTER FIVE 
Effects of native vegetation cover of Rhodes grass (Chloris gayana) and 
Saltbush (Atriplex semibaccarta) on remediation and carbon content of 
different depths of a salt-affected soil in South East Queensland. 
 

Abstract 
Rhodes grass (Chloris gayana) and saltbush (Atriplex semibaccarta) are used worldwide to 

provide vegetation cover in salt-affected areas. They not only tolerate salinity but also can 

improve different physical, chemical and biological properties of salt-affected soils by taking up 

salt and storing it in specialised organs in their leaves, called “salt glands” in Rhodes grass, and 

“bladders” in saltbush. This study aimed to evaluate the effect of these two vegetation types on 

remediation and soil organic carbon content of a saline-sodic soil in South East Queensland. 

Soil samples were collected from 0-10, 10-20, 20-30 and 30-50 cm soil depths from three 

adjacent sites: a bare (un-vegetated) control (N) site, a Rhodes grass (RG) vegetated site and a 

saltbush (SB) vegetated site. Soil chemical and biological properties were measured, namely 

electrical conductivity (EC), pH, sodium adsorption ratio (SAR), microbial biomass carbon and 

nitrogen (MBC and MBN), respiration and soil organic carbon (SOC). Significant 

improvements in soil chemical and biological properties were observed in soils sampled from 

the two vegetated sites of RG and SB compared to N. The highest EC was observed in the 0-10 

cm depth at all sites which were significantly different from the rest of the depths. The soil EC 

values for RG were significantly less than N and SB sites (p<0.05). Soil pH and SAR were also 

affected by depth and vegetation type however, different sites showed different trends. Soil pH 

and SAR decreased with increasing depth in N samples, did not change much in RG (p>0.05) 

but increased significantly with depth (p<0.05) in SB samples.  RG samples had the lowest 

values of both pH and SAR compared to N and SB (p<0.05). MBC decreased with increasing 

sampling depth in all sites and the lowest and highest MBC were observed respectively in N 

samples at 20-30 cm depth and in surface samples of RG. The MBN was also significantly 

affected (p<0.05) by depth and vegetation type. MBC/N decreased with increasing sampling 

depth due to either increased salt concentration or decreased organic substrate for microbial 
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activity. Although the Rhodes grass and saltbush plants had the same amount of TN (1.2%), the 

RG sites showed higher mean values of MBN compared to SB sites. Depth and vegetation type 

significantly affected respiration rate in this study (p<0.05). Respiration rate decreased with 

increasing sampling depth and the lowest respiration was observed at 30-50 cm in all sites due 

to low levels of SOC. The respiration rate was higher in both RG and SB samples compared to 

N, however, RG showed higher rates of respiration than SB. Depth and vegetation cover 

significantly affected SOC content in all sites (p<0.05). The percentage of SOC decreased with 

increasing soil depth and the least values of %SOC were observed at 30-50 cm. Furthermore, a 

higher SOC content was observed at 0-10 cm in RG compared to both N and SB. This may be 

due to the higher C content of Rhodes grass litter. In this study, improvements in soil chemical 

and biological properties and increased soil carbon stocks under RG were more significant than 

under SB.  

Keywords: salt-affected soils, Carbon, Phytoremediation 

5.1. Introduction 
It is generally accepted that once soil organic matter (SOM) becomes an integral part of soil 

aggregates through the processes of aggregation, it is physically protected from rapid 

decomposition. Thus any processes that contribute to the breakdown of soil aggregates also 

contribute to organic matter decomposition, C mineralization and other forms of C loss. The 

loss of SOM is directly linked to the factors which affect its accessibility by microbial 

population and enzymes (Dalal and Mayer, 1986). In sodic soils, wetting and drying processes 

affect C accessibility in different ways. When sodic soils get wet, dispersion of aggregates 

increases the availability of SOM and accelerates C loss, while on drying the availability of 

SOM decreases due to an increase in soil bulk density and a decrease in water holding capacity 

(Muneer and Oades, 1989b). After solubilisation of SOM, initial increase in substrate 

availability can put some environmental stress on the soil microbial community and decrease 

the adverse effects of NaCl on microorganisms (McCormic and Wolf, 1980, Pathak and Rao, 

1998). High salinity has a similar detrimental effect on both plant health and microbial activity, 

dominated by ion toxicity and osmotic effects (Batra and Manna, 1997). Therefore over a long 
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period of time, where salinisation and sodicity processes are taking place, C storage decreases at 

a significant rate (Wong et al., 2010b). Wong et al. (2008) showed that SOC stocks in scalded 

and eroded soils were about a third of those in vegetated soils due to very low inputs of plant 

biomass C. Similarly, Pankhurst et al. (2001) attributed low SOC levels in saline soils to 

reduced presence of plant cover and salt sensitive pastures. Wong et al. (2008) reported that 

revegetation of scalded and eroded areas can increase SOC stocks to similar levels of native 

pastures after about 10 years. Leguminous trees have been shown to decrease ESP and pH and 

increase soil microbial biomass (SMB) of the salt-affected soils once they are established in 

such soils (Garg, 1999, Bhojvaid and Timmer, 1998, Mishra and Sharma, 2003). 

In recent years phytoremediation, or vegetative bioremediation, has shown increasing 

promise for the amelioration of calcareous, sodic and saline-sodic soils. Phytoremediation of 

salt-affected soils was introduced as early as 1937 by Kelly (1937) when a sodic soil was 

ameliorated by Bermuda grass. Since then many researchers have studied the potential of crop 

and crop-based approaches in the reclamation of salt-affected soils (Qadir et al., 2001a, Qadir 

and Schubert, 2002, Qadir et al., 1996, Robbins, 1986, Ahmad et al., 2006, Ammari et al., 2008, 

Gharaibeh et al., 2011). Phytoremediation takes place through several mechanisms in salt-

affected soils (Qadir et al., 2007). These are as follows: 

i) Phytoremediation is achieved by the ability of plant roots to increase the dissolution rate 

of calcite, resulting in enhanced levels of Ca2+ in soil solution. These Ca2+ replace Na+ on 

the cation exchange complex. Production of Ca2+ in the soil solution occurs by formation 

of carbonic acid and solubilisation of native calcite, due to an increase in partial pressure 

of CO2 (PCO2) in the root zone following respiration. Many sodic and saline-sodic soils 

have an inherently good source of Ca2+, typically in the form of calcite (CaCO3), at 

varying depths within the profile. Unlike other Ca2+ sources used in the amelioration of 

sodic and saline- sodic soils, calcite is not sufficiently soluble to effect the displacement 

of Na+ from the cation exchange complex. Research has shown that this process is driven 

by the partial pressure of CO2 (PCO2) within the root zone. Enhanced levels of (PCO2) and 
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H+ released by roots of certain plant species thus assist in increasing the dissolution rate of 

calcite (Qadir et al., 2005). The generation of protons (H+) also enhances Na+ uptake by 

plants and its subsequent removal from the field at harvest.   

ii)  Plant root penetration increases soil porosity leading to improving drainage and salt 

leaching. 

iii) Enhanced salt uptake by plants. Ghaly (2002) found that after the second year of a field 

experiment, the role of native grass species in reducing salt content was more effective 

than a gypsum-only site. This was attributed in part to enhanced salt uptake. This was 

evidenced by an increased amount of Na+ uptake and accumulation in the grass shoots.  

iv) Excretion of extra salt from plant biomass by specific epidermal structures called “salt 

glands” (Waisel, 1972, Naidoo and Naidoo, 1998, Oi et al., 2012). 

v) Organic matter addition to soil and nutrient cycling in soils. Ghaly (2002) noted higher 

carbon inputs to soil under grass species, resulting in reclamation of these soils within two 

years. Organic matter helps to improve porosity and therefore enhances drainage and 

leaching of salt. 

Aalthough halophytes can potentially benefit and help reclaim arid salt-affected soils, 

problems may exist, firstly because of the complexity of agro-ecosystems and the lack of 

understanding of site specific effects and secondly because of limited experimental data. This 

study aims to evaluate: i) how C stocks are changed under halophyte vegetation cover of 

Rhodes Grass and saltbush  in a salt-affected soil; and ii) effects of halophyte vegetation cover 

of Rhodes grass and saltbush on rehabilitation of  a salt affected soils  

5.2. Material and Method 

5.2.1. Experimental site 

The soil samples were taken from the Darbalara area in the Lockyer Valley, which has a sub-

humid and sub-tropical climate (27° 33’ S, 152° 29’ E). Dryland salinity occurs in this area 

when rising water tables get close to the soil surface, during and after wet years. Subsequent 

evaporative concentration of salts over time has led to increased salinity in the area. The heavily 

cleared catchment is comprised of sandstones of the Gatton Sandstone in the lower slopes and 
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Koukandowie Formation in the eastern ridge. It has experienced increased recharge, resulting in 

a significant increase soil water and groundwater flow. The combination of the catchment 

shrinkage, the limitation to surface flow, and the decreased conductivity of the alluvia lead to 

shallow groundwater. Evaporative concentration of salts has increased salinity over time. 

5.2.2. Soil collection and preparation for the experiment 

Soil profiles were prepared in an area that presented patches of scalding, as evidenced by salt 

patches and dried vegetation. Three soil samples were collected from 0-10, 10-20, 20-30 and 

30-50 cm depths of the soil profiles. The first set of samples, at the four soil depths, were 

collected from an area without vegetation cover and were considered as the control samples (N). 

The other two sets of samples were from areas adjacent to N, however these were sampled from 

under two vegetation covers of Rhodes Grass (Chloris gayana) (RG) and saltbush (Atriplex 

semibaccarta)(SB). The sampling sites were approximately 100 m apart and were similar in 

topographic position and parent material. The soil samples were transported back to the 

laboratory, Soil samples were split and part of each sample was air dried and passed through a 2 

mm sieve prior to analyses with the remainder stored in polyethylene bags at 4oC for subsequent 

biological analyses (without air drying and sieving).  

5.2.3. Soil characterisation 

Various analyses of the experimental soils were carried out including measurements of electrical 

conductivity (EC), pH, sodium adsorption ratio (SAR), microbial biomass carbon (MBC) and 

microbial biomass nitrogen (MBN), respiration (Cumulative CO2-C), total soil organic carbon 

(SOC) and total nitrogen (TN). 

5.2.3.1 Chemical analyses ECe, pH and SAR 

The EC, pH and SAR were measured on three replicates of the air-dried soil samples which 

were passed through a 2 mm sieve.  These parameters were measured in a 1:5 soil: water 

suspension  as described in previous chapters (Rayment and Higginson, 1992). The SAR was 

calculated using Richard’s  equation  (Richard, 1954). 
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5.2.3.2 Particle size analysis 

Sand, silt and clay fractions of the soil samples at different depths were determined by  the 

hydrometer method (Bouyoucos, 1936).  Textural classes were assigned from the texture 

triangle, based on the percentages of clay silt and sand (Table 5.1). Textures ranged from sandy 

clay loam in surface layers to loam or clay loam in deeper layers. 

 

Table 5.1 Textural properties of the experimental soils from three sites at different soil depths.  

Soil 

depth 

Control (N) Rhodes Grass (RG) Saltbush (SB) 

%Sand %Silt  %Clay Texture* %Sand %Silt %Clay Texture* %Sand %Silt %Clay Texture* 

0-10 53.1 13.8 33.1 SCL 55.3 16.5 28.3 SCL 47.8 24.3 28 SCL 

10-20 51.6 18.1 30.4 SCL 52.3 14.6 33.1 SCL 47.9 19.6 32.5 SCL 

20-30 45.5 21.9 32.6 L 40.6 37.2 22.2 L 42.4 32.7 24.9 L 

30-50 44.9 28.3 26.8 L 37.4 31.9 30.7 CL 35.5 32.6 31.9 CL 

*Texture classes are as follows: SCL = Sandy Clay Loam, L = loam; CL = clay loam 

5.2.3.3. Microbial biomass carbon (MBC) and nitrogen (MBN) 

The fumigation–extraction method described by (Vance et al., 1987) was used to measure MBC 

and MBN respectively, sometimes written as  MBC/N as explained in 2.2.4.3.  

5.2.3.4. Soil respiration  

Soil respiration was determined by trapping the CO2 released from incubated samples in NaOH 

described in 2.2.4.2 (Alef, 1995, Rodella and Saboya, 1999).  

5.2.3.5. Soil organic carbon (SOC) 

The soil samples were analysed for their SOC based on the method described at 4.2.4.4 (He et 

al., 2008). 

5.2.4. Plant characterization 

Leaf samples were collected from the two vegetated sites, namely: Rhodes grass plants (on RG 

site) and saltbush plants (on SB site).Samples were sealed into plastic bags and transported to 

the laboratory. Total C and total N were measured on dried and finely ground samples using the 
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method in section 5.2.3.5, but without acid washing. The C: N ratio was then obtained by 

dividing the C by the N values (Table 5.2). 

 

Table 5.2. The carbon and nitrogen contents of the two vegetation covers 

Plant cover TC% TN% C:N 

Rhodes grass (Chloris gayana) 41.2 1.2 35.6 

Saltbush (Atriplex semibaccarta) 35.3 1.2 29.4 

. 

5.2.5. Statistical Analyses 

A complete randomised factorial design with 3 (vegetation sites) × 3 (replicates) ×4 depths was 

used in this field study. A two-way analysis of variance (ANOVA) was conducted to explore the 

impact of depth and vegetation cover on SAR, EC, pH, MBC and N, CO2-C and SOC in soil 

samples using SPSS statistical software. Significant differences were identified at 5% level 

interval using a LSD test. 

5.3. Results 

5.3.1. Soil electrical conductivity (EC1:5), pH and SAR 

The soils from all sites were saline sodic and had high values of EC, pH and SAR. Soil depth 

and vegetation type significantly affected EC values (p<0.05) (Table 5.3). The highest EC 

values were observed in the 0-10 cm soil depths which were significantly different from the rest 

of the depths (Figure 5.1). The EC progressively reduced as soil depth increased and the largest 

difference relative to the surface 0-10 cm was observed at 30-50 cm depth with a reduction of – 

24.75, - 7.33 and – 29.80 %, respectively in N, RG and SB. The RG samples had the lowest EC 

values at all depths and these were significantly different from N and SB (p<0.05). A reduction 

of -78.72, -78.08, -76.67 and -73.79 % respectively in 0-10, 10-20, 20-30 and 30-50 cm was 

observed in RG sites compared to N. Also, RG samples showed a reduction of -74.95, -73.94, -

67.24 and -66.93 %, respectively in 0-10, 10-20, 20-30 and 30-50 cm, compared to SB (Figure 

5.1.) 

 

157 
 



Chapter 5 

Table 5.3. Analysis of variance (ANOVA) for electrical conductivity (EC) 

Source DF MS F P 

Depth 3 0.54 26.17 <0.001 

Soil 2 90.46 4376.78 <0.001 

Depth× vegetation 
type 

6 2.05 98.87 <0.001 

 

 

 

 

 

 

 

 

 

Figure 5.1.  Mean soil electrical conductivity (EC1:5) values at different sample depths of sites: 
N (control), RG (Rhodes Grass) and SB (Saltbush).Barred lines indicate standard errors (SE) of 
the mean. 

 

The soil pH values exceeded 8 (Figure 5.2) and were significantly affected by sampling 

depth and vegetation type (p<0.05) (Table 5.4). A significant interaction effect (p<0.05) of 

depth × vegetation type on soil pH was observed. In N, pH decreased with increasing soil depth 

and the highest mean pH value of 9.43 was observed at 0-10 cm. However, pH values of 

different soil depths of the RG samples did not differ significantly (p>0.05). In contrast in the  

SB samples,  pH increased significantly with increasing soil depth (p>.0.05) and increases of 

0.63, 5.13 and 16.07% were observed respectively at 10-20, 20-30 and 30-50 cm (Figure 5.2), 

compared to the 0-10 cm depth. 
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The lowest pH values were observed in RG and pH reductions of -17.70, -10.98, -8.94 

and – 10.16 % were observed respectively in 0-10, 10-20, 20-30 and 30-50 cm depths, 

compared to N. Also, a reduction of -2.02, -5.14, -8.24 and -18.30 % was observed in the above 

mentioned depths, respectively, compared to SB (Figure 5.2). 

 

Table 5.4. Analysis of variance (AVOVA) for pH. 

Source DF MS F P 

Depth 3 0.32 28.84 <0.001 

Soil 2 3.73 340.13 <0.001 

Depth× vegetation 
type 

6 0.78 70.70 <0.001 

 

 

 

 

 

 

 

 

 

 

Figure 5.2.Mean soil pH values at different sample depths of sites: N (control), RG (Rhodes 
Grass) and SB (Saltbush). Barred lines indicate standard error of the mean. 

 

Soil depth and vegetation site significantly affected SAR values (p<0.05) (Table 5.5). 

The SAR values at 0-10 cm were significantly different from the rest of the depths (p<0.05) 
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(Figure 5.3) and a significant interaction effect (p<0.05) of depth×vegetation site was observed. 

The SAR decreased in the N with increasing soil depth (p<0.05). However, no significant 

differences were observed between SAR values at various depths of RG (p>0.05). Also, the 

SAR at 0-10 cm in RG was not significantly different from the same depth of SB.  The SAR 

increased with increasing soil depth in SB and an increase of 9.42% was observed at 30-50 cm 

compared to the N sample.  

Vegetation type also affected SAR values significantly (p<0.05) (Figure 5.3). The 

lowest values of SAR were observed in RG samples and the highest in the N samples. 

Reductions of – 21.68, -11.68, -11.60 and -4.58% , respectively in the 0-10, 10-20, 20-30 and 

30-50 cm samples were observed in RG compared to the same depths of  N samples. 

Furthermore, RG samples showed a SAR reduction of -2.74, -12.18 and -13.06%, at 10-20, 20-

30 and 30-50 cm respectively, compared to SB.  

Table 5.5. Analysis of variance for sodium adsorption ratio (SAR) 

Source DF MS F P 

Depth 3 1.98 19.50 <0.001 

Soil 2 10.65 105.07 <0.001 

Depth×Soil 6 3.51 34.61 <0.001 

 

 

 

 

 

 

 

 

160 
 



Chapter 5 

 

 

 

 

 

 

 

 

 

Figure 5.3.Mean SAR values in samples from different depths of sites: N (control), RG (Rhodes 
Grass) and SB (Saltbush).Barred lines indicate standard error of the mean. 

 

5.3.2. Microbial Biomass C and N (MBC and MBN) 

Soil depth and vegetation type significantly affected MBC values (p<0.05) (Table 5.6). 

The maximum values of MBC were observed at 0-10 cm depth and MBC decreased with 

increasing sampling depth at all sites (Figure 5.4). Maximum reductions of -26.64, -41.18and -

28.17 % were observed at the 30-50 cm depth of, N, RG and SB samples respectively, 

compared to the 0-10 cm depth. Regression analyses showed a negative linear relationship 

between depth and MBC and R2 values of 0.74, 0.99 and 0.92 were obtained for N, RG and SB, 

respectively (Figure 5.4).  

Vegetation type also significantly affected MBC (p<0.05) and the highest amount of 

MBC was observed in RG samples. The MBC values increased under RG by 22.54, 20.20, 

24.13, and 0.35%, at 0-10, 10-20, 20-30 and 30-50 cm respectively, compared to the same 

depths of SB (Figure 5.5). 
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Table 5.6. Analysis of variance for microbial biomass carbon (MBC) 

Source DF MS F P 

Depth 3 11022.2 1004.47 <0.001 

Soil 2 7148.6 651.47 <0.001 

Depth×Soil 6 666.7 60.76 <0.001 

 

 

 

 

Figure 5.4. Regression analyses between soil sample depth and MBC in sites: N (control), RG 
(Rhodes Grass) and SB (Saltbush). 
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Figure 5.5. MBC values in samples from different soil depths of sites: N (control), RG (Rhodes 
Grass) and SB (Saltbush). Barred lines indicate standard error of the mean. 

 

Soil depth and vegetation type also significantly affected MBN values (p<0.05) (Table 

5.7).  Maximum MBN values were observed at 0-10 cm and values decreased with increased 

sampling depth. Maximum reductions of -28.23, -50.12 and -44.31%, were observed in the 30-

50 cm depth samples of N, RG and SB, respectively, compared to the 0-10 cm depth. Further 

regression analyses between depth and MBN showed a negative correlation between these two 

parameters and correlation coefficients  were R2= 0.55, R2=0.83 and R2= 0.78, for N, RG and 

SB, respectively (Figure 5.6). Vegetation type also significantly affected MBN (p<0.05) and 

highest values of MBN was observed in RG sites. The MBN values increased under Rhodes 

Grass by 16.56, 1.55, 20.55, 4.40 % respectively in 0-10, 10-20, 20-30 and 30-50 cm, compared 

to the same depths of SB (Figure 5.7). 
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Table 5.7. Analysis of variance for microbial biomass nitrogen (MBN) 

Source DF MS F P 

Depth 3 234.95 70.40 <0.001 

Soil 2 148.25 44.42 <0.001 

Depth×Soil 6 17.21 5.16 <0.001 

 

 

 

 

 

Figure 5.6. Regression analyses between soil sample depth and MBN in sites: N (control), RG 
(Rhodes Grass) and SB (Saltbush). 
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Figure 5.7. MBN values in different soil depths of sites: N (control), RG (Rhodes Grass) and SB 
(Saltbush). Barred lines indicate standard error of the mean. 

 

5.3.3. Soil respiration  

The Cumulative CO2-C evolution was affected significantly by depth and vegetation 

type (p<0.05) (Table 5.8). Cumulative respiration decreased with increasing sampling depth in 

all sites (Figure 5.8). The depths 0-10 and 10-20 cm did not differ significantly (p>0.05) in their 

respiration however they were noticeably different from the depths of 20-30 and 30-50 cm. RG 

samples showed higher cumulative respiration compared to both N and SB  (Figure 5.8) 

Table 5.8. Analysis of variance for cumulative CO2-C (Respiration). 

Source DF MS F P 

Depth 3 14908.7 2684.79 <0.001 

Soil 2 13047.2 2349.57 <0.001 

Time 5 5183.6 933.47 <0.001 

Depth×Vegetation 
type 

6 241.1 43.41 <0.001 

Depth×Time 15 39.5 7.11 <0.001 

Vegetation type × 
Time 

10 39.6 7.13 <0.001 

Depth×vegetation 
type× Time 

30 58.4 10.52 <0.001 
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Figure 5.8. Respiration (Cumulative CO2-C) in soil samples from different depths of sites: N 
(control), RG (Rhodes Grass) and SB (Saltbush). Barred lines indicate standard error of the 
mean (SE). 

 

 

 
Figure 5.9. Regression analyses of the relationship between Cumulative CO2-C and MBC in the 
samples from different sites: N (control), RG (Rhodes Grass) and SB (Saltbush). 
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and biomass, respiration also increases (Figure 5.9).  Increased MBC is likely due to increase of 

substrate or decrease in salinity and sodicity.  

5.3.4. Soil Organic Carbon (SOC)  

Soil depth and vegetation type significantly affected the percentage SOC contents of the 

soil samples (p<0.05) (Table 5.9). The SOC was the highest in 0-10 cm samples in all sites and 

decreased significantly with increasing the sampling depth (p<0.05) (Figure5.10) and maximum 

SOC reductions of -0.42, -0.79 and -1.37 % were observed in samples at 30-50 cm depth of N, 

RG and SB, respectively compared to the 0-10 cm depth. Regression analyses between SOC 

content and soil depth showed negative gradients and high correlations of R2 = 0.95, R2 = 0.91 

and R2 = 0.95, (p<0.05), respectively, in N, RG and SB samples (Figure 5.11).  

The SOC was also significantly affected by vegetation type (p<0.05) and the maximum 

SOC was in RG samples (mean value of 1.44%). RG samples had increased SOC of 0.59%, 

0.34%, 0.2% and 0.22%, respectively in 0-10, 10-20, 20-30 and 30-50 cm compared to N 

samples at the four soil depths. The SOC increase was 0.43%, 0.26%, 0.04% and 0.07% 

compared to similar SB samples (Figure 5.10). 

Regression analyses of the relationship between SOC, MBC and cumulative CO2-C, 

showed a positive relationship between SOC and MBC (R2=0.87, p<0.05)) (Figure 5.12) and, 

also, between SOC and cumulative CO2-C (R2=0.62, p<0.05) (Figure 5.13).  

Table 5.9. Analysis of variance for soil organic carbon (SOC). 

Source DF MS F P 

Depth 3 0.34 321.23 <0.001 

Soil 2 0.57 536.09 <0.001 

Depth×Soil 6 0.032 30.79 <0.001 
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Figure 5.10. SOC content (%) in soil samples from different depths of sites: N (control), RG 
(Rhodes Grass) and SB (Saltbush). Barred lines indicate standard error of the mean. 

 

 

Figure 5.11. Regression analyses of the relationship between SOC content and soil sample depth 
in the sites: N (control), RG (Rhodes Grass) and SB (Saltbush). Barred lines indicate standard 
error of the mean. 
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Figure 5.12. Regression analyses of the relationship between SOC content and MBC in samples 
from sites:  N (control), RG (Rhodes Grass) and SB (Saltbush). 

 

 
Figure 5.13. Regression analyses of the relationship between SOC content and Cumulative CO2-
C in samples from sites: N (control), RG (Rhodes Grass) and SB (Saltbush). 
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significantly with depth in RG samples, there were significant differences in the RG EC values 

compared to N and SB at the different depths (Figure 5.1).  

The depth and vegetation type also affected pH and SAR, however, different sites 

showed different trends: 1) pH and SAR decreased with increasing depth in N samples; 2) pH 

and SAR values at different depths of RG did not differ significantly (p>0.05); 3) pH and SAR 

increased significantly with depth in SB samples. RG samples had the lowest values of both pH 

and SAR compared to N and SB (Figure 5.2 and 5.3). The decreasing trend of EC, pH and SAR 

with increasing depth in N is possibly a result of a shallow water table in the sampling area 

which brings salts, including Na+, to surface layers of the soil due to evaporation. This process 

results in the accumulation of salts on the  soil surface (Rengasamy, 2006). The differences 

noted in EC, pH and SAR in the RG and SB sites depended on some additional factors in this 

study.  

Rhodes Grass decreased the salt concentration in the soil profile relative to N, due salt 

uptake and secretion in the “salt glands”. These glands are located on the leaves of RG. The role 

of these glands is to secrete the excess salt transferred to the leaves from the depths of the soil 

profile by the very deep-growing roots of the grass. This resulted in relatively lower EC values 

at all depths. Also, the plant’s preference for adsorbing Na+ rather than K+ ions, is an important 

factor in decreasing SAR and pH in salt-affected soils. The ability of salt glands in Rhodes 

Grass to secrete excess salts has been extensively studied (Liphschitz et al., 1974, Kobayashi et 

al., 2007, Kobayashi and Masaoka, 2008, Oi et al., 2012, Oi et al., 2013). The preferential 

adsorption of Na+ over other ions has also been well studied. For example, Kobayashi et al. 

(2007) studied the ability of salt glands of Rhodes Grass to secrete Na+ and K+ ions and they 

found there was a greater ability to secrete Na+. 

A different trend was however observed in EC, pH and SAR for SB samples (Figures 

5.2, 5.3 and 5.4). Although saltbush is a perennial halophytic plant and often has very deep 

roots, the plant under which the soils were sampled from in this study, was small (creeping 
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saltbush) and its roots were not well developed.  Thus at this site, the sorption of salts was, 

mostly, limited to surface layers of the sampling area.  

 Deep-rooted saltbush typically decreases the salt concentrations through two 

procedures. Firstly, it stops the salinisation processes by disrupting upward movement of 

moisture in the soil profile. It stops this process by using moisture from deep layers of the soil 

profile. Secondly, high concentrations of salts can be accumulated in saltbush leaves and these 

can be removed through the epidermal bladders on both surfaces of its leaves (Jensen, 1985, 

Freitas and Breckle, 1992). In this study, the most important factor affecting the decrease of EC, 

pH and SAR in the surface layers was the ability of saltbush to accumulate salt in its leaves. 

However, due to the shallow depth of roots, only a small amount of salt of deeper depths was 

decreased by the saltbush plant. Although this salt reduction was significant in surface layer, 

however it was much less than the EC reduction in soils sampled from RG site. EC has reduced 

with depth for SB while pH and SAR have increased.  This indicates that some salts have been 

taken up by the SB (so EC reduces) but these are mainly Ca& Mg, leaving relatively more 

sodium at depth – this makes the soil more sodic at depth hence pH and SAR have gone up.  

This suggests that SB has not preferentially adsorbed Na but instead the reverse has happened. 

However, A study in Brazil showed that saltbush can be an affective Na+ extractor in sodic 

soils. especially when it is planted in soils amended with gypsum (Leal et al., 2008).  

5.4.2. Effects of vegetation type and soil depth on soil organic C 

Depth and vegetation cover significantly affected SOC content in all sites (p<0.05). The SOC 

decreased with increasing soil depth and the lowest values of SOC were observed at 30-50 cm 

(Figure 5.10). A reduction of - 0.42, - 0.79 and - 0.43 SOC was observed at 30-50 cm of N, RG 

and SB samples, respectively (compared to surface layer of 0-10 cm in each site). The higher 

values of SOC in the surface layers (0-10 cm) were due to the presence of vegetation and other 

organic material especially in RG and SB. Also, a higher amount of SOC was observed in RG at 

30-50 cm depth compared to the control, due to the deep root system of the Rhodes Grass. The 

root exudates and residue increased SOC content at depth in RG. The exudates are more readily 
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absorbed and protected by soil aggregates at higher SOC. Higher microbial biomass may also 

have contributed due to the lower salt concentration which provided better place for microbial 

growth. The lack of substrate seems to have a more significant effect on MBC rather the 

inhibiting role of salts. Clapperton et al. (2003) mentioned the potential of vegetation to produce 

organic matter and storing it increases SOC. Furthermore, a higher SOC content was observed 

at 0-10 cm in RG compared to both N and SB. This was because of the higher C content of 

Rhodes Grass and more above ground biomass compared to saltbush, both of which could 

contribute to SOC in litter and in the surface soil (Table 5.2).  

5.4.3. Effects of vegetation type  and soil depth on soil microbial biomass C and N 
(MBC and MBN) 

Soil depth and vegetation type significantly affected MBC and MBN in this experiment 

(p<0.05). The MBC decreased with increasing sampling depth in all sites (Figure 5.4). The 

lowest MBC was observed in soil samples at 20-30 and 30-50 cm of the control (N) site. The 

reduction in MBC values with increasing depth in N was due to the lack of enough substrate at 

depth for microbial activity. Also in SB, the decreasing trend of MBC was as a result of both 

lack of enough organic matter as a substrate for microbial activity and also the increase in pH 

and SAR. High pH and Na+ concentration at depth could restrict microbial biomass and activity. 

Furthermore, lower MBC values were observed in surface layers of N (0-10 and 10-20 cm) 

compared to RG and SB due to the higher EC. High EC results in lower (more negative) soil 

osmotic potential which reduces available water to microbes or even drains water from their 

cells (Rietz and Haynes, 2003, Tripathi et al., 2006, Wichern et al., 2006, Yuan et al., 2007). 

Also, the other reason for low MBC in N, especially at lower depths, was the low levels of SOC 

which clearly decreased with depth (Figure 5.11).This is in agreement with Pathak and Rao 

(1998) and Wichern et al. (2006) who reported that increased availability of substrate can 

increase microbial tolerance of salinity and consequently increase MBC. Higher MBC values 

were observed in surface samples (0-10 and 10-20 cm) of RG compared to both N and SB sites 

(Figure 5.5). There are two reasons for this: 1) lower EC, pH and SAR values in RG sites 

compared to N and SB due to the reasons stated in the section 5.5.1; and    2) higher C inputs by 
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Rhodes grass to the soil, particularly in the surface layers due to the higher level of C in the 

Rhodes grass tissues (41.1%, Table 5.2) compared to saltbush (35.5%). In general, MBC was 

higher at the sites under vegetation cover compared to the control site without plants. Silva et al. 

(2008) evaluated the effects of irrigation with saline waste water on the chemical and 

microbiological properties of soils cultivated with Atriplex semibaccarta and reported that 

saltbush favored microbial activity in saline soils. Pereira et al. (2004) investigated the 

microbial activity of a semi-arid soil cultivated with Atriplex semibaccarta. The field received 

saline waste for one and three years and another field, without crop or vegetation, was chosen as 

the control. They reported that the microbial biomass was highest after three years cultivation 

despite the presence of saline conditions.  

The MBN in this study was also significantly affected (p<0.05) by depth and vegetation 

type. MBN decreased with increasing sampling depth due to either increased salt concentration 

or decreased organic substrate for microbial activity (Figure 5.6). The maximum and minimum 

amount of MBN were observed in RG (34.07 µg g-1 at 0-10 cm) and in N (15.73 µg g-1 at 30-50 

cm), respectively (Figure 5.7). Although the Rhodes grass and saltbush plants had the same 

amount of TN (1.2%, Table 5.2), the RG sites showed higher mean values of MBN compared to 

SB sites. In this study, this was possibly due to the higher amount of plant residues returned to 

the soil in RG compared to SB due to greater plant coverage in the RG sampling area.  

5.4.4. Effects of vegetation type and soil depth on soil respiration 

Depth and vegetation type significantly affected respiration in this study (p<0.05). 

Respiration decreased with increasing sampling depth (Figures 5.9 and 5.10) and the lowest 

respiration was observed at 30-50 cm in all sites due to low levels of SOC (Figure 5.10) and the 

resultant small amount of decomposable substrate at lower depths. Also, the least respiration 

was observed in N due to lack of substrate. Soil respiration is a function of three factors: 1) root 

respiration, 2) root-associated respiration and 3) decomposition of SOM (Wong et al., 2009a). 

In this study, the root respiration was not studied, so only the decomposition of SOM can be 

discussed. 
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The respiration rate was higher in both RG and SB samples compared to N due to the 

presence of more SOM to decompose (Figure 5.9). However, RG showed higher levels of 

respiration than SB. This was because of: 1) the lower salt concentration at all depths under RG 

plants compared to SB (Figure 5.1) which favoured microbial activity; 2) higher SOC in RG 

(Figure 5.10) and therefore more decomposable substrate for microbial activity. A positive 

correlation of R2= 0.62 was observed between cumulative CO2-C and SOC content (Figure 

5.13).  

5.5. Conclusion 

In this study, the effects of two halophytes, Rhodes grass and saltbush, on 

phytoremediation and carbon stocks of a saline-sodic soil were studied. Soil depth had a 

significant effect on various soil chemical and biological properties. The maximum EC mean 

values were observed at the 0-10 cm depth at all sites.   Although, EC values did not change 

significantly with depth in RG samples, there were significant differences in the RG EC values 

compared to N and SB at the different depths. The depth affected pH and SAR, however, 

different sites showed different trends firstly,pH and SAR decreased with increasing depth in N 

samples and secondly, pH and SAR values at different depths of RG did not differ significantly 

(p>0.05); 3) pH and SAR increased significantly with depth in SB samples.  MBC decreased 

with increasing sampling depth in all sites. The lowest MBC, MBN and cumulative respiration 

rates were observed in the deeper samples from N. The SOC decreased with increasing soil 

depth and the least values of SOC were observed at 30-50 cm. A reduction in SOC was 

observed at 30-50 cm of N, RG and SB samples compared to surface layers in each site. The 

higher values of SOC in the surface layers (0-10 cm), was due to the presence of vegetation and 

other organic material especially in RG and SB. Also, a higher amount of SOC was observed in 

RG at 30-50 cm depth compared to the control, due to the deep root system of the Rhodes 

Grass.  In general, a significant improvement in soil chemical and biological properties was 

observed in soils sampled from under the RG and SB vegetation cover, apart from high pH and 

SAR at depth in SB. Also, SOC increased in the soils which had vegetation cover compared to 

the un-vegetated control soil. However, there were significant differences between vegetation 
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types. In this study, Rhodes grass improved soil chemical and biological properties and 

increased soil carbon stocks much more than saltbush. 

 The result from this study shows that phytoremediation of salt-affected soils by 

halophytes could become an effective and environmentally friendly method for remediation of a 

salt-affected soil.  However, the time taken  for phytoremediation to occur and the costs 

involved need further investigation as other studies have shown that it can be very time 

consuming and needs several growing seasons to achieve results. 
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CHAPTER SIX 

General Discussion, Conclusion and Future Research 

6.1. General Discussion and Conclusion 

Salinity problems are increasing rapidly worldwide. Globally 75 countries have been 

recognized as having vast areas of salt-affected lands. Sustainable vegetation growth on salt-

affected soils is not only extremely dependent on improving the physical, chemical and 

biological properties of these soils but also on increasing soil carbon (C) stocks. Organic 

amendments are increasingly being used to improve soils and to sequester C and recently, 

considerable attention has been focused on biochar as an organic amendment.  However, three 

important knowledge gaps in the remediation of salt-affected soils with C stocks were identified 

in this study:  

1)  To date, most studies have evaluated the benefits of biochar incorporation in non-salt 

affected soils. Therefore, research concerning its use for the reclamation of degraded 

lands, especially salt-affected soils, is scant.  

2)  In terms of C dynamics, currently the data and views on how C stocks behave in salt-

affected lands seem to be contradictory.  

3)  With regard to the continuous increase in area of salt-affected lands and the focus on C 

sequestration processes, there are limited assessments on the effects of rehabilitation 

processes on C cycling and C stocks. Also, there is  uncertainty about   maximizing  the  

accumulation  of  C  stocks  in  salt-affected  lands  when initial soil organic carbon 

(SOC) stocks are very small. 

This study therefore aimed to determine the effects of four methods of reclaiming salt-

affected soils on C dynamics and soil properties through four different experiments. The four 

remediation methods were: organic, inorganic, and combined inorganic-organic, and phyto-

remediation. Soil properties examined included: chemical properties such as EC, pH and sodium 
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adsorption ratio (SAR), soil organic carbon (SOC) and inorganic nitrogen; biological properties 

included microbial biomass carbon (MBC) and nitrogen (MBN) and respiration (Cumulative 

CO2-C); and physical properties included aggregate stability,  saturated hydraulic conductivity 

(HC)  and water retention curves. 

In the first experiment, the research gap on the effects of rehabilitation processes on 

increasing C stocks in salt-affected soils was studied with a focus on C accumulation in 

different aggregate sizes. The experiment investigated the effects of an inorganic amendment 

(gypsum) and an organic amendment (wheat straw) on C dynamics in soil aggregates of two 

saline-sodic soils. In this experiment, gypsum significantly improved aggregate formation and 

stability and thus increased the fraction weight of >2 and 1-2 mm aggregates.  This result 

confirmed the hypothesis that macro aggregates will show higher values of SOC than micro 

aggregates due to aggregate formation processes and SOC protection in macro aggregates. This 

consequently affects SOC contents in gypsum amended soils. Secondly, these results are 

compatible with the concept of aggregate formation hierarchy in which micro-aggregates bond 

together by temporary and transient bonding agents such as microbial and plant derived 

polysaccharides to make macro-aggregates. The highest SOC contents were observed in the two 

soils which received both wheat residues and gypsum (PG) treatments. In contrast, soils which 

only received gypsum, despite their improved physical structure, showed lower SOC contents in 

their aggregates than the wheat residue amended soils. However, both had higher SOCs than the 

control (N) where no amendment was added. This aggregate hierarchy consequently increases 

carbon content with increasing aggregate size classes due to organic matter additions. The 

results of this study, therefore, suggest that the combined use of gypsum and wheat straw 

increased SOC stocks in salt-affected soils and proved to be the best reclamation method for 

these soils.  

 To address the first and third identified knowledge gaps, the second experiment 

evaluated the effects of four different rates (0, 2.5, 5 and 10%w/w) of an organic amendment 

(alkaline biochar, pH =8.2) on chemical and biological properties and C stocks of 
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experimentally-created saline soils with four different salinity levels (E=0, 2, 5. 8 dS m-1) over a 

12 month incubation period. After 6 and 12 months of incubation, total SOC increased 

significantly (p<0.05) with biochar addition and was at its highest with 10% biochar addition.  

The added alkaline biochar did not have any adverse impact on these soils and in fact reduced 

all three important properties of pH, EC and SAR, thereby improving chemical properties of 

soils. The greatest changes in all three measured values occurred with the largest biochar 

addition (10% w/w) for all applied salinity levels, and the treatment of EC=8, B=10 showed the 

highest EC change of 1.4 dS m-1 at the end of 6th month incubation. Similar changes were 

observed over 12 months of incubation. The results of this study showed that a high pH biochar 

can be successfully used as an organic ameliorant in saline soils without worrying about further 

increase in soil pH. Indeed the results  showed that with the addition of alkaline biochar, pH of 

the soils not only did not increase, as might be expected, but in fact decreased significantly 

(p<0.05) and such decrease in pH was larger at the higher rates of biochar application.  Based 

on these results it can be concluded that biochars, even the alkaline ones, not only csn be used as 

a C source for enhancing fertility of saline soils but also can improve chemical and biological 

properties of these problem soils.  

This second experiment showed that the highest rate of biochar application (10% w/w) 

had the most significant effects in improving chemical and biological properties of the saline 

soils. However, the addition of biochar to soil at such a high rates is likely to add to the expense 

of the remediation process, so a rate of 5% (w/w) may provide sufficient improvement while at 

the same time limits the incurred cost. The positive results of biochar application to salt-affected 

soils reported in this study may be of great significance to both food production and C 

sequestration given the extent of such soils around the world. 

In the third experiment, two types of biochar (acidic and alkaline) were added as 

organic amendments to a saline-sodic soil, with and without gypsum addition and their effects 

on physical, chemical and biological properties of the soil and its C stocks were studied.The 

amendments had significant effects (p<0.05) on all the measured properties compared to the 

control (un-amended). The results showed that acidic biochar improved saline-sodic properties 
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of pH, MBC, HC and its water retention to a greater extent than the alkaline biochar and is, 

therefore, preferred over the alkaline biochar as an organic soil amendment in the rehabilitation 

of such a saline-sodic soil. Also, the combined application of acidic biochar and gypsum 

produced greater changes (p<0.05) in physical properties of the soil than the individual addition 

of these amendments. Compared to the control, biochar and gypsum addition caused significant 

differences (p<0.05) in the soil chemical properties of ECe, pH and SAR. Soil pH was 

significantly decreased by acidic biochar plus gypsum. However, EC and SAR were not 

affected by either of the two biochar types when applied alone and both biochars had the same 

effect on decreasing these parameters. The MBC and SOC increased with biochar addition and a 

significant increase (p<0.05) was observed in treatments that received acidic biochar. 

Respiration was increased by acidic biochar more significantly (p<0.05) than alkaline biochar 

and gypsum addition did not affect respiration. The positive effects of acidic biochar on soil 

hydraulic properties and on some chemical and biological properties were more significant 

(p<0.05) when it was applied in conjunction with gypsum. All amendments produced changes 

with greater significance at the end of the 12months incubation period compared to the 6 

months incubation time, however there were still substantial and significant changes in many 

properties after 6 months. Studies over greater time periods are required to understand how long 

these changes will last in soil with applied amendments.  

And finally, in the last (fourth) experiment the effect of vegetation cover 

(phytoremediation) on C dynamics in different depths of a saline-sodic soil was studied. In this 

experiment the ability of two halophytes, Rhodes grass (RG) and saltbush (SB), to phyto-

remediate and increase C stocks of the salt-affected soil were studied and compared with an un-

vegetated control site (N). In general, a significant improvement in soil chemical and biological 

properties was observed in soils sampled from the vegetated areas in comparison to the un-

vegetated control. The SOC content increased in the areas which had vegetation cover compared 

to the control soil. However, there were significant differences in the way that the different 

vegetation types affected soil properties and this varied with soil depth. In this study, Rhodes 

grass improved soil chemical and biological properties and increased soil C stocks much more 

197 
 



Chapter 6  

significantly than saltbush. The result from this study shows that phytoremediation is soil/plant 

dependent.  Various Other studies indicate that phytoremediation of salt-affected soils by 

halophytes can be very time consuming and needs several growing seasons, however, it could 

become a cost-effective and environmental friendly method for remediation of salt-affected 

lands. 

Reported results in the literatures on the C stocks behavior in salt-affected lands and on 

the effects of organic matter addition to salt-affected soils are limited and contradictory. The 

contradictory results of effects of organic matter addition to salt-affected soils are probably due 

to variations in the balance between the effect of added organic matter and the opposing salinity 

and sodicity processes. Currently there are little data related to C stocks and dynamics in salt-

affected soils. The four experiments reported in this thesis provided further data on C behavior 

in salt-affected soils and indicate that C dynamics are complex and are highly soil, site, and 

amendment specific. We found that at high dosages, biochar can strongly reduce stress impacts 

of salt additions on different physical, chemical and biological properties of salt-affected soils. 

Our results suggest novel uses of biochar application to reduce salt stress in rehabilitation of 

salt-affected soils as well as increasing their C stocks. Which in both cases, biochar may 

represent an almost inexpensive soil amendment that would provide various benefits such as 

enhanced water retention, increasing microbial community and activity and carbon 

sequestration. The results reported in chapter 3 and 4 provide a strong incentive for further 

studies of salt sorption and desorption by biochars in saline environment and also for the future 

field trials in saline systems. 

 Given the trend of ever-increasing areas of saline and sodic soils in the world, the focus 

on C sequestration in these soils and the need to improve the quality of these soils for 

agricultural production are increasing.  A number of issues related to C dynamics in salt-

affected soils still need to be understood and a number of research gaps remain to be addressed 

as outlined in the following sections. 
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6.2. Future Research 

Findings of this study have provided crucial information on some important aspects of 

C dynamics of salt-affected soils and the reclamation of these problem soils. The extension of 

lands affected by salinity and sodicity continues to increase due to both climate change and poor 

or inappropriate agricultural practices. Consequently, studies on the mechanisms of C 

sequestration in salt-affected soils are of high importance.  This study has identified several 

gaps for future studies, including: 

1) Evaluation of different pools, content and concentrations of both SOC and soil 

inorganic carbon (SIC) in saline-sodic soils. 

2) More studies over longer periods of time are needed to fully understand the 

mechanism through which biochar affects the properties of saline soils. 

3) The functioning of biochar in different saline soils and the responses of soil to 

different biochars need to be further investigated in the field. 

4) Further studies using long term field and pot trials with different types of biochar 

made from various sources and pyrolysis temperatures and different soil-types are 

required.  This will enable the determination of ideal biochar to be applied to a 

specific soil type and the required length of time to bring about changes in the soil 

properties. This will provide ideal information on how biochars can rehabilitate 

saline-sodic soils or increase SOC stocks on a sustainable basis. 

5) More studies are needed to understand the molecular, physiological and 

biochemical mechanisms of how halophytes reclaim salt-affected soils. This will 

help to engineer plants which can tolerate salts that may possibly lead to the 

production of crops with high economical yields under saline and sodic conditions. 

6) Identification of specific plant genes with significantly high biomass yield 

properties and significant remediation characteristics would be very important for 

further research on salt-affected soils. 
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7) Studies on plant root enzyme exudes of Rhodes Grass and Saltbush to see if the two 

plants release different enzymes into soil with one being more effective in binding 

micro-aggregates or soil particles together thus helping aggregation and C storage. 

Also, carrying out some root size measurement during sampling to discover if 

different effects of the two plants at different depths are due to different root 

distribution and length. 
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