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Abstract 

 

Surface soil acidity is an agricultural problem worldwide, but subsurface soil 

acidity is more problematic because of the difficulties associated with its 

amelioration. It takes several years for surface-applied lime to increase the pH 

and decrease soil aluminium (Al3+) concentration in the subsurface soil layer. The 

effects of surface-applied organic materials (OM) on soil pH and soil Al3+ in the 

subsurface soil layer can be observed a few days after its application under 

controlled environment conditions. However, this has not been studied in the field. 

Much of the research regarding the influence of OM on soil acidity has been 

examined by measuring change in soil pH after OM amendment of a soil, but this 

may not consistently reflect changes in soil chemistry that are associated with the 

decomposition of OM.  In this thesis, a lucerne hay pellet (LP) was used as a 

consistent OM source to investigate the effects of surface-applied OM on 

subsurface soil pH and Al3+ concentration under glasshouse conditions and its 

effects tested under field conditions.  

 

The effects of the surface-applied OM on subsurface soil pH and Al3+   

concentration were investigated in a soil column experiment by applying LP (an 

equivalent amount of 15 t ha-1) of different sizes, i.e., ~2, ~1, ~0.5 and ground LP 

(GLP) 0.1-0.2 cm in the surface 0-5 cm with or without lime. The acid soil tolerant 

wheat c.v. Dart was grown in the soil columns for 35 days with soil moisture 

maintained at 100% of field capacity. Surface-applied LP, regardless of size, 

significantly increased soil pH and decreased soil Al3+ concentration to 40 cm depth 

of the soil columns by 14 days after LP application. In contrast, the addition of lime 

only increased soil pH and decreased soil Al3+ concentration to the depth that it 

was incorporated. The results suggested that the soluble alkalinity in LP had 

dissolved and moved down the soil profile, resulting in increased soil pH and 

decreased soil Al3+ concentration. It is also shown that the surface-applied LP 

combined with lime had higher soil pH in the subsurface soil layer than the 

surface-applied LP alone. This result showed that the soluble alkalinity in the LP 

combined with lime treatment moved down the soil profile more than in the LP 

treatment. However, the wheat dry weight was not affected by the surface-applied 

LP with or without lime relative to the control. This could be due to the use of acid 
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soil tolerant wheat cultivar and maintaining favourable growing conditions in the 

soil columns (e.g., sufficient water and nutrients), which minimised the effects of 

soil acidity on plant growth in a short-term soil column experiment.  

 

The contribution of fractionated components of GLP, which was used in the soil 

column experiment, i.e., water-insoluble (WIM) and water-soluble (WSM) 

materials to the observed changes in soil pH, Al3+ concentration and extractable 

phosphorus (Colwell P), were studied in a 55–day incubation experiment. Two 

soil types, Red and Yellow Chromosol soils, from two depths, 0–10 cm and 10–

20 cm, were used. The addition of WIM and WSM significantly increased soil pH 

and decreased soil Al3+ concentration. However, the addition of WSM significantly 

increased soil Colwell P, but the addition of WIM did not. The soil incubation 

results supported the hypothesis that when GLP is incorporated in a surface soil 

layer, soluble materials (i.e. the WSM component) dissolve and move down the 

soil profile, resulting in increased soil pH, decreased soil Al3+ concentration and 

increased soil Colwell P in the subsurface. This study also showed that the soil 

pH at the end of the experiment decreased significantly compared with that at the 

peak. However, the soil Al3+ concentration did not increase as the pH decreased 

during the experiment. Therefore, the changes in soil pH following the application 

of GLP and its components: WIM and WSM, resulted from processes (e.g. 

nitrogen mineralisation and nitrification) other than the alkalinity concentration in 

the added materials. 

 

The incubation experiment showed that the soil pH following the application of 

GLP, WIM, and WSM increased first, then decreased. The contribution of the 

processes to the change in soil pH following the application of these amendments 

was quantified by determination of the changes in soil proton (H+) concentration 

due to the immediate chemical reaction of added materials, oxidation of organic 

anions (OA), nitrogen mineralisation and nitrification. It is shown that the changes 

in soil pH during the first seven days after the amendment was incorporated were 

mainly due to the immediate chemical reaction of added materials and the 

oxidation of OA. The changes in soil pH after seven days of incubation were due 

to nitrogen mineralisation and nitrification. It is showed that the decreased soil pH 

due to nitrification was greater than increased soil pH due to nitrogen 
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mineralisation. These results indicated why there was a temporal change in soil 

pH after application of OM. Therefore, to increase the long term effects of the 

application of OM on soil pH, it is suggested to select the optimal materials, e.g., 

materials that contain a high concentration of alkalinity but contain a low 

concentration of nitrogen, to increase the contribution of the immediate chemical 

reaction and the oxidation of OA processes but to decrease the contribution of 

the nitrification process to the change in soil pH. 

 

A field experiment was conducted over two years to examine whether lime, LP, 

or a combination of LP and lime incorporated to 5 cm depth in the surface of an 

acidic soil profile would modify crop yield, subsurface soil pH and/or subsurface 

Al3+ concentrations. The treatments were compared with an unamended control 

to which equivalent tillage management had been applied. The surface 

application of lime did not affect subsurface soil pH, Al3+ concentration, as well 

as wheat and canola biomass and grain yield relative to the control treatment. 

The addition of the LP or a combination of LP and lime decreased subsurface soil 

Al3+ concentration by 20 months after the amendments had been added, but did 

not increase subsurface soil pH. Wheat biomass and grain yield did not differ 

among the treatments in the first growing season. This period was impacted by 

drought and this was surmised to have constrained crop growth and prevent 

responses to the changes in subsurface soil chemistry observed after the 

amendments had been applied. In the second growing season, surface-applied 

LP alone or in combination with lime increased canola biomass by 27% and 29%, 

and grain yield by 50% and 66% relative to the control, respectively. The 

increased crop grain yield in the LP and LP+L treatments was due to the reduced 

subsurface soil Al3+ concentration, increased subsurface soil mineral nitrogen 

and soil gravimetric moisture content. Therefore, this study showed that the 

surface application of OM with or without lime was better than lime in the 

alleviation of subsurface soil acidity, resulting in increased crop growth and yield. 

 

In conclusion, surface-applied OM could be considered as an alternative strategy 

for the management of the subsurface soil acidity due to the capacity of the 

soluble component to move down the profile to the subsurface layer and 

decrease soil Al3+ concentration. Increasing soil mineral nitrogen and capacity of 
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increasing soil water holding capacity were other positive effects of the use of OM 

on crop growth in acid soils. Organic materials could be incorporated with lime to 

maintain the surface soil pH above 5.5 but also to ameliorate the subsurface 

layer. The investigation of the processes that contributed to the changes in soil 

pH provided a better understanding of why the increase in soil pH following the 

application of OM is normally transient. It is suggested that the contribution of 

nitrification to the decrease in soil pH could be minimised by incorporation of the 

OM that contains less nitrogen concentration in order to increase the long-term 

effects on soil pH.
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Chapter 1. 

Introduction 

 

Acid soils, soils with pHCa < 5.5 (measured in 0.01 M CaCl2), affect crop growth 

and yield in two main ways (1) ion toxicity (El-Jaoual and Cox, 1998; Foy, 1988) 

and (2) nutrient deficiency (Goedert, 1987; Helyar, 1987; Russell, 1978). In acid 

soil, high aluminium (Al3+) ion concentration negatively affects root growth by root 

tip pruning (Clune and Copeland, 1999; Macfie and Taylor, 1992; Ryan et al., 

1992). Manganese (Mn2+) ion concentration also increases in acid soil and can 

affect plant growth (Moroni et al., 2003; Wu, 1994). In acid soils, nutrient 

deficiency is usually associated with decreased availability of soil nutrients, 

particularly phosphorus due to precipitation with soil soluble Al in acid soils 

(Haynes, 1984), and thus making it unavailable for plant uptake. In agricultural 

practices, the nutrient deficiency might be overcome by applying fertilisers during 

crop growth, whereas the ion toxicities can be relieved by applying soil 

amendments such as lime (Conyers et al., 1991; Li et al., 2019a), plant residues 

(Hoyt and Turner, 1975; Tang et al., 1999; Xu et al., 2006b) and manure (Hue, 

1992) in order to increase soil pH. 

 

Approximately 30% of the world’s potentially arable lands are acidic, estimated to 

be 3,950 million ha (von Uexküll and Mutert, 1995). Among those, 2,918 million ha 

have subsurface acidity problems with low pH in the layer below the surface 10 cm 

of the soil profile, corresponding to approximately 75% of the global acid soils 

(Eswaran et al., 1997). In Australia, about 50 million ha are affected by soil acidity, 

and half of them have subsurface soil acidity (AACM-International, 1995; 

Lockwood et al., 2003). Although surface soil acidity is still a major constraint in 

agriculture, subsurface soil acidity is more problematic due to the difficulties 

associated with the application of amendments such as lime (Eswaran et al., 1997). 

 

It is relatively easy to ameliorate soil acidity in the surface layer by applying soil 

amendments such as lime and dolomite (Conyers, Scott, et al., 1995; Li et al., 

2019a). Although the surface application of lime can increase subsurface soil pH 

and decrease subsurface soil exchangeable Al3+ concentration, it is a very slow 
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process (Conyers and Scott, 1989; Li et al., 2019a; Tang et al., 2003). For 

example, Li et al. (2019) reported that surface-applied lime increased the pH in 

the 10–20 cm layer by 0.04 units year-1 over 18 years by maintaining the surface 

soil layer at a pHCa > 5.5 by regular lime applications. Therefore, it will take 

decades to increase one pH unit in the subsurface soil layer by surface 

application of lime. The investigation of an alternative amelioration approach that 

can increase soil pH and decrease toxic ion concentration in the subsurface soil 

layer in a shorter time is an urgent need. 

 

Hue and Licudine (1999) reported that surface-applied organic material (OM) such 

as chicken manure increased soil pH and decreased soil exchangeable Al 

concentration in the soil layers below the application layer five days after watering 

the soil columns. Moroni, Condon, et al. (2018) reported that incorporating fine 

ground lucerne (Medicago sativa L.) matter in a soil column experiment, either the 

0-10 cm or 10-20 cm or 20-30 cm layer, increased soil pH at and importantly, below 

the placement layer 31 days after the application of the amendment. Furthermore, 

when lime is applied with surface-applied OM, the alkalising effects of the 

amendments are enhanced in the subsurface layers (Cassiolato et al., 2000; 

Miyazawa et al., 2002; Wang et al., 2016). Therefore, it appears that the combined 

application of OM and lime on the soil surface layer could be an important strategy 

to alleviate subsurface soil acidity in a shorter time. 

 

However, the magnitude of the changes in subsurface soil pH following surface-

applied OM is influenced by the chemical properties of the OM added, especially 

its alkalinity and nitrogen content. Wang et al. (2016) reported that surface-

applied rapeseed (Brassica napus L.) cake did not increase subsurface soil pH, 

but pig manure application increased subsurface soil pH 120 days after 

amendments were added. Butterly et al. (2013) reported that surface-applied 

canola (Brassica napus L.) and chickpea (Cicer arietinum L.) residues increased 

subsurface soil pH, but surface-applied wheat (Triticum aestivum L.) residues did 

not increase subsurface soil pH three months after the amendments were 

incorporated. Likewise, Miyazawa et al. (2002) reported that the surface-applied 

black oats (Avena sativa L.) and rye (Secale cereal L.) residues in combination 
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with lime increased subsurface soil pH, but surface-applied wheat residues in 

combination with lime did not increase subsurface soil pH. It appears that the 

differences in chemical components of these plant residues, such as alkalinity 

and nitrogen concentrations, caused the different effects on soil pH change.  

 

The OM contains water-insoluble (WIM) and water-soluble (WSM) materials, 

which can be fractionated in water. Yan and Schubert (2000) and Butterly et al. 

(2011) have evaluated the effects of the application of WIM and WSM of OM on 

soil pH. Yan and Schubert (2000) reported that the application of WSM extracted 

from wheat and faba bean (Vicia faba L.) residues increased soil pH more than 

the addition of WIM because the WSM contained more alkalinity but less nitrogen 

concentrations than the WIM. However, Butterly et al. (2011) reported that the pH 

increase following the application of WIM of canola, chickpea, and wheat residues 

was greater than the addition of WSM because of higher nitrogen concentration 

in the WSM. When OM is incorporated in the surface soil layer, it is possible that 

the WSM dissolves and moves down into the subsurface soil layer, while the WIM 

remains in the application layer. As a result, the WIM would increase the pH and 

decrease soil Al3+ concentration in the surface soil layer, whereas the WSM would 

increase the pH and decrease soil Al3+ concentration in the subsurface soil layer 

where water infiltration occurs. Therefore, the surface-applied OM, effectively the 

addition of WSM, could increase soil pH and decrease soil Al3+ concentration in 

the subsurface soil layer. However, this hypothesis has not yet been reported in 

the literature, although Butterly et al. (2011) showed that the application of WSM 

in wheat residues did not increase soil pH in an incubation experiment,  and in 

another soil column experiment, Butterly et al. (2013) showed that the surface-

applied wheat residues did not increase subsurface soil pH. 

 

However, it has been reported that the soil pH following the application of OM 

increased within 1-2 months after the amendment was applied, then decreased 

to its initial pH value (Haynes and Mokolobate, 2001; Hoyt and Turner, 1975; 

Hue, 1992). The processes that may have contributed to the changes in soil pH 

are the immediate chemical reaction between OM and soil H+, oxidation of 

organic anion (OA), nitrogen mineralisation and nitrification, have been 
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investigated in several studies (Tang et al., 1999; Xu et al., 2006b; Yan et al., 

1996); this is discussed in Chapter 2. However, until now, the contribution of each 

of these processes to the change in soil pH following the application of OM has 

not been explored. A better understanding of the contribution of each process to 

the change in soil pH following the application of OM may help select the most 

promising OM to increase the long-term effects on the subsurface soil pH. 

 

Furthermore, there is limited information on the effects of surface application of 

OM on subsurface soil acidity and crop growth under field conditions. That the 

limited field data can appear to be contradictory. For examples, Caires et al. 

(2008) found no effect of adding oat residues,  Evans et al. (1998) found a 

decrease in soil pH after lucerne being incorporated for six months due to 

nitrification, which generates H+ ions and is a contributing factor in soil 

acidification, and Wong et al (1995) reported a decline in soil exchangeable Al3+ 

concentration after applying tree prunnings with an associated corn yield 

improvement. There is, consequently, a need for further study and a better 

understanding of how and when OM additions to surface soils will result in a 

beneficial change to subsoil pH and Al3+ concentration. 

 

1.1. Scope of the research 

 

This thesis aims to determine whether the surface application of OM can be used 

as an amendment strategy for the alleviation of subsurface soil acidity in field 

conditions. It also aims to determine the contribution of the chemical processes 

to the changes in soil pH following the application of OM.  

 

The objectives of this thesis were to determine: 

1. The effects of the surface-applied OM on subsurface soil pH and Al3+ 

concentration; 

2. The extent to which the surface-applied OM affects crop growth in soils 

with subsurface acidity; and 

3. The main chemical processes and the extent to which they contribute 

to the change in soil pH following the application of OM. 
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1.2. Thesis outline 

 

This thesis includes eight Chapters as follows: 

 

Chapter 1: a general introduction, stating the aims and objectives of the thesis 

 

Chapter 2: a literature review of the management of soil acidity in agriculture 

practices with an emphasis on the application of organic amendments.  

 

Chapter 3: a pot experiment to study the effects of applying lime,  LP and LP plus 

lime to a soil surface layer on subsurface soil pH and Al3+ concentration. 

Treatments included an examination of the effect of applying LP with differing 

sizes (e.i., ~2, ~1, ~0.5 cm in length) and ground LP, which passed 0.2 cm and 

retained on 0.1 cm sieves. 

 

Chapter 4: an experiment in which LP and water-insoluble and water-soluble 

components of LP were incubated with soil to explore their potential to ameliorate 

soil acidity. 

 

Chapter 5: a study of the chemical reactions that contribute to pH change following 

the application of LP and its components using a proton budget model. 

 

Chapter 6: a two-year field experiment to study the effects of the surface-applied 

LP alone or mixed with lime on subsurface soil acidity and crop growth under field 

conditions. 

 

Chapter 7: a general discussion on the key findings of this thesis. The suggestion 

for future research related to this area is also provided. 

 

Chapter 8: conclusions are drawn from this study. 
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Chapter 2.  

Literature review: Management of soil acidity in agriculture with an 

emphasis on the application of organic amendments 

 

2.1. Introduction 

 

Soil acidity, where with pHCa is below ~5.5, is a global agriculture problem for the 

growth of acid-soil sensitive crops (Foy, 1984). Soils can be acidic in either the 

surface layer (in the upper 10 cm of the soil profile) or subsurface soil layer (below 

the surface 10 cm of the soil profile) only or both. Although surface soil acidity is 

a major soil constraint in agriculture, subsurface soil acidity is more problematic 

due to practical difficulties associated with its amelioration (Eswaran et al., 1997). 

Moreover, soils can become more acidic during agricultural practices as a result 

of acidification processes of the nitrogen cycle and continuous removal of 

agricultural products (Helyar, 1991; Wolf, 1999). If surface soil acidity is not 

addressed, subsurface soil acidity can get worse (Condon et al., 2020; Williams, 

1980). Therefore, the amelioration of soil acidity is an important practice of 

sustainable agricultural systems. 

 

Acidic soils negatively affect plant growth in two main ways (1) toxicity of ions 

such as aluminium (Al3+) and manganese (Mn2+) (El-Jaoual and Cox, 1998; Foy, 

1988) and (2) nutrition deficiency due to decreasing the availability of soil 

nutrients (Goedert, 1987; Helyar, 1987; Russell, 1978). Aluminium affects plant 

growth due to the inhibitory effects on root growth (Kochian and Shaff, 1991; 

Ryan et al., 1992), whereas Mn2+ primarily affects shoot growth (Moroni et al., 

2003; Wu, 1994). Nutrient deficiency, however, may be more prevalent at later 

growth stages because, at the seedling stage, plants need minimal nutrients, 

which they derive from seed reserves (Helyar, 1991). 

 

Although acidic soils are unfavourable for plant growth, some crop plants are able to 

resist soil acidity conditions more than others (Foy et al., 1993; Ma et al., 1998); 

these are considered acid soil-resistant plants. Acid soil-resistant plants can grow 

well in acid soils by preventing the uptake of Al3+ through root exudation (Jiang et al., 

2018; Kochian, 1995; Marschner, 1991; Ryan et al., 1992) and/or enabling to uptake 
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and store Al3+ in root vacuole or cell wall (Ryan and Delhaize, 2012). For example, 

Ryan et al. (1997) reported that the accumulation of Al3+ by root apices in the Al-

resistant wheat ET8 was lower than in the Al-sensitive wheat ES8, resulting in more 

root growth by ET8 than ES8. Hence, planting acid soil-resistant crops can be one 

of the strategies to improve crop growth and production in acidic soils.  

 

However, the cultivation of acid soil-resistant crops is a short-term strategy for 

the management of soil acidity because soils continue to acidify under agricultural 

management as a result of product removal (Kamprath and Foy, 1985; Wolf, 

1999) and N-cycle interventions (Helyar, 1976; Wolf, 1999), progressively 

removing the possibility of growing crops with low to moderate acid-soil 

resistance. Therefore, it is necessary to implement ongoing and forward-looking 

strategies that directly address the acidic soil problems by increasing soil pH to 

decrease soil Al3+ concentration to levels that are not toxic for root growth. 

 

Acid soils can be corrected by applying soil amendments such as inorganic 

materials, i.e. lime and dolomite (Conyers et al., 1991; Li et al., 2019a) and 

organic materials (OM), i.e. crop residues and manures (Hoyt and Turner, 1975; 

Xu et al., 2006b; Yan and Schubert, 2000). OM contains high carbon (C) and 

nitrogen (N) concentrations, whereas inorganic materials lack carbon-hydrogen 

bonds (C–H bonds). Therefore, incorporation of OM in acid soil generally 

increases soil pH (Hoyt and Turner, 1975; Xu et al., 2006b; Yan and Schubert, 

2000) and increase soil C and N concentrations (Diacono and Montemurro, 

2010), which are beneficial for plant growth. 

 

Ground limestone and dolomite are the most common inorganic materials used 

to ameliorate soil acidity worldwide (Goulding, 2016). Although the application of 

inorganic materials quickly alleviates soil acidity where the amendments are 

incorporated, the correction of subsurface soil acidity by application of surface-

applied inorganic amendments on subsurface soil acidity is relatively slow 

(Conyers and Scott, 1989; Coventry, 1991; Li et al., 2019a). However, there are 

now a number of reports showing that the application of OM increased soil pH 

(Butterly et al., 2013; Moroni, Condon, et al., 2018; Wang et al., 2016) and 

decreased soil exchangeable Al3+ concentration (Cassiolato et al., 2002; Hue and 
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Licudine, 1999) at and below the application soil layers in a short period. For 

example, Hue and Licudine (1999) reported that surface-applied chicken manure 

(at a rate of 20 g kg-1) increased soil pH by more than one pH unit and decreased 

more than 80% of soil exchangeable Al3+ concentration in the 10–20 cm layer 

after five days of water addition (i.e., 378 mm). Therefore, it appears that the 

surface-applied OM is a potential approach to amelioration of subsurface soil 

acidity due to the more rapid effects on subsurface soil pH and Al3+. 

 

This review discusses the problems associated with soil acidity and the current 

approaches for the management of soil acidity to improve crop growth and 

production in acidic soils, with emphasis on the use of OM in the amelioration of 

soil acidity. 

 

2.2. Soil acidity 

 

Soils with a pH lower than 7 are referred to as acidic soils. In agricultural 

practices, soils with pHCa (measured in 0.01 M CaCl2) ≤ 5.5 are considered acidic 

soils because a pH below 5.5 negatively affects the growth of acid soil sensitive 

plants. According to Wolf (1999), soil acidity results in active acid, which is 

measured by H+ concentration and Al3+ concentration associated with cation 

exchange sites. In acid soil, the availabilities of Al3+ and Mn2+ concentrations 

increase and cause negative effects on many crop plants. Acid soils also result 

in plant nutrient deficiency due to the replacement of basic cations such as Ca2+, 

Mg2+, and K+ to H+, Al3+, and Mn2+ ions (Wolf, 1999). Moreover, high Al3+ 

concentration under acidic soil conditions precipitates with soil phosphorus, 

resulting in decreasing phosphorus availability (Haynes, 1982). Therefore, soil 

acidity affects plant growth and production mainly due to the toxicity of Al3+ and 

Mn2+ ions and deficiency of soil nutrients (FiskesjÖ, 1989; Kochian and Shaff, 

1991; Ryan et al., 1992).  
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2.2.1. Causes of soil acidity 

 

Soil acidity results from acid parent materials, climate (e.g., acid rain), leaching, 

differential absorption of cations and anions, chemical additions, the nitrification 

process, the addition of acid-forming fertilisers and crop removal (Kamprath and 

Foy, 1985; Wolf, 1999). Acid parent material is a major contributor to soil acidity, 

whereas other processes result in soil acidification during agricultural practices 

(Helyar, 1991; Wolf, 1999).  

 

Agricultural activities such as the continuous application of N fertilisers in 

ammonium form can increase soil acidity (Fageria and Nascente, 2014; Guo et 

al., 2010). The addition of ammonia-based or urea-based fertilisers will release 

hydrogen ions (H+) into the soil because of the transformation of such sources of 

N fertilisers into nitrate. The application of N fertilizers aims to increase crop yield, 

and thus, more agricultural products will be removed, resulting in more basic 

elements taken out of the system. Crop products such as grains and pastures 

contain a high value of basic elements (Table 2.1). The removal of those crop 

products during agricultural practices is a major factor contributing to the 

decrease in soil pH due to the replacement of H+ for the cations removed. 

Therefore, continuous removal of the alkalinity products leads to reducing soil pH, 

requiring continuous liming to prevent increases in acidic problems and to 

balance the removal of basic cations in agricultural products. 
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Table 2.1. Crop removal of basic cations (adapted from Wolf (1999). 

Crops 
Harvest removal 

(t ha-1 ) 
Basic cations removal (kg ha-1 ) 

K Ca Mg 
Alfalfa hay 13.5 252 188 36 
Barley     
 Gain 4.3 22 2 4 
 Straw 4.5 67 18 7 
Coastal Bermuda grass 13.5 168 37 25 
Coffee 2.0 50 65 72 
Corn     
 Grain 11.8 44 17 25 
 Stover 10.1 135 30 20 
 Silage 71.7 249 73 37 
Cotton     
 Lint and seed 5.0 50 7 13 
 Burrs, leaves, stalks 6.7 118 94 27 
Oats     
 Grain 3.6 20 3 4 
 Straw 5.6 92 11 11 
 Silage 17.9 220 73 37 
Pangola grass 15.1 401 75 52 
Peanuts     
 Nuts 3.4 34 7 6 
 Vines 5.6 74 99 26 
Peas, vines and pods 5.6 112 196 17 
Potatoes, white, tubers 33.6 211 6 10 
Rice     
 Grain 5.0 11 4 6 
 Straw 6.7 76 12 7 
Sorghum     
 Grain 5.6 24 6 7 
 Straw 8.4 146 40 26 
Soybean     
 Seed 3.4 59 10 10 
 Hay 5.6 71 63 28 
Sugarcane stalks *224.2 314 123 52 
Sugar beets 30.0 233 30 11 
Tobacco, leaves 2.2 112 84 20 
Tomatoes, fruit 44.8 149 8 12 
Wheat     
 Grain 4.0 22 2 10 
 Straw 5.0 49 10 6 

* indicates two-year crop 
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2.2.2. Subsurface soil acidity 

 

Subsurface soil acidity is soil with a low pH in the soil layers below the top 10 cm 

of the surface soil, typically 10–20 cm of the soil profile. Subsurface soil acidity is 

more problematic in agriculture due to its amelioration difficulties (Eswaran et al., 

1997). It takes decades to ameliorate subsurface soil acidity by surface-applied 

lime (Li et al., 2019a) as almost all soil amendments applied in the acid soils 

increase soil pH where they are placed, and the alkalinity does not move readily 

below the amended soil layer. Lime incorporation at depth layers to raise 

subsurface soil pH has been reported (Brooke et al., 1989; Coventry, 1991; 

Sumner et al., 1986). However, incorporation of lime at depth is not a common 

practice because it needs a powerful machine to rip the soil and place the 

amendment at depth. 

 

2.3. Effects of soil acidity on crop growth 

 

2.3.1. Effects of aluminium ion 

 

Aluminium is the third most abundant element on the earth, constituting more 

than 8% of the earth’s crust (McLean, 1965). Aluminium is part of common clay 

alumino-silicate minerals in soil (Barton and Karathanasis, 2002). In acidic soil, 

Al3+ is the aluminium species most phytotoxic to plants (Kinraide, 1997; Kochian, 

1995). Aluminium primarily affects root growth and elongation (FiskesjÖ, 1989; 

Kochian and Shaff, 1991; Larsen et al., 1997; Ryan et al., 1992). However, it is 

still uncertain if Al3+ primarily induces stress at the apoplast or enters the cytosol 

to cause damage (Horst et al., 2010). 

 

Aluminium ions inhibit root growth and cause root damage within hours after 

plants are placed in Al3+ solutions (Horst et al., 2010; Kochian and Shaff, 1991; 

Ryan and Kochian, 1993; Tabuchi and Matsumoto, 2001). Studies on crops such 

as wheat (Kochian and Shaff, 1991; Ryan et al., 1992), chickpea (Shuvasish and 

Parul, 2014), barley (Hecht-Buchholz and Foy, 1981; Moroni et al., 2010), maize 

(Doncheva et al., 2015), canola (Clune and Copeland, 1999), sorghum (Miller et 
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al., 2009) and rice (Nakagawa et al., 2003) showed that Al toxicity is the major 

factor inhibiting root growth under acidic conditions. 

 

Aluminium affects root growth in several ways. Firstly, Al3+ ions cause a 

decrease in root elongation (Ryan et al., 1993; Sivaguru and Horst, 1998). For 

example, Ryan et al. (1993) showed that Al3+ ions altered root elongation at the 

terminal 1.5 – 2.0 cm of the root apex. Secondly, Al3+ ions cause the disruption 

of cell membranes in swollen roots when barley plants are grown in a solution 

with 1000 µM of Al3+ concentration (Zelinová et al., 2011). Thirdly, Al3+ ions also 

affect root morphology (Figure 2.1). Clune and Copeland (1999) showed that 

roots of canola seedling grown in 60 µM of Al3+ solution or higher displayed 

coating materials on the epidermis at the apex and around the tip. Clune and 

Copeland (1999) also showed that Al3+ ions trigger the formation of central and 

peripheral cap cells by decreasing cell size and numbers. Therefore, plants 

grown in acid soils that produce Al3+ in toxic concentration to plants will 

negatively affect root growth. As a result, plant growth and production will 

decrease due to the decreases in water and nutrient uptake (Ma and Furukawa, 

2003; Rao et al., 2016). Root system morphology is also substantially changed 

because root hairs (root sheath size), lateral roots and the main root axis may 

display differential resistance/tolerance of high Al3+ concentrations even in 

cultivars with known Al-resistance (Haling et al., 2010). The changed root 

morphology in an acid soil can adversely impact root function: e.g. it is likely 

that P-acquisition efficiency of the root system is substantially reduced in an 

acid soil even in an Al-resistant plant variety (Delhaize et al., 2009). 
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Figure 2.1. Effect of Al toxicity on the surface of canola root apices. Root apices of 

untreated canola seedlings (a) and seedlings that were treated with 80 µM Al for 4 h (b), 

8 h (c) and 24 h (d). Bar = 100 µm (Clune and Copeland, 1999). 

 

2.3.2. Effects of manganese ion 

 

Manganese ion is an essential micronutrient for plant growth because of its role 

as a co-factor in enzymes linked to photosynthesis (Tanner et al., 1960). 

However, in acidic soils, plant growth can be adversely affected by Mn2+ (Davis, 

1996; El-Jaoual and Cox, 1998; Sinha et al., 2002) due to the increases in soil 

Mn2+ concentration (Hue et al., 2001; Lucas and Davis, 1961). Unlike Al3+ ions, a 

high concentration of Mn2+ affects mostly upper ground parts of the plants. Wu 

(1994) reported that leaf chlorosis, necrosis and brown spots on older leaves are 

typical Mn2+ toxicity symptoms. Morris and Pierre (1949) reported that symptoms, 

such as chlorosis of leaf margins and purple-red spots on the leaves, were found 

in legume plants grown in 10 ppm Mn2+ concentration solution. Moroni et al. 

(2003) reported that the ‘cupping’ leaf found in canola plants resulted from partial 

necrosis on or close to the margin of the leaves, which restricts leaf expansion 

due to Mn2+ toxicity. 

 

As an important element for photosynthesis, however, a high concentration of 

Mn2+ in the leaf tissues affects plant photosynthesis (Kitao et al., 1997; Sinha et 
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al., 2002). Moroni et al. (1991) showed that chlorophyll a and b contents of the 

Mn-sensitive Triticum aestivum cultivar reduced considerably (by up to 43%) 

when it grew in a 200 µM of Mn2+ solution. A similar result has been reported by 

Macfie and Taylor (1992), who found that the concentration of chlorophyll b in 

both Mn-sensitive and tolerant wheat decreased by 65% and 45%, respectively, 

after five days of growing in a 1000 µM of Mn2+ solution. In addition, Lidon et al. 

(2004) reported that net photosynthesis, photosynthetic capacity and stomatal 

conductance decreased when the rice plant was grown in 32 mg L-1 of Mn2+ 

solution. Therefore, liming acid soil to increase soil pH can also be important to 

prevent the negative effects of Mn2+ on plant growth. 

 

2.3.3. Effects of soil acidity on nutrients availability 

 

The availability of soil nutrients is greatly affected by soil pH (Marschner and 

Marschner, 2011). Under acidic soil conditions, the available calcium (Ca), 

phosphorus (P) and molybdate (Mo) decreased significantly (Lucas and Davis, 

1961). The excess of soluble Al3+ and Mn2+ limits the availability of crucial 

nutrients such as P, potassium (K), Ca and manganese (Mg) (Marschner and 

Marschner, 2011).  

 

Phosphorus appears to be the most important soil nutrient affected by soil acidity. 

Under an acidic condition, P can readily be rendered less available to plant roots 

as a consequence of precipitation of Al and iron (Fe) phosphate (Haynes, 1984). 

The ability of the plant's root system to explore soil for P is critical for P acquisition 

because P is only ever in very low concentration in the soil solution and is supplied 

to a plant predominantly via diffusion. The adverse impacts of Al3+ toxicity on the 

main axis and lateral root growth and on root hair length also directly reduce the 

ability of a plant to search for P in an acid soil (Delhaize et al., 2009). 

 

Under acid soil conditions, the uptake of several nutrients in the plant has been 

shown to decrease significantly. Simon et al. (1994) reported that the 

concentration of Ca, K, Mg, Mn, Fe and zinc (Zn) in the tomato plant decreased 

when it was grown in a nutrient solution with pH 4.0 and 50 µM of Al3+ 

concentration. They also showed that the translocation of P, Mo and copper (Cu) 
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from root to shoot and leaf was inhibited in 50 µM of Al3+ concentration solution, 

which caused a nutrient imbalance (Simon et al., 1994). Moreover, Ribeiro et al. 

(2013) showed that the concentration of N, P, K, Ca, and Mg in cacao plants 

significantly decreased with increasing Al3+ concentration up to 30 mg dm3. 

Poschenrieder et al. (1995) reported that proton (H+)-induced inhibition of root 

elongation was significantly correlated with the H+-induced decrease of the 

specific absorption rate of boron (B), Fe, Mg, Ca and P. Therefore, under acidic 

conditions, uptake of plant nutrients decreases, which may decrease crop growth 

and production. Consequently, raising soil pH is likely to deliver an additional, 

long-term advantage of improved nutrient availability for crop growth. 

 

2.4. The management of soil acidity 

 

The most important objective of the management of acid soils is to improve crop 

growth and production. Using acid soil-resistant crops provides a cheap solution to 

increase crop growth and production in acidic soils but often delivers a partial 

solution because (1) the acid soil problems still remain; (2) acidification is a 

continuing issue and Al-toxicity and yield decline will be worsen with the passage 

of time, and (3) acidity will move deeper into the soil profile constraining the 

cropping options of a farm business, increasing the costs of amelioration and 

limiting the ability of a farm to adopt new crop options which may be critical for 

future economic sustainability. However, it offers an opportunity to grow a crop 

while the amelioration by liming takes effect over time and provides a farmer’s 

income. The amelioration of soil acidity by incorporating soil amendments to 

increase soil pH and decrease soil Al3+ concentration is ultimately the most durable 

and a sustainable agricultural practice for the management of soil acidity. In these 

sections below, the effects of the application of soil amendments on soil acidity, 

with a specific focus on the use of OM, will be discussed. 

 

2.4.1. What are soil amendments? 

 

Soil amendments are materials that are added to the soil with the purpose of 

improving plant growth conditions. In acid soils, soil amendments are used to 

alleviate acidic soil problems, for example, raising soil pH and decreasing soil Al3+ 
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concentration. There are two types of soil amendment, i.e. inorganic and organic 

materials. Inorganic materials are natural materials that lack carbon-hydrogen 

bonds (Table 2.2). Commonly, soil organic materials are materials that are made 

from plant residues and livestock manures. Organic materials can be produced 

from various sources, including farm waste, household waste, manures, food 

processing and manufacturing wastes. The use of OM has been proposed as an 

effective approach for soil fertility recovery (Diacono and Montemurro, 2010; 

Haynes and Naidu, 1998). Under acidic soil conditions, raising soil pH and 

decreasing soil Al3+ concentration are the most important purposes for using OM, 

as discussed below.  

 

2.4.2. Effects of inorganic amendments on soil acidity 

 

The addition of inorganic amendments directly influences soil pH due to their 

chemical properties. For example, CaCO3 (lime) dissolves and equilibrates to 

Ca2+ and CO3
2-. Under acidic soil conditions, CO3

2- will react with ion H+. As a 

result of this reaction, one mole of CaCO3 can neutralise two moles of ion H+ (Eq. 

2.1, 2.2). Therefore, the addition of lime into acid soil significantly increases soil 

pH (Carvalho and Raij, 1997; Conyers et al., 1991; Li et al., 2019a).  

 

CaCO3 + 2H+→ Ca2+ + 2HCO3      (Eq.2.1) 

 

 2HCO3 ⇌ CO2 + H2O       (Eq.2.2) 

 

The increase in soil pH following the addition of lime depends on factors such as 

lime application rate (Conyers and Scott, 1989), soil pH buffering capacity (Li et 

al., 2019a; Slattery and Coventry, 1993), and particle sizes (Conyers et al., 2020). 

In fact, more lime added to the soil results in more H+ consumption and thus, as 

Flower and Crabtree (2011) showed, the application of 4 t of lime ha-1 increased 

soil pH more than the application of 2 t and 1 t of lime ha-1. However, in agricultural 

practice, Meng et al. (2004) showed that over-liming did not have a beneficial 

effect on crop yield. Therefore, it is necessary to identify the lime requirement to 

avoid overliming and to reduce cost. Li et al. (2019) showed that the lime 
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application rate could be determined based on soil pH buffering capacity and the 

target soil pH. The soil with higher soil pH buffering capacity will need more lime 

to raise a pH unit than the soil with lower soil pH buffering capacity. Therefore, it 

is important to determine soil pH buffering capacity to correctly calculate the lime 

application rate to prevent over-liming in agricultural practice. 

 

The addition of lime can reduce the effects associated with acid soil as a 

consequence of reducing soil Al3+ concentration resulting from the hydrolysis of 

Al3+. When lime is added in acid soils, it reacts with native H+ or H+ formed from 

the hydrolysis of Al3+ (Sparks, 2003), resulting in increased soil pH and decreased 

soil Al3+ concentration. The overall reaction of lime with acid soil can be 

reproduced as Eq 2.3. Several studies have shown that the addition of lime 

increases soil pH and decreases the concentration of exchangeable soil Al3+ 

(Caires et al., 2008; Carvalho and Raij, 1997; Hoyt and Turner, 1975; Li et al., 

2019a; Tang et al., 2003). Therefore, the addition of lime affects both soil pH and 

soil Al3+ concentration. 

 

2Al-soil + 3CaCO3 +3H2O → 3Ca-Soil + 2Al(OH)3 +3CO2   (Eq.2.3) 
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Table 2.2. The Calcium Carbonate Equivalent (CCE) of various inorganic materials (Wolf, 

1999). 

Inorganic materials Common name Formula CCEa 

Calcium carbonate Calcite, aragonite CaCO3 100 

Calcitic limestone High cal CaCO3 80-100 

Calcium oxide  CaO 179 

Burnt lime Builder’s lime CaO 150-179 

Calcium hydroxide  Ca(OH)2 136 

Hydrated lime Slaked lime Ca(OH)2 120-136 

Dolomite  CaCO3 MgCO3 109 

Dolomite limestone Dolomite CaCO3 MgCO3 to 108 

Calcined dolomite Burnt dolomite CaO MgO to 185 

Hydrated dolomite Hydrated dolomite Ca(OH)2Mg(OH)2 to 166 

Calcium silicate  CaSiO3 86 

Basic slag Thomas slag CaSiO3 to 86 

Blast furnace slag  CaSiO3 to 86 

Open hearth slag  CaSiO3 to 86 

Ashes, coal  Variable 0-40 

Ashes, wood Hardwood ash Variable to 80 

Marl  Variable 70-90 

Portland cement kiln 

flue dust 

 Variable to 100 

Sugar beet lime  Variable 80-90 

Shells Ground oyster, egg CaCO3 75-90 

a Relative values with CaCO3 = 100 
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2.4.3. Effects of the addition of OM on soil acidity 

 

Several studies have shown that the application of OM in acid soil increases soil 

pH (Table 2.3) and decreases soil Al3+ concentration (Haynes and Mokolobate, 

2001; Hoyt and Turner, 1975; Hue and Licudine, 1999). The increase in soil pH 

following the application of OM results from the immediate chemical reaction 

between OM and soil H+ (Haynes and Mokolobate, 2001; Hoyt and Turner, 1975; 

Tang et al., 1999), oxidation of organic anions (OA) (Xu et al., 2006b; Yan et al., 

1996), ammonification of organic nitrogen compounds (Haynes and Mokolobate, 

2001; Helyar and Porter, 1989) and reduction reactions (Hoyt and Turner, 1975; 

Hue, 1992). The subsequent nitrification that occurs during the decomposition of 

OM causes a decrease in soil pH (Haynes and Mokolobate, 2001; Tang et al., 

1999; Xu et al., 2006b). Some researchers reported that the soil pH decreases to 

its initial value within a couple of months after the OM had been applied (Hoyt 

and Turner, 1975; Hue, 1992; Wong et al., 2000). In addition to pH change 

processes, during the decomposition of OM, the OA can react with soil Al, 

resulting in the formation of organic acid–Al complexes, which cause decreases 

in soil Al3+ concentration without increased soil pH (Haynes and Mokolobate, 

2001; Hue et al., 1986). 

 

2.4.3.1. Effects on soil pH 

 

The immediate chemical reaction  

 

The addition of OM may cause an immediate increase in soil pH, resulting from 

the association between OA released from OM and soil H+ (Ritchie and Dolling, 

1985; Tang et al., 1999; Xu et al., 2006b). Xu et al. (2006b) reported that following 

the application of OM, soil pH increases immediately from 0.2-0.5 units. That 

association reaction depends on the initial soil pH and the dissociation constants 

(pK) of the OA (Helyar, 1976). If soil pH is less than the pK of the weak OA in the 

added organic materials, the soil pH will increase due to the association between 

the weak OA and the soil H+ which causes increases in soil pH (Haynes and 

Mokolobate, 2001; Ritchie and Dolling, 1985). Measuring H+ consumption 

capacity of the OM by titration of its natural pH down to a pH of 4.0 using 0.05 M 
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H2SO4 as described by Wong et al. (1998), provides an estimate of the immediate 

chemical reaction between added materials and soil H+. Tang et al. (1999) 

reported that the immediate increase in soil pH due to the association between 

OA and soil H+, did not exceed 33% of the OA concentration in the OM. 

Therefore, the remaining 67% of OA could be involved in other processes, such 

as oxidation of OA and mineralisation of organic N, as other processes that 

contribute to the change in soil pH following the application of OM (Tang et al., 

1999; Xu et al., 2006b; Yan et al., 1996). 

 

Oxidation of organic anions 

 

Almost all plant tissues contain an excess of inorganic cations (K+, Na+, Ca2+, 

Mg2+) over inorganic anions (NO3
- , H2PO4

- , SO4
2-, Cl-) and therefore, the plant 

synthesises organic anions, i.e. oxalate, citrate, malate, to maintain the ionic 

balance (De Wit et al., 1963; Noggle, 1966). The oxidation of these organic 

anions during the decomposition of OM has been reported to be a major 

contributor to an increase in pH (Haynes and Mokolobate, 2001; Helyar and 

Porter, 1989; Hoyt and Turner, 1975; Noble et al., 1996).  

 

The oxidation of OA results in both consumption of H+ and the release of CO2 

(Eq. 2.4) (Barekzai and Mengel, 1993; Yan et al., 1996). Several researchers 

measured the CO2 evolution during the decomposition of OM for the identification 

of the contribution of the oxidation of OA to the change in soil pH (Butterly et al., 

2011; Tang et al., 1999; Xu et al., 2006b; Yan et al., 1996). However, the 

measurement of CO2 evolution could not determine the contribution of the 

oxidation of OA to the change in soil pH because the CO2 evolution is the 

combination of the oxidation process of all reactions during the decomposition of 

OM. To quantify the contribution of the oxidation of OA to the change in soil pH, 

Conyers, Uren, et al. (1995) measured the changes in soil dissolved organic 

carbon (DOC) concentration (Eq. 2.5), which is associated with soil OA 

concentration (Bisogni and Arroyo, 1991). Therefore, direct measurement of the 

change in soil DOC can estimate the change in soil OA and determine the 

contribution of OA to the change in soil pH following the application of OM. 
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R - CO - COO- + H+ → RCHO + CO2↑  (Eq. 2.4) 

 

CxH2x-1Ox
-  + H+ + xO2 → xH2O + xCO2↑  (Eq. 2.5) 

 

Ammonification of organic nitrogen 

 

Ammonification of organic nitrogen during decomposition of OM greatly impacts 

soil pH change (Haynes and Mokolobate, 2001; Hoyt and Turner, 1975; Pocknee 

and Sumner, 1997). During the decomposition of OM, organic nitrogen is 

ammonified to NH4
+-N and OH- is released, that causes a rise in soil pH (Eq. 2.6) 

(Haynes and Mokolobate, 2001; Hoyt and Turner, 1975; Pocknee and Sumner, 

1997). Therefore, the addition of OM in the acid soils could supply the additional 

nitrogen in the form of ammonia for the plants as well as increase soil pH due to 

releasing OH- during the decomposition of OM. However, no available study has 

identified the relative contributions between the immediate chemical reaction, 

oxidation of OA, and nitrogen mineralisation to the change in soil pH. Therefore, 

it remains unknown which process causes greater increased soil pH. 

 

Organic nitrogen → NH4
+-N + OH-  (Eq. 2.6) 

 

Reduction reactions 

 

Reduction reactions of Mn and Fe oxides also contribute to pH increases (Hoyt and 

Turner, 1975; Hue, 1992). Ponnamperuma (1972) reported that reduction reactions 

locally occur under anaerobic conditions and lead to a rise in soil pH due to 

consumption of protons or release in alkalis (Eq. 2.7 and 2.8). 

 

1

2
MnO

2
 + 2H+ + 2e- ⇌ 

1

2
Mn

2+
 + H2O  (Eq. 2.7) 

 

Fe(OH)3 + 3H++ e- ⇌ Fe2+ + 3H2O  (Eq. 2.8) 
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It appears that the reduction reactions are among the major processes that 

contribute to the change in soil pH without the addition of OM (Conyers, Uren, et 

al., 1995; Paul et al., 1999). For example, Paul et al. (1999) reported that the 

reduction of Mn contributed up to 13% of the change in soil pH that was subjected 

to different moisture content. The contribution of the reduction reactions to the 

change in soil pH following the application of OM has been reported with acid 

sulfate soils (Jayalath et al., 2016; Kölbl et al., 2018; Yuan et al., 2015) but has 

received little attention with non-acid sulfate soils. Hue (1992) reported that a 

localised and electron-rich environment created by the rapid decomposition of 

manures promoted the reduction of Mn and Fe oxides (mostly goethite), which 

might cause a rise in pH. However, the contribution of the reduction reactions to 

the change in soil pH following the application of OM has not been distinguished 

from other processes. It is noted that the reduction reactions occur only under 

saturated-wet soil conditions. Therefore, it is not a readily available management 

strategy for dryland agriculture acidification. 

 

Nitrification 

 

The ammonification of organic nitrogen releases NH4
+-N and OH- (Eq.2.6). 

However, the subsequent nitrification of NH4
+-N to NO3

- -N will release 2 H+ 

(Eq.2.9). The transformation of one mole of organic nitrogen to nitrate nitrogen 

will produce one mole of H+ (Conyers, Uren, et al., 1995; Haynes and 

Mokolobate, 2001). Therefore, if the soils are favourable for nitrification, the 

addition of organic materials will not increase soil pH. It has been shown that 

nitrification occurs in the soil depending on soil pH (Haynes and Swift, 1989). 

Three main scenarios have been described for nitrification to take place with a 

present of oxygen: (1) if the soil pH (measured in water) is greater than 6.0, the 

nitrification would occur after rewetting the soil and cause a decrease in pH, (2) 

if the soil pH is less than 5.0, the rate of nitrification is very low, the soil pH 

increases when the concentration of NH4
+-N increases, and the concentration of 

NO3
- -N remains low, (3) if the soil pH is about 5.0-5.5, there is a delay in 

nitrification, soil pH increases when the NH4
+-N rises, but when the nitrification 
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subsequently occurs, the pH and concentration of NH4
+-N decreases (Haynes and 

Swift, 1989) (Eq. 2.9). 

 

NH4
+-N + 2O2 → NO3

- -N + 2H   (Eq. 2.9) 

 

Subsequent nitrification is the main process that causes a decline in soil pH 

following the addition of OM (Hue, 1992; Tang et al., 1999; Xu et al., 2006b). 

When acid soil conditions are not favourable for nitrification; after OM is added, 

the soil pH increases, as well as the concentration of NH4
+-N due to nitrogen 

mineralisation during the decomposition of OM. With increased soil NH4
+-N 

concentration, the nitrification would be expected to occur if oxygen is present 

and plant uptake of NH4
+-N does not occur. Consequently, soil pH may increase 

as a result of ammonification after OM addition but can then decrease to its initial 

value (typically after 1–2 months) due to subsequent nitrification  (Hoyt and 

Turner, 1975; Hue, 1992; Wong et al., 2000). 

 

Effects of some organic materials on soil pH 

 

A wide range of OMs has been proposed for use as soil amendments to raise acid 

soil pH (Table 2.3). However, the effects of the addition of these OMs depend on 

the application rates, length of incubation and soil types. The application rates 

show that the amount of OM added to the soil is associated with the amount of 

alkalinity added to the soil. Therefore, higher application rates would increase soil 

pH more than lower application rates. For example, Hue (1992) showed that the 

pH in soil that had chicken manure added at a rate of 20 g kg-1 increased by 1.7 

units, but with a rate of 40 g kg-1, it increased by 2.8 units (Table 2.3). 

 

Moreover, it appears that the longer the time the OM is incorporated in the soil, 

the lower is the chance of increasing soil pH (Chung and Wu, 1997; Hoyt and 

Turner, 1975; Hue, 1992). Hue (1992) showed that soil pH following the 

application of 20 g kg-1 of sewage sludge increased by 1.1 units seven days after 

incubation but increased by 0.2 units 56 days after incubation. Hoyt and Turner 

(1975) showed that soil pH following the application of alfalfa–meal, incubated for 
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28 and 168 days, increased by 0.4 and 0.1 units, respectively. It appears that the 

soil pH increases immediately after the application of OM then decreases due to 

nitrification (Haynes and Mokolobate, 2001; Hoyt and Turner, 1975; Hue, 1992). 

However, Xu et al. (2006b) showed that soil pH, following the application of 

lucerne residues, after 28 and 105 days of incubation did not differ significantly 

due to the low concentration of NO3
- -N in those soils. In addition, Xu et al. (2006b) 

showed that soil types with differences in soil pH also affected how soil pH 

changed following the application of OM (Table 2.3). Soil types with differences 

in soil pH and soil organic carbon will have different soil pH buffering capacities, 

which may be a reason for the differences in the change in soil pH. 
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Table 2.3. The effects of some organic materials on soil pH in different studies. 

Organic materials Application 

rate  

(g kg-1) 

Length of 

incubation 

(days) 

Initial soil 

pH 

pH after 

incubation 

References 

Alfalfa-meal 30 28 3.8 4.2 Hoyt and Turner 

(1975)  30 168 3.8 3.9 

Cowpea 20 7 4.0 4.2 Hue and Amien 

(1989) Guinea grass 20 7 4.0 4.1 

Leucaena 20 7 4.0 4.2 

Chicken manures 20 7 4.5 7.3 Hue (1992) 

20 56 4.5 6.2 

40 7 4.5 7.9 

40 56 4.5 7.3 

Sewage sludge 20 7 4.5 6.6 

20 56 4.5 4.7 

Household compost 20 42 4.0 4.5 Mokolobate and 

Haynes (2002) Grass residues 20 42 4.0 4.4 

Filter cake 20 42 4.0 4.8 

Poultry manure 20 42 4.0 5.4 

Lucerne residues 15 28 3.9 7.0 Xu et al. 

(2006b) 
 

15 28 4.0 8.0 

15 28 5.1 8.0 

15 105 3.9 7.1 

15 105 4.0 8.0 

15 105 5.1 7.6 

Medic residues 15 28 3.9 4.6 

15 28 4.0 7.5 

15 28 5.1 6.5 

15 105 3.9 5.4 

15 105 4.0 7.2 

15 105 5.1 5.5 

Corncob compost 5 47 4.1 4.3 Chung and Wu 

(1997) 

 

5 55 4.1 4.2 

5 60 4.1 4.0 

 20 47 4.1 4.9 

 20 55 4.1 4.7 

 20 60 4.1 4.4 
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2.4.3.2. Effects on soil Al3+ concentration 

 

Another important effect on soil acidity of the addition of soil amendments is to 

decrease soil Al3+ concentration. Undoubtedly, poor crop growth in acid soils can 

be associated with Al toxicity (Abruna-Rodriguez et al., 1982; Sartain and 

Kamprath, 1977). Therefore, liming the acid soils by application of soil 

amendments, i.e., lime, to raise soil pH and decrease soil Al3+ concentration is 

often necessary for improving crop growth and production (Haynes, 1984). 

 

Since the addition of soil amendments to acidic soils often results in increases in 

soil pH, the decrease in soil Al3+ concentration would also be expected to occur. 

Indeed, several researchers have measured an increase in soil pH with a 

decrease in exchangeable soil Al3+ concentration following the application of OM 

in acidic soils (Hoyt and Turner, 1975; Hue et al., 1986; Wong and Swift, 1995). 

However, the decrease in soil Al3+ concentration is not necessarily only a function 

of the increase in pH following the addition of OM. Formation of Al–organic acid 

complexes during decomposition of OM also cause a soil Al3+ concentration to 

decline (Hoyt and Turner, 1975; Hue et al., 1986; Hue and Amien, 1989). Soils 

with a high organic matter content can have low concentrations of Al3+, even 

without addition of OM to the soil (Thomas, 1975). Therefore, the increases in 

soil organic matter content due to the addition of OM will decrease soil Al3+ 

concentration in the acid soils due to the forming of Al–organic acid complexes 

(Hue and Licudine, 1999).  

 

Some studies have shown that despite no change in the extractable Al 

concentration of some soils after OM addition, there was evidence of a decline in 

Al-toxicity  (Berek et al., 1995; Slattery and Morrison, 1995). In such conditions, 

the presence of large amounts of soluble organic matter, which is released during 

the decomposition of OM, might interact with soil Al3+ ions to maintain it in the 

solution phase but in a form that is non-toxic to plants. It has been reported that 

forming Al–organic acid complexes during the decomposition of OM results in a 

decrease in Al-toxicity in acid soil (Hue et al., 1986; Hue and Amien, 1989; Wong 

and Swift, 1995). 
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2.4.3.3. Effects on soil redox potential 

 

Soil redox potential, Eh, is also an important soil characteristic in agricultural soils 

but has received little attention for its influence on plant growth compared to pH 

(Husson, 2013). Soil redox potential is a measure of electron activity which is 

related to reduction and oxidation processes occurring in the soil conditions. Soil 

redox potential is linked to oxygen supply and the processes of consumption by 

microorganisms and plant roots (Ewelina and Danuta, 2015; Husson, 2013). 

Plants grow in soil with Eh ranging from +300 to +700 mV (Volk, 1993). 

Waterlogged soil has an Eh ≤ +350 mV, and dry soil has an Eh ≥ +380 mV (Pearsall 

and Mortimer 1939; Pezeshki 2001). Cottes et al. (2020) showed that too low (<350 

mV) or too high (>500 mV) Eh values affect the growth of sunflower and wheat due 

to negative impacts of reducing and oxidising conditions, respectively. 

 

Asghar and Kanehiro (1988) reported that the addition of OM, such as sugarcane 

trash and pineapple residues, significantly decreased soil Eh (~60 mV and ~100 

mV per pH unit with the addition of 5% and 10% of OM, respectively). They also 

showed that soils with the addition of 10% sugarcane trash reduced Eh below 

300 mV. Under the submerged condition, Gardiner and James (2012) reported 

that soil Eh decreased to below zero after 14 days of the addition of 1% of 

burmudagrass residues. Therefore, the decreases in Eh due to the addition of 

OM possibly cause decreases in plant growth, although this has not been 

confirmed in any available publication. 

 

It is known that the soil Eh represents the soil proton (H+) and electron (e-) activities 

(Husson et al., 2016). Soil H+ activity is determined by measuring soil pH, while the 

e- activity is determined by correcting the soil Eh to pH 7 (Eh7) (Husson et al., 2016; 

Pidello, 2003). Soil Eh and pH are always negatively correlated (Asghar and 

Kanehiro, 1988; Husson, 2013; Husson et al., 2016). Therefore, the increase of 

soil pH following the addition of soil amendments will decrease soil Eh. Asghar and 

Kanehiro (1988) showed that the addition of sugarcane trash and pineapple 

residues significantly increased soil pH and decreased soil Eh. However, it is 

unknown whether the change in soil Eh following the application of OM results from 

the change in soil e- activities or H+ activities. It could be hypothesised that if the 
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change in soil Eh is dependent on the change in e- activity, the reduction reactions 

(Eq. 2.1, 2.2) would be the main processes that contribute to the change in soil pH. 

 

2.4.4. The amelioration of subsurface soil acidity 

 

It has been shown that surface-applied inorganic material such as lime could 

increase subsurface soil pH and decrease subsurface soil Al concentration 

(Conyers and Scott, 1989; Li et al., 2019a). Over an 18-year period with surface 

addition of lime to maintain soil pH ≥5.5 in 0-10 cm layer, the soil pH in 10-20 cm 

depth increased 0.04 units per year and soil exchangeable Al3+ decreased from 

0.47 cmol [+] kg-1 to 0.15 cmol [+]] kg-1 (Li et al., 2019a). Therefore, it will take over 

20 years to increase a pH unit in the subsurface soil layer by regularly applying 

lime to maintain surface soil pH above 5.5. Moreover, the effects of surface 

application of lime on subsurface soil acidity depend on the amount of lime applied 

(Conyers and Scott, 1989; Flower and Crabtree, 2011). For example, over 6 years 

of the surface application of lime at a rate of 1, 2, and 4 t ha-1 in sandy soils 

increased the pH at 10–20 cm by 0.3, 0.7, and 0.8, respectively (Flower and 

Crabtree, 2011). In addition, Whitten et al., (2000) reported that lime application 

rates (t ha-1) could cause +0.057 pH units in 10-40 cm depth. Actually, the lower 

lime application rate could be completely neutralised by the acidity in the surface 

soil, particularly in very acid soil with a high pH buffering capacity. Therefore, to 

ameliorate subsurface soil acidity by surface-applied lime, the lime application rate 

should be more than that required to raise the pH to a target of 5.5. 

 

The downward movement effects of surface application of lime on subsurface soil 

acidity may depend on soil types. Noble and Hurney (2000) reported that 18 years 

of surface application of 5 t ha-1 lime in an acidic Dystrophic Brown Dermosol (Oxic 

Humitropept) did not significantly increase subsurface soil pH. However, Tang et 

al. (2003) reported that surface application of lime at 2.5 t ha-1 significantly 

increased subsurface soil pH after 15 years of incorporation in the sandy soil with 

10 g kg-1 organic matter.  

 

The effects of surface application of the amendments on subsurface soil acidity are 

influenced by rainfall. Tang et al. (2003) reported that surface incorporation of lime 
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did not significantly raise pH of the subsurface at 10–20 cm below the surface after 

two years of incorporation in the soils with an annual rainfall of 362 mm. However, 

Caires et al. (2008) showed that surface application of lime significantly increased 

soil pH down to 20 cm and decreased soil exchangeable Al3+ down to 60 cm of the 

soil profile after three years of application in a long-term no-till system with an 

annual rainfall of 1550 mm. Therefore, high rainfall affects the movement of 

dissolved lime into the subsurface soil layers. Conyers et al. (2020) showed that 

the more rainfall accumulated, the more lime dissolved, finding that it took 3 and 6 

years, with an annual rainfall of 600 mm, for dissolution of 2.5 and 5.0 t ha-1 

limestone, respectively. Therefore, it appears that high rainfall enhances the 

dissolution of lime, which increases the movement of alkalinity generated during 

the dissolution of lime down through the subsurface soil layer. 

 

To ameliorate subsurface soil acidity, some researchers have proposed to 

incorporate amendments at the subsurface layer (Condon et al., 2020; Doss et 

al., 1979; Farina et al., 2000; Gonzalez-Erico et al., 1979; Kirchhof et al., 1995, 

Li et al., 2019b). Doss et al. (1979) reported that the addition of lime at the 

subsurface layers, 15 or 30 or 45 cm below the surface, raises the soil pH from 

4.1 to 6.0. Kirchhof et al. (1995) reported that a lime-slotting technique could raise 

the soil pH at a depth of incorporation. Li et al., (2019b) showed that deep 

incorporation of lime increased soil pH and decreased soil exchangeable Al3+ 

where lime was placed, but there was no evidence to show the vertical movement 

of alkalinity after 3 years. Moreover, it is relatively difficult to incorporate soil 

amendments into the subsurface layer. It needs powerful horsepower machinery 

to rip the soil profile. Moreover, the deep rip of the soil profile may generate other 

agricultural problems such as soil evaporation and the leaching of nitrate N due 

to breaking the cultivated layer, which is not applicable for many agricultural 

systems such as those in Australia. For example, Kirchhof et al. (1995) reported 

that for soils with higher clay content, deep tillage to depths of 0.3-0.4 m requires 

large energy inputs, can damage soil structure and increase erosion risk. 

Therefore, investigation of other amelioration methods to alleviate subsurface soil 

acidity without disturbing the soil structure is becoming an urgent need. 

 



Chapter 2. A literature review 
 

 
30 

 

It has been shown using reconstituted soil columns under controlled conditions, 

that surface application of OM could raise soil pH (Butterly et al., 2013; Miyazawa 

et al., 2002; Moroni, Condon, et al., 2018) and decrease soil exchangeable Al3+ 

concentration (Cassiolato et al., 2002; Hue and Licudine, 1999) in subsurface soil 

in a short timeframe. Hue and Licudine (1999) reported that the application of 

chicken manure at a rate of 20 g kg-1 into 0–5 cm of the soil column significantly 

increased soil pH and decreased soil Al concentration through the soil column 

down to 40 cm after five consecutive days of leaching (rainfall equivalent of 378 

mm). Moreover, Cassiolato et al. (2002) showed that surface application of water-

soluble materials of radish, oat and lupin residues increased subsurface soil pH 

in the soil column down to 20 cm. Moroni, Condon, et al. (2018) also reported 

that the application of lucerne hay, either in the surface or subsurface layer, 

significantly increased soil pH at and beyond the application layer. These findings 

show that the surface-applied OM can increase soil pH and decrease soil Al3+ 

concentration in a short time.   

 

Wang et al. (2016) reported that combined amendments of OM and lime increase 

the soil pH in subsurface soil more than either the addition of OM or lime alone 

due to the enhancement of residues decomposition and the promotion of the 

alkalinity movement down the soil profile. The effects of the surface-applied OM 

in combination with lime on subsurface soil acidity have been reported by 

Cassiolato et al. (2000), who reported on the addition of water-soluble 

components of OM into the surface-applied lime and Miyazawa et al. (2002), who 

found that the addition of OM into the surface-applied lime enhanced the mobility 

of lime to move down the soil profile. However, in those experiments, the effects 

of the surface-applied OM alone on subsurface soil acidity were not determined. 

Therefore, it is unknown whether the effects of the amendments on subsurface 

soil acidity were due to the lime or OM.  

 

There is little information on the effects of the surface incorporation of OM on 

subsurface soil acidity under field conditions. Caires et al. (2008) reported that 

over three years, covering black oat residues (accumulated at 9.4–12.2 t ha-1) did 

not affect subsurface soil pH due to the low rate of residue covering annually (4–

6 t ha-1). Evans et al. (1998) showed that the application of lucerne residues as a 
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nitrogen source decreased soil pH after six months of incorporation due to 

nitrification. However, Butterly et al. (2013) reported that the incorporation of 

canola and chickpea residues (14 t ha-1) into 0–10 cm of the soil columns 

significantly raised subsurface soil pH down forward 30 cm of the soil column 

after three months of amendments conducted under field conditions. 

 

While it is known that high subsoil Al concentrations are toxic for root growth (Carr 

et al., 1991), there is relatively little data that indicates whether surface OM 

applications reduce Al concentration at depth or reduce the toxicity associated 

with Al at depth. Caires et al. (2008) showed that over three years, covering black 

oat residues (at an average rate of 4 t ha-1 year-1) did not affect subsurface soil 

Al3+. Slattery and Morrison (1995) showed that the retention of crop residues, 

which increases soil organic carbon, increased soluble Al in the soil. Although 

Butterly et al. (2013) showed the effects of surface-applied OM on subsurface 

soil pH, the effects on subsurface soil Al3+ concentration were unknown. Wong et 

al. (1995) reported that the most important effect of the application of OM on soil 

acidity was the decrease in soil monomeric Al concentration, resulting in 

increased crop yield. However, this study was conducted in soil with only surface 

acidity. Therefore, there is a need to have more research on the effects of 

surface-applied OM on subsurface soil Al3+ concentration to get a better 

understanding of the effects of the surface-applied OM on subsurface soil acidity 

under field conditions. 

 

2.4.5. Effects on crop growth and production on acid soil 

 

The ultimate objective of applying an amendment to acid soil is to improve crop 

growth and production. The effects of the application of inorganic amendments on 

crop growth and production have been investigated. Li et al. (2001) reported that 

after six years of the addition of lime, the wheat yield in the lime treatment 

increased by 80% compared with an unamended control treatment. Brooke et al. 

(1989) showed that the addition of lime at a rate of 2.5 t ha-1 significantly increased 

grain yield of wheat, oats, barley, rapeseed, safflower, field pea and chickpea in 

acid and compacted soils in north-eastern Victoria, Australia. Carvalho and Raij 

(1997) showed that amending acid soil with calcium phosphate, phosphogypsum, 
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and calcium carbonate effectively increased root development of maize due to the 

effects of these amendments on reducing the activity of Al3+ and increasing the 

availability of Ca2+. These findings show that the addition of inorganic amendments 

has positive effects on crop growth and production. 

 

The application of inorganic amendments also improves crop growth and 

production in soils with subsurface acidity. Caires, Correa, et al. (2006) showed 

that after ten years of surface-applied lime in a long-term no-till cultivation system, 

root growth and grain yield of wheat increased by 66% and 140%, respectively. 

Quaggio et al. (1990) reported that the surface application of lime (0,3, 6,9 and 

12 t ha-1) in highly weathered soil with an acidic subsurface significantly improved 

the grain yield of maize by  0.25 to 7.85 t ha-1. Moreover, Coventry (1991) showed 

that surface incorporation of lime (at 5 t ha-1 ) combined with deep tillage 

increased wheat grain yield from 2.4 t ha-1 to 5.0 t ha-1 in a soil with subsurface 

acidity. However, Caires, Churka, et al. (2006) reported that surface incorporation 

of lime did not increase soybean grain yield, oil, or protein content on a soil with 

an acidic subsurface layer after three years. Reeves et al. (1990) showed that 

injection of fluid lime below the tillage pan in acidic subsurface soils did not 

improve sorghum yield after three years. Therefore, application of lime to the 

surface of soils with acidic subsoils can improve crop yields, but this is not 

universally observed; even direct application of lime to an acidic subsoil has 

proven to be unsuccessful. 

 

The effects of the application of OM on plant growth and production are not widely 

explored because almost all studies have focused on the change in soil acidity. It 

has been shown that the addition of OM can increase crop growth. For example, 

Wright et al. (1985) reported that the addition of cow and hog manure improved 

Al–sensitive barley root growth due to increasing soil pH and decreasing 

exchangeable soil Al. Wong et al. (1995) reported that the application of tree 

prunings and farmyard manure increased maize grain yield by 0.9–2.2 t ha-1 and 

beans grain yield by 0.2–1.2 t ha-1 because the addition of amendments decreased 

exchangeable soil Al concentration. However, Moroni, Condon, et al. (2018) 

reported that the surface application of lucerne hay did not significantly increase 

wheat growth in conditions of subsurface soil acidity, although the incorporation of 
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the amendments significantly increased soil pH under controlled glasshouse 

conditions. Therefore, there is a need to study further the effects of the addition of 

OM on crop growth and production in conditions of soil acidity, particularly where 

subsurface soil acidity exists. 

 

2.4.6. Can lucerne hay matter be a soil amendment? 

 

Lucerne, also known as alfalfa (Medicago sativa L.), is an adaptable crop plant in 

Australia, and is grown to provide high-quality feed for livestock. Australia 

produces about 1 million tonnes of lucerne hay per year (Lattimore, 2008). A 

thousand kg of lucerne hay contains about 20–30 kg of nitrogen, 15–20 kg of 

potassium, 13–17 kg of calcium, 2–4 kg of sulphur and 2–3 kg of phosphorus 

(Lattimore, 2008).  

 

Lucerne hay has been used as an organic soil amendment to ameliorate soil 

acidity. Xu et al. (2006b) reported that the addition of lucerne residues, at a rate of 

15 g kg-1 soil, raised soil pH by about 3 units over 28 days of incubation in sand 

and sandy loam soils (pH 3.9–5.1). Moroni, Condon, et al. (2018) showed that the 

addition of lucerne hay increased pH not only at the application soil layer but also 

at the layers underneath 31 days after the amendment had been added. These 

results show that lucerne hay could be used as a liming material for the 

management of soil acidity. However, Hoyt and Turner (1975) reported that 

although the incorporation of alfalfa meal (a ground lucerne hay) raised soil pH in 

a short time, it was not considered as a sustainable liming material for long-term 

management of soil acidity because the pH in the soils into which alfalfa meal was 

incorporated decreased to about its initial level at 168 days after incubation. Evans 

et al. (1998) reported that nitrification appeared to be the main process that caused 

a decrease in soil pH following the application of lucerne hay. However, the 

contribution of each of the processes mentioned in section 2.4.3.1 to the change 

in soil pH following the application of lucerne hay has not been quantified. A better 

understanding of the contribution of these processes to the change in soil pH is 

important to select the OM that has the maximum effect on soil pH. 
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Due to the availability of a commercial source of lucerne hay (pelletised) that had 

been used as an OM in the subsoil acidity project funded by the Grain Research 

Development Corporation (GRDC), this thesis will evaluate the use of commercial 

pelletised lucerne hay (LP) on the amelioration of soil acidity and crop growth to 

get a better understanding of the effects of surface-applied OM on subsurface 

soil acidity. 

 

2.5. Conclusions 

 

There are many positive effects that investigation into the addition of soil 

amendments, i.e. inorganic and organic materials, on soil acidity have revealed. 

Increased soil pH following the addition of inorganic materials is due to their 

chemical reactions with soil acidity. Organic materials affect soil pH through 

several biological and chemical processes associated with soil acidity during the 

decomposition of the materials. These processes have been investigated in 

several studies. However, the contribution of each of these processes to the 

change in soil pH following the application of OM has not been quantified, and 

the soil pH is usually transient. Therefore, research needs to be conducted to 

better understand the contribution of immediate chemical reaction, oxidation of 

OA nitrogen mineralisation and nitrification, following the application of OM to the 

change in soil pH, to select the OM that could increase soil pH for a longer time. 

 

Despite a considerable research effort, soil acidity is still a major soil constraint 

in agriculture, particularly subsurface soil acidity which is difficult to ameliorate. 

Surface incorporation of OM could alleviate subsurface soil acidity under 

controlled conditions. However, there is little information on the effects of surface 

incorporation of OM on subsurface soil acidity and crop growth under field 

conditions. A better understanding of these issues is required for the better 

management of subsurface soil acidity by surface incorporation of OM. 
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2.6. Research questions and hypotheses  

 

To evaluate the effects of surface-applied organic material on subsurface soil 

acidity and to quantify the contribution of the processes to change in soil pH 

following the application of OM, this thesis asks the following research questions: 

 

1) Question 1: Can organic material (OM) be used as an alternative 

amendment for the amelioration of subsurface soil acidity? 

Hypothesis: The surface-applied OM can increase soil pH, decrease soil 

Al3+ concentration in the subsurface soil layer, and increase crop growth 

and yield. 

 

2) Question 2: What are important processes that contribute to the change 

in soil pH following the application of organic material (OM)?  

Hypothesis: The immediate chemical reaction, oxidation of organic anion, 

nitrogen mineralisation, and nitrification are the major processes that 

contribute to the change in soil pH following the application of OM. 

 

The following four experimental Chapters aim to address these questions to 

better understand the potential amelioration of subsurface soil acidity by surface-

applied OM.  
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Chapter 3. 

Effects of surface incorporation of lucerne hay with or without 

lime on subsurface soil acidity 

 

3.1. Introduction 

 

The most common problem for plant growth and production under acidic soil 

conditions is related to the toxicity of Al3+ (Ryan and Delhaize, 2012). It is known 

that Al3+ concentration increases exponentially as soil pH reduces (Baquy et al., 

2017; Caires et al., 2008). Therefore, raising soil pH is an effective approach to 

reducing Al3+ toxicity in agricultural practices associated with acid soils. It is 

relatively easy and cost-effective to raise soil pH in the surface soil layer by 

applying soil amendments such as lime (CaCO3) (Conyers et al., 1991; Li et al., 

2019a). However, subsurface soil pH is relatively challenging to increase due to 

the slow movement to the subsurface soil of surface-applied lime (Eswaran et al., 

1997). Indeed, the application of lime in the soil surface could raise subsurface soil 

pH but at a slow rate (Li et al., 2019a; Tang et al., 2003). For example, Li et al. 

(2019a) reported that the soil pH in the 10–20 cm layer increased at 0.04 pH units 

year-1 by maintaining soil pH > 5.5 in the 0–10 cm layer over 18 years. Therefore, 

it could take decades to increase a pH unit at the subsurface by applying lime at 

the soil surface. 

 

Organic materials (OM), such as plant residues and manures, can raise the soil 

pH (Hoyt and Turner, 1975; Tang et al., 1999; Xu et al., 2006b; Yan and Schubert, 

2000) and decrease soil Al3+ concentration (Hue and Amien, 1989; Mokolobate 

and Haynes, 2002). The application of OM can also increase the soil pH in the 

layers below the application layer (Butterly et al., 2013; Hue and Licudine, 1999). 

Moroni et al. (2018) showed that applying ground lucerne hay either in the surface 

layer or the subsurface layer increased the pH in the soil layer at and below the 

incorporated layer for 31 days. Therefore, it appears that the alkalinity in added 

OM moves down the soil profile and increases soil pH. 

 

Both inorganic and organic amendments can increase subsurface soil pH. The 

question is whether a combination of surface-applied inorganic and organic 
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amendments could be more efficient in increasing subsurface soil pH than 

incorporating either inorganic or organic amendment alone. Miyazawa et al. 

(2002) reported that the surface-applied OM in combination with lime enhanced 

the liming effects of the surface-applied lime on subsurface soil acidity, possibly 

because increased decarboxylation and counterbalanced nitrification (Wang et 

al., 2016). The combination of surface application of inorganic and organic 

amendments could be a promising strategy to alleviate subsurface soil acidity. 

 

It is unclear whether the pH increase in the subsurface soil layer after OM 

application to the soil surface is due to the downward movement of alkalinity from 

the amendment or the reduction reactions by elements such as Mn and Fe oxides 

under anaerobic conditions associated with the change in soil redox potential (Eh). 

Soil Eh represents soil proton and electron activities but has received little attention 

in relation to plant growth compared to pH (Husson, 2013). Asghar and Kanehiro 

(1976) reported that the addition of sugarcane trash and pineapple residues 

significantly increased soil pH and decreased soil Eh. Assuming the reduction 

reactions are the main contributors to increases in soil pH and decreases in soil 

Eh, there will be changes in electronic activity in soils following the application of 

OM. However, no available study has determined the relationship between soil Eh 

and soil electron activity following the application of OM. Therefore, the changes in 

soil Eh following the application of OM could be due to the change in either soil 

proton or electron activity, which needs to be quantified. 

 

In all research, the OM was applied as a fine ground particle size amendment to 

determine the effect of the surface-applied OM on subsurface soil pH. For example, 

surface-applied chicken manure (Hue and Licudine, 1999) or chickpea and canola 

residues (Butterly et al., 2013) increased subsurface soil pH under controlled and 

open-air conditions, respectively. It is unknown whether the addition of OM with 

larger particle sizes such as pellets, has a similar effect on subsurface soil pH as the 

fine particle does. It is assumed that the soluble alkalinity of the OM of the fine ground 

particle size dissolves quicker than the bigger size. Therefore, the surface-applied 

OM as fine ground particle size could enhance the movement of soluble alkalinity 

into the subsurface layer to increase subsurface soil pH more than the bigger particle 

size does. However, under field conditions, Evans et al. (1998) reported that the 
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addition of fine ground lucerne residues caused a decrease in soil pH by 6 months 

after the amendment had been applied. Moreover, Caires et al., (2008) reported that 

covering crop residues, e.g. black oat, as the whole plant without cutting or grinding 

did not significantly increase subsurface soil pH over three years. It is shown that 

under field conditions, other factors may affect the effects of the surface-applied on 

subsurface soil pH rather than the size of the amendments. 

 

This experiment was conducted to evaluate the effects of surface-applied lucerne 

hay pellets (LP) of different sizes combined with or without lime on subsurface soil 

acidity. It is hypothesised that 1) surface-applied LP will increase soil pH and 

decrease Al3+ concentration in subsurface soil layers; 2) the incorporation of LP 

mixed with lime will increase subsurface soil pH more than the incorporation of LP 

alone; 3) finer particle size of LP is more effective than bigger particle sizes in 

increasing subsurface soil pH; and 4) amelioration of subsurface soil acidity will 

increase plant growth. 

 

3.2. Materials and methods 

 

3.2.1. Soil collection 

 

The soil, a Red Chromosol (Isbell and NCST, 2016), was collected at a field site 

near Cootamundra in New South Wales (NSW), Australia (34°38’28”S, 

147°49’56”E) in 10 cm increments down to 40 cm of the soil profile (i.e. 0–10, 10–

20, 20–30, 30–40 cm layers). The soil samples were passed through a 0.95 cm 

sieve at the field site, then air-dried in a thin layer on benches and mixed every 

day for homogeneity in an ambient covered hoop-house at Charles Sturt 

University, Wagga Wagga, NSW, for 14 days. The soil was then stored in a plastic 

container at room temperature until used. The chemical properties of the soils are 

summarised in Table 3.2. 

 

3.2.2. Soil amendment preparation 

 

Lime (CaCO3) and lucerne (Medicago sativa L.) hay (LP) were used as sources 

of inorganic and organic amendments, respectively. The F70 superfine lime, in a 
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250 µm particle size with 98% neutralising value (Omya Australia®) was applied 

at a rate of 1.25 t ha-1 on the surface 10 cm soil layer of the soil columns (0.83 g 

lime kg-1 soil). Based on pHBC, the application of 1.25 t ha-1 would increase the 

pH of the 0-10 cm soil layer by 0.90 pH units. 

 

Lucerne hay matter was prepared from commercial lucerne hay pellets (LP), 

provided by Major’s Mulch Garden Club (Quandialla, NSW, 2721) in a single bulk 

bag (1000 kg) (http://www.majorsmulch.com.au/). The chemical properties of LP 

were: ash alkalinity 1254 mmol H+ kg-1; pH 5.6; total C 427 g kg-1 (42.7%); total N 

31 g kg-1 (3.1%); C:N ratio 13.8.  

 

The pH of LP was determined in water 1:10 (w:v) after 1 h end-over-end shaking. 

Briefly, 2.5 g of ground lucerne hay (0.1–0.2 cm) was weighed in 50 mL plastic 

centrifuge tube, then 25 mL of nano-pure water was added. The pH was 

measured after 1 h end-over-end shaking using a combination glass pH electrode 

(Mettler Toledo®) that had been calibrated with pH buffers of pH 7.0 and 4.0 

(Mettler Toledo®). 

 

The ash alkalinity of LP was determined according to Slattery et al. (1991). Briefly, 

approximately 2 g ground LP (GLP) were weighed into 50 mL crucibles. All samples 

were heated slowly at 200oC for 1 h and then held at 500oC for 4 h in a muffle 

furnace. Ash samples were dissolved in 20 mL of 1 M HCl, 5 mL aliquots were then 

titrated with 0.25 M NaOH. For each set of titrations, a 5 mL aliquot of the 1 M HCl 

was also titrated, and this represented the maximum volume of NaOH required to 

reach neutrality. Ash alkalinity of the samples was calculated as Eq. 3.1. 

 

AA = 
HCl  -

n
m x b

a
x 1000 Eq. 3.1 

 

In which AA is ash alkalinity (mmol H+ kg-1); [HCl] is the concentration of HCl (1 

M); m is the amount of NaOH (mL) required to neutralise 5 mL aliquot of 1 M HCl; 

n is the amount of NaOH (mL) required to neutralise 5 mL of 1 M solution of HCL 

+ the ash sample; a is mass of the sample before ash (g); and b is the amount of 

1 M HCl (mL) added to the ash sample (b = 20 mL). 
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Total C and N concentrations of the LP were determined by dry combustion using 

the CNS Analyser. Briefly, approximately 0.1 g of dry GLP was weighed in the 

analysed cups. The total C and N were automatically determined by ashing the 

samples at 1350 ºC by the LECO TruMac CNS analyser. 

 

The LP was cut with a knife and sorted manually into groups of the following 

lengths: ~2 cm, ~1 cm, ~0.5 cm (Figure 3.1). The ground LP 0.1–0.2 cm was 

obtained by grinding with a mortar and a pestle and passing through a 0.2 cm sieve 

to capture what remained in a 0.1 cm sieve (Figure 3.1). The amendments were 

applied at 19.5 g kg-1 soil (equivalent to 15 t ha-1) by mixing into the surface soil in 

5 cm of the soil columns.  

 

 

Lucerne hay pellets 

~2 cm (LP1) 

Lucerne hay pellets 

~1 cm (LP2) 

Lucerne hay pellets 

~0.5 cm (LP3) 

Ground lucerne hay 

pellets 

0.1–0.2 cm (LP4) 

 

Figure 3.1. Lucerne hay pellet with different sizes. 

 

3.2.3. Incubation experiment 

The incubation experiment was conducted for preliminary determining the 

change in soil pH and soil redox potential (Eh) following the application of 

amendment. The experiment included 6 treatments: control without the addition 

of amendments (nil), addition of lime at a rate of 0.83 g kg-1 (1.2 t ha-1), LP1, LP2, 

LP3 and LP4 at a rate of 19.5 g kg-1 (15 t ha-1). Briefly, 200 g of soil sample 0-10 

cm layer was weighed in 250 mL plastic containers. The lime and lucerne pellets 

were weighed and poured in the containers, then mixed by shaking end-over-end 

20 times, followed by adding 32 mL of nano-pure water and incubated over 35 

days in the laboratory conditions with 3 replicates which was designed randomly 



Chapter 3. Pot experiment 
 

 
41 

 

completed block. The Eh and pH were measured at 4 h and at 1, 2, 3, 4, 7, 14, 

21, 28 and 35 days after incubation.  

 

3.2.4. Soil column experiment 

 

3.2.4.1. Experimental design 

 

The experiment, comprising ten treatments (Table 3.1) and four destructive 

sampling times, was randomised completed block design with four replicates. 

Lime was incorporated into 0–10 cm depth of the soil columns, whereas LP was 

incorporated into 0–5 cm of the soil columns (Figure 3.2). 

 

The experiment was conducted in a glasshouse at Charles Sturt University, 

Wagga Wagga, NSW, Australia, from November to December 2017; day time 

was ~14 h during this period. The temperature was automatically recorded 

according to glasshouse conditions. The average temperature was 24.8 ± 

2.5/33.4 ± 5.4oC night/day. Light intensity was 518 ± 31 µmol m-2s-1. 

 

Table 3.1. Treatments of the experiment and the amount of added amendments. 

Treatments 

Added amendments* (g kg-1) 

Lime 

Lucerne hay materials 

Pellets sizes Ground particle 

~2 cm ~1 cm ~0.5 cm 0.1–0.2 cm 

Nil - - - - - 

Lime 0.83 - - - - 

LP1 - 19.50 - - - 

LP2 - - 19.50 - - 

LP3 - - - 19.50 - 

LP4 - - - - 19.50 

LP1+L 0.83 19.50 - - - 

LP2+L 0.83 - 19.50 - - 

LP3+L 0.83 - - 19.50 - 

LP4+L 0.83 - - - 19.50 

*: 0.83 g kg-1, equivalent to 1.25 t ha-1  and 19.50 g kg-1, equivalent to 15 t ha-1 
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Figure 3.2. A diagram of the treatments and reconstruction of the soil profiles. 

 

3.2.4.2. Pot preparation  

 

Pots were assembled by using polyvinyl chloride (PVC) pipe of 10 cm internal 

diameter, 50 cm length, capped at the lower end. A ~53 cm long plastic lining 

tube (9.8 cm inside diameter) was sealed at one end and placed inside each pot 

to prevent water drainage and to allow removal of the entire soil column during 

soil sampling.  

 

Air-dried soil samples were weighed separately by layers into plastic bags. The 

amount of each soil layer was determined by reconstructing the soil profile into 

the pot to obtain a 47 cm soil column (i.e., 10 cm in depth for each soil layer 0–

30 cm and 17 cm for soil layer 30–40 cm). The soil profile was reconstructed into 

the pot by adding the weighed soil in the correct order of the soil layers (Figure 

3.2). Small round white plastic beads (Arbee®, Arbee Craft Pty Ltd , Noble Park 

North VIC 3174 Australia) were placed around the edge on the top of each soil 

layer to identify soil layers during sampling (Figure 3.2). 

 

3.2.4.3. Sowing 

 

Wheat (Triticum aestivum L.) cultivar Dart (LongReach Plant Breeder Management 

Pty Ltd, Vic, SA®), a moderate acid soil tolerant cultivar (Matthews and McCaffery, 
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2019), was sown in the soil columns. Growing a tolerant cultivar allowed root 

growth through the acidic layers and thus, allowed water uptake from depth, 

resulting in improved water infiltration downwards when watering. 

 

Seven wheat seeds were planted in each soil column in evenly spaced, ~1 cm 

deep holes, one seed per hole. The soil columns were watered to 100% Field 

capacity (FC) by adding 850 mL (equivalent 112 mm rainfall, Appendix 1) of 

Reverse Osmosis (RO) water in 4 applications at, 1 h intervals, three were 200 mL, 

with the last application being 250 mL. At 4 days after sowing (DAS), seedlings 

were thinned to 4 plants per pot. After sowing, soil columns were rewatered every 

2-3 days by keeping constant weight. A water-soluble fertiliser (Aquasol, Yates®), 

(23-4-14: N-P-K) was applied equally in all treatments at each harvest time to 

supply nutrients for plants. Each soil column at the first, second, third, and last 

sampling times received 31, 62, 95 and 128 mg of the fertiliser, respectively. 

 
3.2.4.4.  Plant and soil sampling  

 

Plant height was measured at 14, 21, 28, and 35 DAS and growth stages were 

recorded. Plant height was the height of the plant from the soil surface to the tip 

of the longest leaf. The growth stages were determined using the BBCH-

identification keys of cereals (Meier and Biologische Bundesanstalt für Land- und, 

1997) (Appendix 2). 

 

At each sampling time, shoot and root dry matter, and soil samples were collected 

destructively. Plants were cut at the ground level, placed in paper bags and oven-

dried at 60 oC for 72 h and weighed. Following the removal of above-ground 

biomass, the soil columns were removed from the pots, laid on a bench, and 9 

soil samples were collected from each pot with a 2 cm diameter corer inserted 

perpendicular to the length of the column at the following depths: 2.5, 7.5, 11.0, 

13.0, 17.5, 22.5, 27.5, 32.5, 37.5 and 40.0 cm of the soil columns which 

represented 0–5, 5–10, 10–12, 12–15, 15–20, 20–25, 25–30, 30–35, and 40 cm 

depths of the soil columns, respectively. The soil samples were placed in plastic 

bags and oven-dried at 40 oC for 72 h. Soil samples were manually ground with 

a mortar and pestle to pass through a 0.2 cm sieve. The soil samples were stored 
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for further analysis at 21 oC laboratory conditions. The remaining soil columns 

were kept intact and placed in plastic bags, and stored in a cold storage room at 

4 oC for 1–3 days until root collection. Roots were collected in separate layers, 

i.e., 0–10, 10–20, 20–30 and 30–47 cm depths. Roots were collected following 

the procedure of Benjamin and Nielsen (2004), then oven-dried at 60 oC for 72 h 

and weighed. The shoot and dry root matter was reported on a per plant basis. 

 

3.2.5. Soil analysis 

 

Soil pH buffering capacity (pHBC) was determined by using a titration method as 

described by Conyers, Uren, et al. (1995). Briefly, 5 g soil of each layer was 

weighed in 50 mL plastic centrifuge tubes (Cellstar®), followed by adding 0.01 M 

CaCl2 and 0.01 M Ca(OH)2 in a total of 25 mL. The amount 0.01 M Ca(OH)2 was 

0, 1, 2, 4, 6 and 8 mL, equivalent to the rates of alkalinity additions of 0, 3.2, 6.4, 

12.7, 19.1 and 25.4 mmol OH- kg-1. The samples were then shaken end-over-end 

at 30 rpm for 16 h and allowed to settle for 30 minutes. The pH of the clear solution 

was then measured by using a combination glass pH electrode (Mettler Toledo®) 

that had been calibrated with pH buffers of pH 7.0 and 4.0 (Mettler Toledo®). The 

pHBC (mmol H+ kg-1 pH) was the linear slope of the titration curve with the amount 

OH- added (mmol kg-1) as the y-axis and changed pH as the x-axis.  

 

The field capacity (FC) of the soil samples was determined to establish the 

watering of the pots, according to Veihmeyer and Hendrickson (1949). Two-litre 

glass containers were filled with approximately 3 kg of air-dry soils to one-third 

full; the soil was compacted by lifting and dropping the container on the bench 

ten times. Five hundred ml of RO (reverse osmosis) water was added to each 

container, 100 mL at a time. The samples for moisture were obtained at 48 h after 

preparation by scooping samples from the middle of each container. Three 

samples of approximately 35 g each were taken from each container. The 

samples were oven-dried at 105oC for 48 h, then reweighed to calculate FC. 

 

Total C and N concentrations of soil samples were determined by dry combustion 

using the CNS Analyser. Briefly, approximately 0.5 g of soil sample was weighed 
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in the analysed cups. The total C and N were automatically determined by ashing 

the samples at 1350 ºC by the LECO TruMac CNS analyser. 

 

Table 3.2. Soil pHCa, pH buffering capacity (pHBC), field capacity (FC), Al3+ concentration, 

total carbon (C), total nitrogen (N) and carbon: nitrogen (C:N) ratio of the experimental 

soil samples. 

Soil 

layer 

(cm) 

pHCa pHBC 

(mmol H+ 

kg-1 pH) 

FC (%) Al3+ 

(g 10-3 kg-

1) 

Total C 

(g kg-1) 

Total N 

(g kg-1) 

C:N 

0–10 4.8 ±0.0 17.9 ±0.1 16.8 ±0.2 0.01 ±0.00 1.2 ±0.1 0.10 ±0.01 11.5 ±0.5 

10–20 4.2 ±0.0 10.8 ±0.1 15.0 ±0.8 0.27 ±0.00 0.4 ±0.0 0.04 ±0.00 10.6 ±0.1 

20–30 4.1 ±0.0 9.2 ±0.3 13.8 ±0.1 0.35 ±0.00 0.2 ±0.0 0.02 ±0.0 9.3 ±0.1 

30–40 4.6 ±0.0 13.6 ±0.2 15.2 ±0.1 0.06 ±0.00 0.2 ±0.0 0.02 ±0.0 9.4 ±0.1 

 

 

Soil pH was determined in 1:5 (w/v) soil:0.01 M CaCl2 (pHCa) after shaking end 

over end (30 rpm) for an hour and allowing the solution to settle for 30 minutes 

as described by Conyers and Scott (1989). The pH of the solution was measured 

using the same pH electrode (Mettler Toledo®) ®) that had been calibrated with 

pH buffers of pH 7.0 and 4.0 (Mettler Toledo®). 

 

Labile Al (Al3+ species, not including week Al3+-organic complexes) was 

determined by the 8-hydroxyquinoline method (James et al., 1983). Briefly, 5 g of 

the soil samples were weighed into 50 mL plastic centrifuge tubes (Cellstar®). The 

Al was extracted by adding 25 mL 0.01 CaCl2 after being shaken end-over-end at 

30 rpm for 1 h and centrifuged at 4000 rpm for 15 minutes. One mL of the extraction 

was added into the 8-hydroxyquinoline solution containing 10 mL nano-pure water 

+ 2 mL 1% 8-hydroxyquinoline + 5 mL 1 M sodium acetate, which was shaken for 

15±1 seconds 5 mL butyl acetate was immediately adding to the solution, and it 

was shaken for another 15 seconds. The absorbance of the solution was measured 

by the spectrophotometer (Helios Gamma 9423 UVG 1002E) at a wavelength of 

395 nm. Before measurement, a preliminary study was done to quantify the 

method (Appendix 3). The AI3+ was calculated using the hydroxy monomers 

described by Conyers et al. (1991) (see Eq. 3.2).  
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Al3+= Al /
1

y3+ +
K1

(H+)
x

1

y2+ +
K2

(H+)
2 x

1

y+ +
K3

(H+)
3 , Eq. 3.2 

 

where yi+ is the activity coefficients, and Ki is the equilibrium hydrolysis constants, 

taken from Baes and Mesmer (1976) and Conyers et al. (1991). 

 

Soil redox potential (Eh) was determined using the protocol outlined by Husson 

et al. (2016). Briefly, dry soil samples (12.5±0.5 g) were weighed into 50 mL 

plastic tubes (Cellstar®). The soil samples were then watered to approximately 

100% field capacity by adding 2 mL RO water. The Eh was measured at 1 h after 

re-wetting the soil by using a combination glass Eh electrode that had been 

calibrated with Eh buffers of 220 and 700 mV (Mettler Toledo®). The Eh electrode 

and the temperature probe were connected to a voltmeter (Mettler Toledo®). The 

Eh electrode was inserted to ~1 cm depth in the middle of the container and the 

temperature probe was inserted at the edge of the tube to record the soil 

temperature. The Eh values were recorded after the stabilisation of the values. 

The measurement was conducted in an ambient condition of 21 oC to minimise 

the effects of environmental conditions. Before Eh measurement was conducted, 

a preliminary study was done to validate the Eh measurement protocol. The 

results of the preliminary study can be seen in Appendix 4. The electron activity 

at pH 7 (Eh7) was calculated as described by Husson et al. (2016) (see Eq. 3.3). 

 

Eh7 = Eh - 
RT

F
 x Ln10 x (7-pH) Eq. 3.3 

 

where Eh7 is electron activity, Eh is redox potential read from the voltmeter, R is 

the perfect gas constant = 8.31 JK-1 mol-1, F is the Faraday constant = 96485.34 

C mol-1, T is the temperature in Kelvin = temperature in Celsius plus 273.15, and 

pH is soil pH as measured above 
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3.2.6. Statistical analysis 

 

A preliminary ANOVA analysis showed that the three-way interaction between 

treatments, soil depth layers and sampling times were significant for soil pHCa, 

Al3+, Eh and Eh7. Two-way ANOVAs were then conducted for each sampling time 

to test the effects of the treatments and soil depth layers on soil pHCa, Al3+, Eh 

and Eh7. For each sampling, one-way ANOVAs were performed to test the 

effects of treatments on growth stage, plant height, and shoot and root dry matter. 

The least significant difference was performed at P = 0.05 to test the significant 

differences between means. The relationship between pHCa and Al3+ was fitted to 

an asymptotic regression (exponential curve), y = a + (a - b)e-kx, where y is soil Al3+ 

concentration, x is soil pH, a is the maximum attainable y, b is y at x = 0, k is 

proportional to the relative rate of y increase while x decrease, and e is Euler’s 

number (e = 2.718). The relationships between Eh and pHCa, Eh and Eh7 were 

fitted with linear regression. The Pearson correlation was conducted for the 

relationships between soil properties and plant growth. Genstat release 20.1 was 

used for all analyses (VSN-International, 2020). 

 
3.3. Results 

 

3.3.1. Incubation experiment 

 

3.3.1.1. Soil pH 

 

Without the addition of the amendment, the soil pHCa in the nil treatment remained 

consistent during 35 days of incubation. Soil pHCa in the lime treatment was 

significantly higher than in the control treatment (Figure 3.). The pHCa in the lime 

treatment increased by 0.73 units after 4 h of incubation and peaked at 1 day 

after incubation (increased by 0.92 units), then remained consistent during 35 

days of incubation.  

 

The pHCa changes in soils following the addition of LP1, LP2, LP3 and LP4 had 

similar patterns, which were firstly increased followed by decreases.  The highest 

pHCa in the LP1, LP2, LP3 and LP4 was at 10 days after incubation which increased 
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by 1.73, 1.76, 1.97 and 1.53 units, respectively. However, from 10 to 35 days 

after incubation, the soil pHCa in the LP1, LP2, LP3 and LP4 decreased by 1.4, 1.51, 

1.66 and 1.24 units, respectively. 

 

 

Figure 3.3. Soil pH following the addition of no-amendment (nil), lime, lucerne hay pellets ~2, 

~1, ~0.5 and ground lucerne hay pellets 0.1-0.2 cm and incubation for 35 days. Bars indicate 

the least significant differences at P = 0.05. 

 

Unlike the lime treatment, after 4 h of incubation, the soil pHCa in the LP1, LP2, 

LP3 and LP4 treatments was not significantly higher than the soil pHCa in the nil 

treatment. However, between 1 and 35 days after incubation, the soil pHCa in the 

LP1, LP2, LP3 and LP4 treatments was significantly higher than that in the nil 

treatment. From 4 h to 1 day after incubation, the soil pHCa in the LP1, LP2, LP3 

and LP4 treatments was significantly lower than in the lime treatment. However, 

from 4 to 14 days after incubation, the soil pH in the LP1, LP2, LP3 and LP4 

treatments was significantly higher than in the lime treatments. By 35 days after 

incubation, the soil pHCa in the LP, LP2, LP3 and LP4 decreased to lower than in 

the lime treatments. 
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3.3.1.2. Soil Eh  

 

Without the addition of the amendment, soil Eh in the nil treatment increased from 

386 to 411 mV by 35 days after incubation. With the addition of lime, soil Eh 

decreased to the lowest 2 days after incubation, and then it increased gradually 

to a maximum of 352 mV by day 35.  With the addition of OM, the Eh in the soil 

following the addition of LP1, LP2, LP3 and LP4 had similar patterns, which 

decreased first and then increased. The lowest Eh in the soils following the 

addition of LP1, LP2, LP3 and LP4 was at 10 days after incubation which was lower 

than 200 mV. 

 

 

Figure 3.4. Soil Eh following the addition of no-amendment (nil), lime, lucerne hay pellets ~2, 

~1, ~0.5 and 0.1-0.2 cm and incubation for 35 days. Bars indicate the least significant 

differences at P = 0.05. n.s. indicates not significant 
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3.3.2. Soil column experiment 

 

3.3.2.1. Soil pH 

 

Effects of addition of the amendments on soil pH 

 

There were significant interactions between treatments and soil layers on soil 

pHCa at each sampling time (Figure 3.5). Without adding amendments, the pH in 

the nil treatment changed slightly compared with the initial pH. By 35 DAS, the 

pHCa in the soil columns was about -0.09–0.19 units different from the initial pHCa. 

Applying lime into 0–10 cm of the soil columns, the pHCa in 0–10 cm of the lime 

treatment was significantly higher than that of the nil treatment (Figure 3.5). By 

35 DAS, the pHCa in 0–10 cm soil layer of the lime treatment increased about 0.92–

0.93 units compared with the initial pHCa. However, below 10 cm of the soil 

columns, the pHCa in the soils of the nil and lime treatments did not significantly 

differ (Figure 3.5).  

 

By 14 DAS, the pHCa in the soil columns with the incorporation of LP of different 

sizes, i.e. ~2 cm (LP1), ~1 cm (LP2), ~0.5 cm (LP3) and 0.1–0.2 cm (LP4), alone or in 

combination with lime, was significantly higher than that of the nil treatment down to 

40 cm of the soil column (Figure 3.5a). Below 10 cm of the soil column, the pHCa in 

the LP1, LP2, LP3, and LP4, alone or mixed with lime treatments, was significantly 

higher than that of the lime treatment (Figure 3.5a). However, the pHCa in the soil 

columns of these treatments measured at 21, 28, and 35 DAS decreased 

significantly compared with that measured at 14 DAS (Figure 3.5). Particularly, at 35 

DAS, the pHCa in 0–5 cm of the soil columns of the LP1, LP2, LP3, and LP4 treatments 

decreased to about initial soil pHCa, and the pHCa in 0–10 cm of these treatments did 

not significantly differ compared with that of the nil treatment (Figure 3.5d). However, 

the pHCa in the 10–20 cm layers of the LP1, LP2, LP3, and LP4 treatments were 

significantly higher than that of the nil treatment. At 35 DAS, the pHCa changes in the 

soil columns at depth below 20 cm of the LP1, LP2, LP3, and LP4 treatments did not 

differ significantly compared with that of the nil treatment, except for the pHCa at the 

40 cm layer of the LP4 treatments, which was significantly higher than that of the nil 

treatment. The pattern changes in soil pH in the soil columns of the LP1+L, LP2+L, 
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LP3+L, and LP4+L treatments were similar to that of the LP1, LP2, LP3, and LP4 

treatments (Figure 3.5). However, with the addition of lime in 0–10 cm, the pHCa in 

the 0–20 cm layers of the LP1+L, LP2+L, LP3+L, and LP4+L treatments were 

significantly higher than that of the nil treatment at 35 DAS (Figure 3.5). 

 

 

Figure 3.5. Soil pHCa in the soil columns without amendment (nil), lime, lucerne hay 

pellets (LP) ~2 cm (LP1), LP ~1 cm (LP2), LP ~0.5 cm (LP3), ground LP 0.1–0.2 cm (LP4), 

LP ~2 cm + lime (LP1+L), LP ~1 cm + lime (LP2+L), LP ~0.5 cm + lime (LP3+L) and 

ground LP 0.1-0.2 cm + lime (LP4+L) at 14 , 21 , 28 and 35 days after sowing (DAS), a, 

b, c and d, respectively. Bars indicate the Least Significant Difference (LSD) at P = 0.05 

of a two-way ANOVA of treatments and soil depths as main factors. 
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Effects of lucerne pellets and fine particles on soil pH 

 

The surface incorporation of lucerne hay matter, either pellets ~2, ~1, and ~0.5 cm, 

or ground particles 0.1–0.2 cm (LP1, LP2, and LP3 or LP4, respectively), significantly 

increased soil pH throughout the soil column compared with that of the nil treatment 

(Figure 3.5). The soil pHCa at the 0–5 cm layer, where the LP1, LP2, and LP3 were 

incorporated, was significantly higher than when LP4 was incorporated (Figure 3.5). 

At 14 DAS, the pHCa in the 0–5 cm layer of the LP1, LP2, and LP3 treatments was 

0.63, 0.43, and 0.45 units higher than that of the LP4 treatment, respectively. In 

contrast, the soil pHCa in the 30–40 cm layer of the LP4 treatment was significantly 

higher than the LP1, LP2, and LP3 treatments (Figure 3.5). At 14 DAS, the soil pHCa 

in the 40 cm layer of the LP4 treatment was 0.22, 0.17, and 0.24 units higher than 

that of the LP1, LP2, and LP3 treatments, respectively. However, the soil pHCa in the 

10–30 cm layers, the most acidic soil layers, did not differ significantly between 

LP1, LP2, LP3, and LP4 treatments (Figure 3.5). 

 

Effects of the combined addition of LP and lime on soil pH 

 

The pattern changes in soil pHCa in the soil columns incorporated with LP alone or 

in combination with lime were similar. However, the soil pHCa in the 0–15 cm layers 

of the soil columns incorporated with LP mixed with lime was significantly higher than 

that incorporated with LP alone (Figure 3.5). At 14 DAS, the soil pHCa in the 0–15 

cm layers of the soil columns of the LP1+L, LP2+L, LP3+L, and LP4+L treatments 

was about 0.36–0.80 units higher than that of the LP1, LP2, LP3, and LP4 treatments. 

At 35 DAS, the soil pHCa in the 0–15 cm layers of the LP mixed with lime treatments 

was about 0.10–0.88 units higher than LP treatments. Below 15 cm in the soil 

columns, the soil pHCa in the soil columns incorporated with LP mixed with lime was 

not significantly higher than that incorporated with LP alone (Figure 3.5). 
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3.3.2.2. Soil Al3+ concentration 

 

There were significant interactions between treatments and soil depth layers on soil 

Al3+ concentrations at each sampling time (Figure 3.6). The Al3+ in the soil columns 

of the nil and lime treatments did not differ significantly (Figure 3.6). Similarly, the 

Al3+ concentration in the soil columns of the LP3 treatment was not significantly 

different compared with that of the LP3+L treatment (Figure 3.6). However, the 

addition of  LP3 and LP3+L reduced soil Al3+ concentration in 10-30 cm layers by 

50% or more than in the nil and lime treatments (Figure 3.6). 

 

 

Figure 3.6. Soil Al3+ concentration in the soil columns without amendment (nil), lime, 

lucerne hay pellets ~0.5 cm (LP3) and lucerne hay pellets ~0.5 cm + lime (LP3+L) 

treatments at 14 (a) and 35 (b) days after sowing (DAS). Bars indicate the Least 

Significant Difference (LSD) at P = 0.05 of a two-way ANOVA of treatments and soil 

depths as main factors.. 
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3.3.2.3. Relationship between soil pH and Al3+ concentration 

 

Soil pHCa and Al3+ concentration were significantly and exponentially correlated 

(Figure 3.7). Almost all soil Al3+ concentrations decreased in the soil with pHCa of 

about or higher than 5 units (Figure 3.7a). The changes in soil pH explained up 

to 85% of the change in soil Al3+ concentration in soil layer 10-20 cm. However, 

the changes in soil ph in the soil layers 20-30 cm and 30-40 cm explained about 

32% and 33% of the change in soi Al3+ concentration.  

 

 

 

Figure 3.7. Relationship between soil pHCa and soil Al3+ concentration of soil layers at 0-

10 cm (a) 10-20 cm (b), 20-30 cm (c) and 30-40 cm (d). 
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3.3.2.4. Soil Eh 

 

There were significant interactions between treatments and soil depth layers on 

soil Eh (Figure 3.8). At 14 DAS, the soil Eh of the nil treatment was the highest, 

followed by lime, LP, and LP+L treatments, regardless of size. The soil Eh in the 

nil treatment ranged from 406–452 mV, whereas the LP3 and LP3+L treatments 

ranged from 337–426 mV and 303–422 mV, respectively. The soil Eh in the lime 

treatment varied from 371–445 mV. 

 

At 35 DAS, the difference in soil Eh between treatments became smaller due to 

increased soil Eh in the LP and LP+L treatments (Figure 3.8b). For example, the 

Eh in the LP3 and LP3+L treatments ranged from 337–410 mV and 303–422 mV 

to 406–454 mV and 381–454 mV. The soil Eh in the nil and lime treatments mostly 

remained unchanged, at 407–452 mV and 371–455 mV, respectively.  

   

 

Figure 3.8. Soil Eh in the soil columns without amendment (nil), lime, lucerne hay pellets 

(LP) ~2 cm (LP1), LP ~1 cm (LP2), LP ~0.5 cm (LP3), ground LP 0.1–0.2 cm (LP4), LP ~2 

cm + lime (LP1+L), LP ~1 cm + lime (LP2+L), LP ~0.5 cm + lime (LP3+L) and ground LP 

0.1-0.2 cm + lime (LP4+L) at 14 (a) and 35 (b) days after sowing (DAS). Bars indicate 

the Least Significant Difference (LSD) at P = 0.05 of a two-way ANOVA of treatments 

and soil depths as main factors. 
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3.3.2.5. Soil Eh7 

 

There were significant interactions between treatments and soil depth layers on 

soil electron activity (Eh7) (Figure 3.9). At 14 DAS, the soil Eh7 in the nil treatment 

ranged from 282–292 mV (Figure 3.9a). The soil Eh7 in the lime treatment ranged 

from 265–289 mV. However, the soil Eh7 in the LP and LP+L treatments varied 

significantly, ranging from 248–291 mV. 

 

At 35 DAS, the soil Eh7 of all treatments was higher than at 14 DAS (Figure 3.9b), 

and less varied between soil depth layers. The soil Eh7 in the nil and lime 

treatments ranged from 277–295 mV and 281–293 mV, respectively. The soil 

Eh7 in the LP and LP+L treatments varied from 277–307 mV.  

 

 

Figure 3.9. Soil Eh7 in the soil columns without amendment (nil), lime, lucerne hay pellets 

(LP) ~2 cm (LP1), LP ~1 cm (LP2), LP ~0.5 cm (LP3), ground LP 0.1–0.2 cm (LP4), LP ~2 

cm + lime (LP1+L), LP ~1 cm + lime (LP2+L), LP ~0.5 cm + lime (LP3+L) and ground LP 

0.1-0.2 cm + lime (LP4+L) at 14 (a) and 35 (b) days after sowing (DAS). Bars indicate 

the Least Significant Difference (LSD) at P = 0.05 of a two-way ANOVA of treatments 

and soil depths as main factors. 
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3.3.2.6. Relationship between Eh and pHCa, Eh and Eh7  

 

Both soil pHCa and Eh7 highly correlated with soil Eh (Figure 3.10). The changes 

in soil Eh were due to the changes in soil pHCa and electron activity. In soil layers 

0-10 cm, 20-30 cm and 30-40 cm, the effects of soil pHCa and electron activity on 

soil Eh were similar. However, in soil layer 10-20 cm, the changes in soil Eh were 

due to the changes in soil pHCa rather than the changes in soil electron activity 

(Figure 3.10)(.  

 

Figure 3.10. Relationship between Eh and pHCa (left) and Eh and Eh7 (right) in different 

soil layers. 
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3.3.2.7. Effects of the amendments on plant growth 

 

Growth stage and plant height 

 

There were no significant differences in the growth stage and plant height 

between treatments at all harvests except for the growth stage at 35 DAS and 

plant height at 14 DAS (Figure 3.11). At 35 DAS, the wheat plants were in a more 

advanced development stage at inflorescence emergence in nil and lime 

treatment, while plants in LP4+L treatment were still at the late part of the booting 

stage (Figure 3.11a). With regard to plant height, the wheat plants in the LP4 

treatment were about 2–5 cm shorter than the wheat plants in the other 

treatments at 14 DAS (Figure 3.11b). 

 

 

Figure 3.11. Growth stage (a) and plant height (b) of the wheat plants grown in soil 

columns incorporated with no-amendment (nil), lime, lucerne hay pellets (LP) ~2 cm 

(LP1), LP ~1 cm (LP2), LP ~0.5 cm (LP3), ground LP 0.1–0.2 cm (LP4), LP ~2 cm + lime 

(LP1+L), LP ~1 cm + lime (LP2+L), LP ~0.5 cm + lime (LP3+L), and LP 0.1–0.2 cm + lime 

(LP4+L). Bars indicate the Least Significant Difference (LSD) at P = 0.05; n.s. indicates 

not significant at P = 0.05. 
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Dry matter 

 

The shoot dry matter between treatments differed significantly at 14, 21 and 28 

DAS, at which the shoot dry matter of the wheat plants in the LP4 treatment was 

the lowest and the shoot dry matter of the wheat plants in the nil treatment was 

the highest (Figure 3.12a). For example, at 28 DAS, the shoot dry matter of the 

wheat plants in the LP4 treatment was 43%, 32%, 40%, 17% and 28% lower than 

that in the nil, lime, LP1, LP2 and LP3 treatments, respectively. 

 

Root dry matter between treatments differed significantly at 21 and 28 DAS, at 

which the root dry matter of the wheat plants in the LP4 treatment was the lowest 

and the root dry matter of the wheat plants in the nil treatment was the highest 

(Figure 3.12b). At 21 DAS, the root dry matter of the wheat plants in the LP4 

treatment was 40%, 30%, 25%, 21% and 36% lower than that in the nil, lime, LP1, 

LP2 and LP3 treatments, respectively. 

 

 

Figure 3.12. Shoot (a) and root (b) dry matter of the wheat plants grown in soil columns 

incorporated with no-amendment (nil), lime, lucerne hay pellets (LP) ~2 cm (LP1), LP ~1 

cm (LP2), LP ~0.5 cm (LP3), ground LP 0.1–0.2 cm (LP4), LP ~2 cm + lime (LP1+L), LP 

~1 cm + lime (LP2+L), LP ~0.5 cm + lime (LP3+L), and ground LP 0.1–0.2 cm + lime 

(LP4+L). Bars indicate the Least Significant Difference (LSD) at P = 0.05; n.s. indicates 

not significant at P = 0.05. 
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Root dry matter in soil layers 

 

The root dry matter in the 0–10 cm layer between treatments only differed 

significantly at 28 DAS, at which the root dry matter of the LP4 treatment was the 

lowest (Figure 3.13a). At 28 DAS, the root dry matter in the 0–10 cm layer of the 

LP3 treatment was 34% more than that of the LP4 treatment. 

 

 

Figure 3.13.  Root dry matter in the 0–10 cm (a), 10–20 cm (b), 20–30 cm (c) and 30–47 

cm (d) layers of the soil columns incorporated with no-amendment (nil), lime, LP ~2 cm 

(LP1), LP ~1 cm (LP2), LP ~0.5 cm (LP3), ground LP 0.1–0.2 cm (LP4), LP ~2 cm + lime 

(LP1+L), LP ~1 cm + lime (LP2+L), LP ~0.5 cm + lime (LP3+L), and ground LP 0.1–0.2 

cm + lime (LP4+L). Bars indicate the Least Significant Difference (LSD) at P = 0.05; n.s. 

indicates not significant at P = 0.05.  
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At the 10–20 cm and 20–30 cm layers, the root dry matter between treatments 

did not differ significantly, except at 14 DAS (Figure 3.13b, c). However, the root 

dry matter between treatments in the 30–47 cm layer differed significantly (Figure 

3.13d). Up to 28 DAS, the root dry matter in the 30–47 cm layer of the nil and 

lime treatments was significantly higher than the other treatments with the added 

LP (Figure 3.13d). For example, at 28 DAS, the root dry matter at the 30–47 cm 

layer of the nil and lime treatments was double that in the other treatments. 

 

Relationship between soil pHCa, Al3+ and Eh and shoot and root dry matter 

 

At 14 DAS, soil pHCa did not correlate with the shoot dry matter but negatively 

correlated with root dry matter (Table 3.3). At 35 DAS, soil pHCa did not correlate 

with both shoot and root dry matter, except soil pHCa at the 20–25 cm layer, which 

highly correlated with root dry matter (Table 3.3). 

 

At 14 DAS, soil Al3+ concentration in the 0–5, 5–10, 30–35, and 40 cm layers 

highly correlated with shoot dry matter (Table 3.3). Similarly, at 14 DAS, soil Al3+ 

concentration in the 10–30 cm layers significantly correlated with root dry matter 

(Table 3.3). However, at 35 DAS, only soil Al3+ concentration in the 30–40 cm 

layer significantly correlated with the shoot dry matter (Table 3.3). 

 

At 14 DAS, soil Eh did not significantly correlate with shoot dry matter, except at 

the 40 cm layer (Table 3.3). However, at 14 DAS, the soil Eh in all soil layers 

significantly correlated with root dry matter (Table 3.3). At 35 DAS, soil Eh in all soil 

layers did not significantly correlate with both shoot and root dry matter (Table 3.3).  
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Table 3.3. Pearson correlation between pHCa, Al3+ and Eh with shoot dry and root matter 

at 14 and 35 days after sowing (for pHCa and Eh, n = 10 and Al3+, n = 4). 

Soil 

properties 

Soil 

depths 

14 days after sowing 35 days after sowing 

Shoot dry 

matter 

Root dry 

matter 

Shoot dry 

matter 

Root dry 

matter 

pHCa 

2.5 -0.42 n.s. -0.23 n.s. 0.18 n.s. -0.37 n.s. 

7.5 -0.11 n.s. -0.73 ** 0.18 n.s. -0.36 n.s. 

11.0 -0.23 n.s. -0.75 *** 0.38 n.s. 0.29 n.s. 

13.0 -0.22 n.s. -0.80 *** 0.45 n.s. 0.46 n.s. 

17.5 -0.13 n.s. -0.85 *** 0.56 n.s. 0.48 n.s. 

22.5 -0.37 n.s. -0.86 *** 0.45 n.s. 0.62 * 

27.5 -0.28 n.s. -0.85 *** 0.06 n.s. 0.47 n.s. 

32.5 -0.39 n.s. -0.65 * 0.14 n.s. 0.57 n.s. 

40.0 -0.59 n.s. -0.49 n.s. -0.14 n.s. 0.44 n.s. 

Al3+  

2.5 0.94 ** 0.77 n.s. -0.01 n.s. 0.50 n.s. 

7.5 0.94 ** 0.77 n.s. -0.36 n.s. 0.24 n.s. 

11.0 0.53 n.s. 1.00 *** -0.46 n.s. -0.36 n.s. 

13.0 0.28 n.s. 0.96 *** -0.69 n.s. -0.64 n.s. 

17.5 0.38 n.s. 0.99 *** -0.61 n.s. -0.58 n.s. 

22.5 0.27 n.s. 0.95 ** -0.52 n.s. -0.75 n.s. 

27.5 0.34 n.s. 0.97 *** -0.41 n.s. -0.67 n.s. 

32.5 0.97 *** 0.68 n.s. -0.96 *** -0.75 n.s. 

40.0 0.91 * 0.78 n.s. 0.93 ** 0.57 n.s. 

Eh  

2.5 0.38 n.s. 0.70 ** -0.23 n.s. 0.17 n.s. 

7.5 0.28 n.s. 0.73 ** -0.10 n.s. 0.32 n.s. 

11.0 0.29 n.s. 0.76 ** -0.46 n.s. -0.35 n.s. 

13.0 0.39 n.s. 0.75 ** -0.31 n.s. -0.52 n.s. 

17.5 0.41 n.s. 0.72 ** -0.07 n.s. -0.31 n.s. 

22.5 0.57 n.s. 0.69 ** -0.34 n.s. -0.49 n.s. 

27.5 0.53 n.s. 0.75 ** -0.36 n.s. -0.49 n.s. 

32.5 0.58 n.s. 0.71 ** 0.05 n.s. -0.40 n.s. 

40.0 0.69 ** 0.67 * 0.18 n.s. -0.24 n.s. 

*, ** and *** indicate P = 0.05, 0.01 and <0.001, respectively; n.s. indicates not significant 

at P = 0.05 
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3.4. Discussion 

 

3.4.1. Downward movement of the water-soluble material of LP 

 

This experiment showed that surface-applied LP, regardless of particle sizes, 

significantly increased subsurface soil pH (Figure 3.5) and decreased subsurface soil 

Al3+ concentration, which was determined in soils incorporated with LP3 and LP3+L 

(Figure 3.6). Therefore, the first hypothesis is accepted, i.e., that surface-applied LP 

will increase soil pH and decrease Al3+ concentration in subsurface soil layers. 

  

Increases in subsurface soil pH with concomitant decreases in subsurface soil 

Al3+ concentration could be attributed to the downward movement of the water-

soluble material (WSM) from the LP and that this contrasted to the lack of 

alkalinity movement below the zone of incorporation for lime. It was noticed that 

the effects of surface-applied LP on subsurface soil pH and Al3+ occurred within 14 

days after the amendment had been added. In this study, the water was applied to 

the soil surface and infiltrated the soil column at 100% field capacity (Appendix 1). 

Therefore, the WSM of the LP would dissolve and move down the soil profile along 

with water infiltration into the soil column, whereas the water-insoluble material 

(WIM) of LP remained where it was incorporated. The WIM reacted with the soil 

acidity in the incorporated layer, and the WSM reacted with the acidity of the 

subsurface soil layer on its downward path. As a result, the surface-applied LP 

significantly increased soil pH (Figure 3.5) and decreased soil Al3+ concentration 

(Figure 3.6) throughout the soil columns. However, the addition of lime only 

increased soil pH and decreased soil Al3+ concentration where it was incorporated 

because lime is relatively low solubility. If this hypothesis is correct, the addition of 

WIM and WSM of LP would increase soil pH and decrease soil Al3+ concentration. 

 

Indeed, Butterly et al. (2011) showed that the addition of the WSM of chickpea 

and canola residues increased soil pH in an incubation experiment. In another 

soil column study, Butterly et al. (2013) reported that surface-applied chickpea 

and canola residues significantly increased subsurface soil pH down to 30 cm, 

but not for wheat residues. The effects of the addition of these materials on soil 

Al3+ concentration was not determined in these studies. In addition, Moroni, 
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Condon, et al. (2018) reported that the application of lucerne hay, the source of 

LP used in the current study, at either 0–10 or 10–20 or 20–30 cm increased soil 

pH at and below the incorporated layer. Therefore, it is suggested that the WSM 

of OM could only move down the soil profile where water infiltration occurs.  

 

In the lime treatment, the increased soil pH and decreased soil Al3+ concentration 

were due to the reaction of lime with the acidity in the surface soil layer. The 

addition of 1.25 t ha-1 lime provided a quantity of soluble alkalinity that completely 

reacted with the acidity in the application layer as the observed increased pH (0.97) 

was higher than the estimated increased pH (0.90) based on the stoichiometry of 

lime. This left no soluble alkalinity to leach below this soil layer. Thus, the surface-

applied lime did not increase soil pH and decrease soil Al3+ concentration in the 

subsurface soil layer within 35 days after the lime was incorporated.  

 

When LP was applied, the increased soil pH in and below the incorporated layers 

could be due to a number of processes: immediate chemical reaction, oxidation 

of organic anion (OA), nitrogen mineralisation, and nitrification (Chapter 2). This 

study demonstrated that the reduction reactions were not the main process that 

contributed to the increase in subsurface soil pH following surface-applied LP, 

although the reduction reactions are known as a contributor to increasing soil pH 

following the application of OM (Hoyt and Turner, 1975; Hue, 1992). In this 

experiment, it was shown that the changes in soil Eh mainly depended on the 

change in soil pH (Figure 3.10). Therefore, the changes in soil pH were due to 

processes other than the reduction reactions. The contribution of the processes 

to the change in soil pH following the application of LP and its components will 

be investigated in Chapter 5. 

 

One of the important findings was that soil Al3+ concentration decreased in the 

subsurface soil layer following surface-applied OM. The decrease in soil Al3+ 

concentration could be due to the increased soil pH (Figure 3.8) and the formation of 

Al-organic acid complexes, which are soluble but in a form that is non-toxic to plants 

(Haynes and Mokolobate, 2001; Hue and Licudine, 1999). The reaction between soil 

Al and organic acid that leads to the formation of Al-organic acid complexes was 

reported to be the main mechanism of decreased soil Al concentration following the 
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application of green manures (Hue and Amien, 1989). Hue and Licudine (1999) 

reported that organic molecules released during the decomposition of manures could 

facilitate the downward movement of Ca as Ca-organic complexes, and that the Ca-

organic complexes reacted with soil Al, forming Al-organic complexes that reduced 

the Al concentration in the subsurface soil layers. This study showed that increased 

subsurface soil pH was transient, but the decreased soil Al3+ concentration was 

consistent. Therefore, the formation of Al-organic acid complexes could be the main 

mechanism for decreasing soil Al3+ concentration.   

 

3.4.2. Impact of the combined inorganic and organic amendments on 

subsurface soil pH 

 

This experiment showed that the soil pH from 0-15 cm of the soil columns 

incorporated with LP mixed with lime was significantly higher than that amended 

with LP alone (Figure 3.5). Therefore, we accept the second hypothesis, i.e., the 

incorporation of LP mixed with lime will increase subsurface soil pH more than the 

incorporation of LP alone.  

 

The greater pH increase in the subsurface soil with the combined amendments 

was probably due to the greater amount of alkalinity added to the surface soil, 

resulting in more soluble alkalinity moving down the soil profile. This result could 

be explained that LP was incorporated in combination with lime, (1) lime 

immediately reacted with the soil H+, which might neutralise soil acidity, and (2) 

the soluble alkalinity released during the decomposition of LP would be available 

and moved down the soil profile. Without lime incorporated, the soluble alkalinity 

of LP could have reacted with soil  H+, where it was incorporated. As a result, 

less soluble alkalinity could move down the soil profile with the surface applied 

LP alone in comparison with LP+L. With lime incorporated alone, the subsurface 

soil pH increased if there was an excess of soluble alkalinity to move down. 

Therefore, incorporation of LP+L increased subsurface soil pH greater than either 

incorporated of LP or lime alone. 

 

Miyazawa et al. (2002) reported that adding organic materials with lime in the surface 

soil enhanced the mobility of lime. Therefore, they concluded that the alkalinity of 
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lime could move in the soil profile, alleviating subsurface soil acidity when OM was 

incorporated. Moreover, Cassiolato et al. (2000) showed that the surface-applied 

WSM of oat residues enhanced the effect of lime on subsurface soil acidity. 

However, in those studies, the effects of the surface-applied OM alone on 

subsurface soil acidity were not studied. Therefore, it is unclear that the increased 

pH in the subsurface soil was due to the movement of alkalinity derived from lime or 

from OM. The current study showed that the increased soil pH and decreased soil 

Al3+ concentration in the subsurface soil layer were due to the movement of alkalinity 

derived from LP only. Moreover, Wang et al. (2016) showed that the pH in the soil 

columns with the surface incorporation of rapeseed cake and pig manure in 

combination with alkaline slag was significantly higher than that of the soil columns 

with the addition of rapeseed cake and pig manure alone. They demonstrated that 

the combination of alkaline slag and OM increased the decarboxylation process and 

inhibited nitrification, which enhanced the liming effects.  

 

Nitrification is a biological process that transforms NH4
+-N to NO3

- -N releases H+ to 

the soil, and causes a decrease in soil pH (Conyers, Uren, et al., 1995; Haynes and 

Mokolobate, 2001). However, in the current experiment, it is possible that the greater 

pH increase in the subsurface soil layers was due to the more soluble alkalinity 

movement down the soil profile during the decomposition of LP. The combined 

amendment is unlikely to inhibit the nitrification because the magnitude of pH 

decrease that occurred after 14 DAS, was similar in the soil columns incorporated 

with LP alone or mixed with lime (Figure 3.5). The addition of lime with LP could 

counterbalance the H+ released during the decomposition of LP due to nitrification. 

Therefore, the combined amendment of lime and OM could be a sustainable 

strategy for the management of subsurface soil acidity in agricultural practices. 

 

3.4.3. Impact of pellets and particle sizes on subsurface soil pH  

 

One of the interesting findings from this experiment was that the pH in the 30–40 

cm layer of the LP4 treatment was significantly higher than in the LP1, LP2, and 

LP3 treatments (Figure 3.5). This result partially supports the third hypothesis, i.e., 

that finer particle size of LP is more effective than bigger particle sizes in increasing 

subsurface soil pH, but no advantage on plant growth. 
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To my knowledge, there is no published paper studying the effects of the size of 

particles of added OM on the change in subsurface soil pH. All OM used in the 

reported studies was ground with fine particle size. For example, Hue and Licudine 

(1999) used ground OM passing through 0.1 cm sieve, and Butterly et al. (2013) 

used ground OM passing through 0.2 cm sieve. Therefore, there is no available 

explanation for the difference in changes in soil pH at subsurface soil layers following 

the application of OM. This experiment showed that the difference in pH change in 

the 30–40 cm layer between LP treatments could result from the different dissolution 

of the WSM of LP ~2, ~1, ~0.5 cm, compared with GLP (Appendix 5). It is suggested 

that the soluble alkalinity of the ground particle could release more than the pellet 

sizes within a short period. As shown in Appendix 5, the proton consumption of the 

WSM of the LP4 was significantly higher than that of the LP1, LP2 and LP3 during an 

hour dissolved in water. Therefore, when LP1, LP2, LP3 and LP4 were incorporated 

in the surface soil, the WSM of the LP4 could dissolve more than the LP1, LP2 and 

LP3. As a result, more soluble alkalinity might move down the subsurface soil layer 

in the LP4 treatment than in the LP1, LP2 and LP3 treatments.  

 

However, more pH increases were found at the lower soil layer (30–40 cm) of the 

soil column only, while the pH changes in the most acidic soil layers (10–30 cm) 

were not affected by the particle sizes (Figure 3.5), indicating alkalinity leached 

down into deep soil with ground particles. Therefore, depending on the depth of 

the acidic layer needing to be corrected, alkalinity derived from the ground particle 

might leach away from the depth where most needed. Furthermore, ground OM 

is much more difficult to handle when used in broadacre agriculture. Therefore, it 

is suggested that organic matter could be ground and then pelletised it for 

convenient broadacre use.   

 

3.4.4. Effects of incorporation of the amendments on plant growth 

 

Results from the current study showed that surface-applied amendments, either 

LP alone or combined with lime, did not significantly increase seedling growth in 

this short term experiment (35 days) (Figure 3.12), although the addition of LP 

and LP+L significantly increased subsurface soil pH (Figure 3.5) and decreased 
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subsurface soil Al3+ concentration (Figure 3.6). Thus, the fourth hypothesis is 

rejected with caution.  

 

There are several explanations for this result. First, a moderately acid soil-tolerant 

wheat, c.v. Dart, was used, which could prevent the expression of growth benefit 

from soil amelioration. Second, unlimited water and nutrient supply released the 

stress of soil acidity. The soil moisture was maintained at 100% FC during the 

experiment and the addition of water-soluble fertiliser every week provided 

unlimited water and nutrient supply for wheat plant growth in all treatments. 

Similarly, Moroni, Condon, et al. (2018) observed that the addition of ground 

lucerne hay did not increase wheat growth in a glasshouse experiment that used 

a similar setup, but with a different soil type and the acid soil sensitive wheat c.v. 

Axe. Third, the experiment was too short for the crop to be fully developed. 

Indeed, at 14 DAS, the shoot and root dry matter in the LP and LP+L treatments 

were even lower in growth than in the nil treatment (Figure 3.10). At the end of 

the experiment, 35 DAS, the increases in shoot and root dry matter in the LP and 

LP+L treatments showed the liming effects of the amendments on plant growth. 

However, the experiment was ended at 35 DAS. Therefore, the effects of the 

amendments on plant biomass and grain yield at harvest were not observed.  

 

The decreases in soil Eh during the decomposition of LP could be another factor 

that contributed to the decrease in wheat growth at the seedling stage. Volk (1993) 

reported that plant growth in soil with Eh ranges from 300–700 mV. Cottes et al. 

(2020) showed that the growth of a wheat cultivar decreased significantly in soil 

with Eh lower than 350 mV. This study showed that the soil Eh in the soil columns 

incorporated with LP and LP+L was ≤ 350 mV (Figure 3.8), which could decrease 

wheat growth at the seedling stage. The preliminary incubation study showed that 

during the decomposition of LP1, LP2, LP3 and LP4 from 7-14 days, the Eh in the 

soil incorporated with LP was lower than 200 mV (Figure 3.4). Incorporation of LP 

or GLP added nutrients and carbon into the soils. Nutrients stimulate plant growth 

if the intrinsic supply from the soil is suboptimal; the carbon can stimulate 

microbial activity, one effect of which can be to tie up nutrients and reduce plant 

growth. In this experiment, the nutrients were applied weekly to provide sufficient 

plant nutrients. Therefore, the added nutrients from LP would not affect plant 
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growth. However, the plant biomass in the LP and GLP treatments was significantly 

lower than in the control treatment. The added carbon could stimulate microbial 

activity, which ties up nutrients and reduces plant growth. However, the wheat 

plants in the LP and GLP treatments were not nutrient deficient. Therefore, the 

decrease in soil Eh would be a contributor to the decrease in plant biomass in the 

LP and GLP treatments at early growth stage, which needs further study.” 

 

3.5. Conclusions 

 

Incorporation of OM enabled alkalinity movement below the soil layer into which 

it was incorporated, in contrast to the effect of incorporating lime. This, in turn, 

reduced the concentration of potentially toxic Al3+ concentration in the 

subsurface soil. That effect of surface-applied OM on subsurface soil pH and 

Al3+ concentration was in agreement with the research hypothesis. 

 

The downward movement of alkalinity in the surface soil layer to the subsurface 

soil layer could be enhanced if the LP was incorporated together with lime. 

Therefore, a combination of LP with lime was considered a sustainable 

management strategy to ameliorate subsurface soil acidity. 

 

More soluble alkalinity would move down the soil profile in the finer particle size 

than pelletised sizes However, it may increase the risk of alkalinity leaching out 

of the acidic layer in wet conditions if the fine particle of OM is incorporated. It is 

suggested that the OM is firstly ground and then pelletised for broadacre use to 

maximise the application on subsurface soil acidity. 

 

Due to the short-term effects of the amendments on soil redox potential, the 

beneficial effects of the increase in subsurface soil pH and decrease in 

subsurface soil Al3+ concentration on crop growth, following the surface-applied 

LP, have not been confirmed. Therefore, it is necessary to study the effects of 

the surface-applied OM on crop growth and production for a longer period under 

field conditions. 
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Chapter 4. 

Contribution of water-insoluble and water-soluble components in lucerne 

hay to amelioration of acidic Red and Yellow Chromosol soils 

 

4.1. Introduction 

 

In Chapter 3, it was demonstrated that surface-applied pelleted lucerne hay (LP), 

with or without lime, significantly increased soil pH and decreased soil Al3+ 

concentration in the subsurface layer compared with surface-applied lime only. LP 

contains water-insoluble (WIM) and water-soluble (WSM) materials. It was 

hypothesised that when LP is incorporated in the surface soil layer, the WSM of the 

LP could dissolve and move down to the subsurface soil layer during irrigation of the 

soil columns. During the downward movement, the water-soluble material might 

react with soil protons (H+) and soil Al3+ in the subsurface layer, resulting in an 

increased soil pH and a decreased soil Al3+ concentration. However, the effects of 

the addition of WSM of LP on soil pH as well as Al3+ concentration have not been 

reported. By using different organic materials (OM), Butterly et al. (2013) reported 

that the surface-applied chickpea and canola residues significantly increased 

subsurface soil pH, but that the surface-applied wheat residues did not increase 

subsurface soil pH. In another study, Butterly et al. (2011) showed that the addition 

of WSM of canola and chickpea residues significantly increased soil pH, but the 

addition of WSM of the wheat residues did not increase soil pH. However, the effects 

of the addition of WIM and WSM on the soil Al3+ concentration were not reported. 

 

In addition to increasing soil pH and decreasing soil Al3+ concentration, it has been 

shown that the addition of OM increases the phosphorus (P) availability in soils 

(Iyamuremye et al., 1996; Yu et al., 2013), resulting in an increased plant P uptake 

(Hue et al., 1994). Haynes and Mokolobate (2001) showed that the availability of 

soil P is associated with the soluble Al concentration in the soil; thus, a decrease 

in soil Al3+ concentration following application of LP is expected to increase soil P 

availability. However, to my knowledge, the effects of the addition of LP on soil P 

concentration have not been studied; if the addition of LP increases soil P 

concentration, it is still unknown whether WIM or WSM of LP contributes to 

increasing the soil P concentration. If the addition of WSM of LP increases soil P 
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concentration, the surface-applied LP could increase subsurface soil P 

concentration by the downward movement of P when the soil is irrigated. 

 

An incubation experiment was conducted with the addition of ground LP (GLP) and 

its components, WIM and WSM, to Red and Yellow Chromosol soils to evaluate 

the contribution of the addition of amendments to the changes in soil pH, Al3+ and 

P concentration. The results of this experiment are reported in two Chapters. This 

Chapter compares the effects of WIM and WSM on soil acidity. It was 

hypothesised that the addition of WSM will (1) increase soil pH, (2) decrease soil 

Al3+ concentration and (3) increase soil Colwell P concentration more than would 

occur with the addition of WIM. The contribution of the processes to the changes 

in soil pH will be presented in detail in Chapter 5. 

 

4.2. Materials and methods 

 

4.2.1. Soil collection and preparation 

 

Two soil types were used in this study, a Red Chromosol (RC) soil (Isbell and 

NCST, 2016) from a field site located near Cootamundra (34°38’28”S, 

147°49’56”E), and a Yellow Chromosol (YC) soil (Isbell and NCST, 2016) from 

a field site near Holbrook (35°39’40”S, 147°15’52”E), in New South Wales 

(NSW), Australia. Soil samples from two depths were collected at each site: at 

0–10 cm and at 10–20 cm depths referred to as RC0–10 and RC10–20, and 

YC0–10 and YC10–20 soil samples, respectively (Table 4.1). The Red 

Chromosol soil was the same soil type used in the pot experiment described 

in Chapter 3. The Yellow Chromosol soil was used in Moroni, Condon, et al. 

(2018) study. 

 

The soil samples were passed through a 0.95 cm sieve at collection time, air-

dried for 14 days at ambient temperature in a covered hoop-house and stored at 

room temperature. Prior to incubation, the soils were further passed through a 

0.2 cm sieve. The pH buffering intensity (pHβ) was determined by the titration 

method described in Chapter 3. The rates of acid/alkali (0.03 m HCl/0.01M 

Ca(OH)2) used in the titration were -30, -23, -15, -8, -4, 0, 6, 12, and 24 mmol H+ 
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kg-1. The pHβ (∆pH mmol-1 H+ kg-1) was the slope of the linear regression of the 

titration curve of the pH increase against the added acid or alkali. 

 

Table 4.1. Chemical characteristics of Red Chromosol (RC) and Yellow Chromosol (YC) 

soils: pHCa (1:5 soil:0.01 M CaCl2), pH buffering intensity (pHβ), total carbon (C), total 

nitrogen (N), Al3+ concentration and Colwell P. Values represent mean ± SE (n = 3). 

Soils pHCa pHβ 

(∆pH mmol 

H+ kg-1) 

Total C 

(g kg-1) 

Total N 

(g kg-1) 

Al3+ 

(g 10-3 kg-

1) 

Colwell P  

(g 10-3 kg-1) 

RC0-10 5.4±0.0 0.06±0.00 13.0±0.2 1.1±0.0 0.00±0.00 32.7±0.9 

RC10-20 4.0±0.0 0.10±0.00 4.2±0.1 0.4±0.0 0.28±0.01 12.6±0.3 

YC0-10 4.3±0.0 0.05±0.00 17.0±0.2 1.5±0.0 0.21±0.02 36.5±0.8 

YC10-20 3.9±0.0 0.07±0.00 9.0±0.2 0.8±0.0 0.30±0.02 14.9±0.3 

 

4.2.2. Soil amendments and treatments 

 

The F70 superfine lime (CaCO3) and pellets of LP were used as described in 

Chapter 3. The LP used in this incubation was ground lucerne hay (0.1–0.2 cm) 

(GLP). The WIM and WSM component of GLP were obtained by a modified 

method described by Cassiolato et al. (2000) by shaking the GLP with nano-

pure water end over end at room temperature for 8 h, followed by passing 

through a Whatman paper (No. 40 11µm) by a vacuum pump (Millipore, Fisher 

Scientific - Arendalsvägen 16 - 418 78 Göteborg – Sweden). The solid material 

retained on the Whatman paper was collected and oven-dried at 60 ºC for 24 h, 

which was the WIM. The solution passed through the Whatman paper was 

collected and stored in the fridge at 4 ºC , which was WSM. The WIM and WSM 

were prepared 24h prior conducting the experiment. The chemical 

characteristics of the GLP, WIM, and WSM are summarised in Table 4.2. The 

H+ consumption, ash alkalinity, total C and total N concentrations of the GLP 

were assumed to be equal to the sum of the WIM and WSM, allowing the 

chemical properties of one or other of the WIM and WSM components to be 

determined as the difference between the composition of GLP and either the 

WIM or WSM, depending on which was measured. 
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Table 4.2. Chemical properties of ground lucerne hay pellet (GLP), water-insoluble 

(WIM) and water-soluble (WSM) materials of GLP used in this experiment. OM: organic 

material. Values represent mean ± SE (n = 3). 

OM source pH H+ consumption 

(mmol H+ kg-1) 

Ash alkalinity 

(mmol H+ kg-1) 

Total C 

(g kg-1) 

Total N  

(g kg-1) 

Total P  

(g kg-1) 

GLP 5.6±0.0 400±0 1254±26 427±8 30.8±0.1 1.5±0.0 

WIM 5.4±0.0 *174±0 598±21 330±5 20.2±0.3 - 

WSM 5.3±0.0 226±1 *656±25 *97±5 *10.6±0.3 - 

The number followed with an asterisk (*) was calculated from the difference between the 

GLP and WIM or WSM 

 

The pH, ash alkalinity, total C and total N of GLP and WIM were determined as 

described in Chapter 3. The pH of the WSM was determined directly in the WSM 

solution. Proton (H+) consumption of GLP and WSM was measured, according 

to Wong et al. (1998) by titration from its initial pH down to pH 4.0 by adding 0.05 

M H2SO4. For WSM, the pH was measured after adding 0, 1.0, 2.0, 3.0, 4.0, 5.0, 

5.5, 5.7, and 5.9 mL of 0.05 M H2SO4, corresponding to 0, 39, 79, 118, 157, 177, 

197, 216, 224, and 232 mmol H+ kg-1, respectively. Briefly, for H+ consumption of 

GLP, 2.5 g of GLP was shaken with 25 mL solution of nano-pure water and 0.05 

M H2SO4, containing 0, 44, 87, 131, 175, 219, 262, 306, and 350 mmol H+ kg-1. 

The pH of the solution was measured after 16 h of shaking end over end at 30 

rpm, followed by centrifuging at 4000 rpm for 5 mins. The H+ consumption was 

determined as shown in Eq. 4.1 (Wong et al., 1998). 

 

Y = a4 + b  (Eq. 4.1) 

 

where Y is the proton consumption (mmol H+ kg-1) of the material from its initial 

pH to a pH of 4, a is the slope of the linear regression line of the titration curve of 

pH (x-axis) versus acid addition rate (mmol H+ kg-1) (y-axis), and b is the intercept 

of the linear regression line. The number 4 is the target pH of the estimated Y. 

 

Five soil treatments were prepared: (1) nil: no-amendment, used as a negative 

control; (2) lime: addition of 0.88 g of lime kg-1 soil (equivalent to 1.25 t ha-1), used 

as a positive control; (3) GLP: addition of 21.2 g of GLP kg-1 soil (equivalent to 15 
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t ha-1); (4) water-insoluble material (WIM) and (5) water-soluble materials (WSM) 

fractionated from an equivalence of 21.2 g of GLP kg-1 soil. 

 

4.2.3. Preparation of soil treatments and soil incubation 

 

Two hundred grams of air-dried soil (0.2 cm sieved) was placed in 250 mL 

polypropylene containers, gamma sterile (11 cm high x 6 cm internal diameter), to 

which different amendments were applied. The solid amendments (lime, GLP, and 

WIM) were incorporated by manually shaking end over end 20 times and 

compacted by dropping the containers on the bench ten times from a height of 15 

cm. The soils of the nil and WSM treatments were shaken and compacted in a 

similar way to the soils of other treatments. The added WSM in each container was 

made up to 32 mL by adding nano-pure water and was directly applied to the soil 

surface, which wetted the soil to 100% FC (eqquivalent to 16% moisture content). 

The soils of other treatments were rewetted to 100% FC by adding 32 mL of nano-

pure water into each incubation container. The containers were then sealed with 

air-tight lids to prevent evaporation. The lids were opened every three days to 

ensure the atmosphere in the vials was not anoxic, and weed seedlings, if any, 

were removed. The soils were incubated in laboratory conditions at room 

temperature (21 C) for 55 days. 

 

4.2.4. Soil sampling over time and chemical analysis 

 

The experiment was arranged in a completely randomised design with three 

replicates. Each replicate was composed of two soil types (RC and YC), each from 

two soil depths (0–10 and 10–20 cm depth), five soil amendment treatments, and 

five destructive sampling times. Sampling times were treated as an independent 

factor rather than repeated measures as soils were destructively sampled at each 

sampling time, 4 h and 7, 14, 35, and 55 days after starting the incubation (DAI). 

Before sampling, soil Eh was determined as described in Chapter 3 and appendix 

4. The soil Eh7 was calculated according to Eq 3.3. The changes in soil Eh7 were 

the difference between the soil Eh7 of measurement and the initial soil Eh. Soils 

were then transferred into plastic bags and mixed well for homogeneity before taking 

subsamples for pHca, dissolved organic carbon, NH4
+-N and NO3

- -N determination. 
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Data of dissolved organic carbon, NH4
+-N and NO3

- -N was presented in Chapter 5. 

The remaining soils were oven-dried at 40 ºC for 72 h to determine gravimetric 

moisture content, ground to pass through a 0.2 cm sieve, and stored at 21 ºC in 

laboratory conditions for Al3+ concentration and Cowell P determination.  

 

Soil pHCa and Al3+ were measured as described in Chapter 3. The changes in soil 

pHCa (ΔpH) at each sampling time were the differences between the pH observed 

at the sampling time and the initial soil pH. The Al3+ was measured for all soils 

except for RC0–10 soil, because Al3+ was not initially detected in this soil (Table 

4.1) and pH either remained unchanged or was increased by the treatments. 

 

Phosphorous concentration was measured by the bicarbonate-extractable P 

(Colwell P) method 9B1, according to Rayment (2011). Briefly, a 2 g of soil sample 

was extracted with 100 mL of 0.5 M NaHCO3 (pH 8.5) by shaking end over end for 

16 h, followed by centrifuging at 4000 rpm for 5 mins. A mixture of 25 mL of the 

extraction solution, 50 mL of nano-pure water, and 7 mL of 1 M H2SO4 was mixed 

well and allowed to stand overnight for the complete removal of CO2. Then 8 mL 

of colour reagent was added into the mixture, which was made up to 100 mL with 

nano-pure water. After 30 mins, the absorbance was measured with a 

spectrophotometer (Helios Gamma 9423 UVG 1002E) at 882 nm. A set of the 

calibration curve and a set of non-colour reagent was also prepared in the same 

way to calculate the Colwell P concentration of the soil samples (Rayment, 2011). 

 

4.2.5. Statistical analysis 

 

A three-way ANOVA showed the interactions between treatments, soil types and 

depth layers, and sampling times. Comparing the effects of treatments on different 

soil types and depths was not the main objective of this study. Thus, a two-way 

ANOVA was computed subsequently to study the effect of treatments and 

sampling times on changes in soil pHCa, Al3+ and P concentrations in each soil type 

and depth. The least significant difference (LSD) was determined at P = 0.05 to 

test for differences between means. The relationship between pHCa and Al3+ was 

fitted to an asymptotic regression (exponential curve), y = a + (a - b)e-kx, where y 

is soil Al3+ concentration, x is soil pH, a is the maximum attainable y, b is y at x = 
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0, k is proportional to the relative rate of y increase while x decrease, and e is 

Euler’s number (e = 2.718). The Pearson correlation was computed to study the 

relationships between pHCa and Colwell P, Al3+ and Colwell P. The Genstat release 

20.1 was used for all analyses (VSN-International, 2020). 

 
4.3. Results 

 

4.3.1. Change in soil pH 

 

There were significant effects of treatments and sampling times on the change in 

soil pHCa of both soil types and soil depths (Figure 4.1). In the Nil treatment, the 

pHCa was either unchanged throughout the incubation period (RC0-10, RC10-20) 

or increased transiently (by up to 0.4 units at 7 DAI; YC0-10, YC10-20) and then 

returned to the initial pH by 55 DAI (Figure 4.1).  

 

Application of lime, increased soil pHCa immediately (within 4 h) in all soil samples 

with a pH peak occurring at 7-14 DAI (Figure 4.1). The largest pH increases 

occurred in the subsoil (1.9 and 1.5 units in the RC10–20 and YC10–20 soils, 

respectively). Soil pH increased in the topsoils by ~1 unit. By 55 DAI, the pH in 

all soils had declined from the peak by 0.2 units (RC soils) or 0.4 units (YC soils).  

  

Addition of GLP also increased pHCa, although the rate of increase was initially (to 

4h) slower than observed with lime addition. Soil pHCa also peaked after GLP 

addition at either 7 DAI (RC0-10) or 14 DAI (all other soils) with the highest maxima, 

+2.9 and +2.4 units, occurring in RC and YC subsoils, respectively. Lesser 

increases (+1.7 units) were observed in the topsoils. A decline from these peak 

pHCa values followed in all soils. In the RC0-10 soil, pHCa returned to the initial soil 

pHCa by 55 DAI. However, in the other soils the pH was still 1.2 (RC0-10), 1.5 

(RC10-20) or 2.0 units (YC10-20) higher than the starting pHCa by 55 DAI. 

 

Addition of WIM and WSM also increased soil pHCa, although the increase the 

maximum increased soil pHCa was at 7–14 DAI depending on soils, which was 

similar to the addition of GLP, except for the WIM treatment of the RC10–20 soil, 

in which the highest increased pHCa was at 35 DAI (Figure 4.1). The sum of the 
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pHCa increases in the WIM and the WSM treatments was approximately equal to 

the pHCa increases in the GLP treatment (Figure 4.1). At the peak, the pHCa 

increases  in the WIM and WSM treatments of the RC0–10, RC10–20, and YC0–

10 soils did not significantly differ compared with that of the lime treatment (Figure 

4.1a, b, c). However, at 55 DAI, the soil pHCa in the WIM and WSM treatments of 

these soils was about 0.3–1.1 units lower than the lime treatment (Figure 4.1a, b, 

c). For YC10–20 soil (Figure 4.1d), the pHCa in the WIM treatment was 0.4 and 

0.3 units lower than in the WSM and lime treatments. However, at 55 DAI, the pH 

in the WIM, WSM, and lime treatments did not differ significantly (Figure 4.1d). 

 

Regardless of the differences in pHCa changes in WIM and WSM treatments, by 

55 DAI, the pHCa in the WSM treatment of the RC0–10 and YC0–10 soils was 0.3 

and 0.2 units significantly higher than that of the WIM treatment, respectively 

(Figure 4.1a, c). However, by 55 DAI, the pHCa in WIM and WSM treatments of 

the RC10-20 and YC10-20 soils did not differ significantly (Figure 4.1b, d). 

 

  



Chapter 4. Incubation experiment 
 

 
78 

 

 

 

Figure 4.1. Change in soil pHCa (∆pHCa) following the addition of different amendments 

in a Red Chromosol soil, RC0–10 (a) and RC10–20 (b), and a Yellow Chromosol soil, 

YC0–10 (c) and YC10–20 (d) during 55 days after incubation. On the x-axis, 4h indicates 

4 h after incubation, while all other x-axis values are days after incubation. The dashed 

lines indicate the change in soil pH within 4 h after incubation. Bars indicate the Least 

Significant Difference (LSD) at P = 0.05 between means (n = 3). 
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4.3.2. Soil Al3+ concentration 

 

There were significant effects of treatments and sampling times on the change in 

soil Al3+ concentration of both soil types and depths (Figure 4.2). The soil Al3+ 

concentration in RC0–10 was not presented (Figure 4.2a) because it was not 

detected, as mentioned in the Materials and methods section. The change in soil 

Al3+ concentration in the RC10–20, YC0–10, and YC10–20 soils had similar 

patterns (Figure 4.2). Without the addition of an amendment, the soil Al3+ 

concentration in the nil treatment insignificantly changed during 55 DAI (Figure 

4.2). With the addition of lime, the soil Al3+ concentration in the lime treatment 

immediately decreased by 96%–100% at 4 h of incubation and then remained 

consistently low during 55 DAI (Figure 4.2).  

 

With the addition of GLP at 4 h, the soil Al3+ concentration in the GLP treatment 

did not significantly differ from the nil treatment, except for the YC10–20 soil, in 

which the soil Al3+ concentration increased by 121% (Figure 4.2). However, at 7 

DAI, almost all (95%–100%) soil Al3+ concentration decreased and then remained 

consistently low during 55 DAI (Figure 4.2). 

 

With the addition of WIM and WSM, the change in soil Al3+ concentration was similar 

to the GLP (Figure 4.2). At 4 h, the soil Al3+ concentration in the WIM and WSM 

treatments of the YC10–20 soil increased by 63% and 156%, respectively. However, 

at 7 DAI, soil Al3+ concentration in the WIM and WSM declined by 91%–100%. At 55 

DAI, the Al3+ concentration in the WIM and WSM treatments of the RC10–20 

increased 0.05 and 0.03 g 10-3 kg-1, but did not significantly differ from that at 35 DAI 

(Figure 4.2b). At 55 DAI, although the soil Al3+ concentration in the WIM and WSM 

treatments of the YC0–10 soil increased by 0.10 and 0.07 g 10-3 kg-1, respectively, 

it was 0.11 and 0.15 g 10-3 kg-1 significantly lower than in the nil treatment, 

respectively (Figure 4.2c). However, the Al3+ concentration in the WIM and WSM 

treatments of the YC10–20 soil remained unchanged at 55 DAI (Figure 4.2d). 
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Figure 4.2. Soil Al3+ concentration following the addition of different amendments in a 

Red Chromosol soil, RC0–10 (a) and RC10–20 (b), and a Yellow Chromosol soil, YC0–

10 (c) and YC10–20 (d) during 55 days after incubation. On the x-axis, 4h indicates 4 h 

after incubation, while all other x-axis values are days after incubation. The dashed lines 

indicate the change in soil Al3+ concentration during 4 h after incubation. Bars indicate 

the Least Significant Difference (LSD) at P = 0.05 between means (n = 3). 
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4.3.3. Soil Colwell P 

 

There were significant effects of treatments and sampling times on the change in 

soil Colwell P concentration of both soil types and depths (Figure 4.3). The pattern 

changes in soil Colwell P of each treatment were similar in different soils. Without 

the addition of the amendment or with the addition of lime, the soil Colwell P 

concentration did not significantly change during 55 DAI (Figure 4.3).  

 

With the addition of GLP, the soil Colwell P concentration immediately increased 

by 13.5–17.0 g 10-3 kg-1 at 4 h of incubation (Figure 4.3). However, from 4 h to 14 

DAI, the soil Colwell P concentration decreased about 4.8–7.8 g 10-3 kg-1. From 

14–55 DAI, the soil Colwell P concentration remained unchanged (Figure 4.3).  

 

The soil Colwell P concentration in the WIM treatment did not change 

significantly, but the soil Colwell P concentration in the WSM treatment 

increased immediately at 4 h, by 13–17.5 g 10-3 kg-1 (Figure 4.3). Similar to GLP 

treatment, from 4 h–7 DAI, the soil Colwell P concentration in the WIM and WSM 

treatments decreased significantly, except for the WSM treatment of the RC0–

10 soil (Figure 4.3). From 14–55 DAI, the soil Colwell P concentration in the 

WIM treatment was the lowest and was significantly lower than in the nil and 

lime treatments (Figure 4.3). However, from 14–55 DAI, the soil Colwell P 

concentration in the WSM treatment was the highest. At 55 DAI, the soil Colwell 

P concentration in the WSM treatment of RC0–10, RC10–20, YC0–10 and 

YC10–20 soils was 64%, 242%, 49%, and 136% higher than in the WIM 

treatment, respectively. 
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Figure 4.3. Colwell P concentration following the addition of different amendments in a 

Red Chromosol soil, RC0–10 (a) and RC10–20 (b), and a Yellow Chromosol soil, YC0–

10 (c) and YC10–20 (d) during 55 days after incubation. On the x-axis, 4h indicates 4 h 

after incubation, while all other x-axis values are days after incubation. The dashed lines 

indicate the change in soil Colwell P concentration during 4 h after incubation. Bars 

indicate the Least Significant Difference (LSD) at P = 0.05 between means (n = 3). 
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4.3.4. Relationship between pH, Al3+ and Colwell P 

 

There was a significant exponential relationship between the pHCa and Al3+ in the 

soils (Figure 4.4a, Appendix 8.1). Almost all soil Al3+ concentrations decreased in 

soils with pH = 4.7 or higher. However, soil Colwell P concentration did not correlate 

with either soil pHCa or Al3+ concentration (Figure 4.4b, c, Appendix 8.2, 8.3).  

 

 

Figure 4.4. Relationship between pHCa and Al3+ (a), pHCa and Colwell P (b), Al3+ and 

Colwell P (c). n.s. indicates not significant. 
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4.4. Discussion 

 

4.4.1. Effects of lime on soil acidity 

 

This experiment showed that the addition of lime significantly increased soil pH 

(Figure 4.1) and decreased soil Al3+ concentration (Figure 4.2) as expected, which 

is consistent with the large body of literature (Caires et al., 2008; Conyers and Scott, 

1989; Li et al., 2019a). However, it was unexpected that the addition of lime did not 

increase soil Colwell P (Figure 4.3). In acid soils, it is known that the available soil P 

decreases due to precipitation with soil Al3+ (Haynes, 1984). As a result, the addition 

of lime with a decreased soil Al3+ concentration would increase the available soil P 

concentration (Haynes, 1982). But, it was not true in the current study (Figure 4.4 b, 

c). This finding was consistent with that reported by Barrow et al. (2020), who 

reported that phosphate availability is greatest near-neutral pH is wrong.  

 

4.4.2. Effects of GLP on soil acidity  

 

This experiment showed that the addition of GLP significantly increased soil pH 

(Figure 4.1). This effect on soil pH was consistent with that found in Chapter 3 

using the same source of lucerne hay and other studies using the same GLP 

used in this experiment (Moroni, Condon, et al., 2018), lucerne residues (Xu et 

al., 2006b) and alfalfa meal (Hoyt and Turner, 1975). The increased soil pH was 

reported due to the organic anions (OA) present in the material, as determined 

by ash alkalinity (Haynes and Mokolobate, 2001). After incorporating GLP in the 

soil, soil pH increased after 4 h of incubation is consistent with the chemical 

reaction between OA and soil protons (H+) (Tang et al., 1999; Xu et al., 2006b). 

The association between OA and soil H+ occurs when the soil pH is lower than 

the dissolution constant (pK) of the OA (Ritchie and Dolling, 1985). Importantly, 

during the decomposition of the materials, OA can be oxidised, resulting in the 

consumption of soil H+ (Haynes and Mokolobate, 2001; Yan et al., 1996), which 

was reported as a major contributor to the increased soil pH following the 

application of OM (Tang et al., 1999; Xu et al., 2006b). Xu et al. (2006b) reported 

that the oxidation of OA happened mostly during the first 7 DAI. In this 

experiment, the soil pH increased and peaked at 7-14 DAI, depending on soil 
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types and depths (Figure 1). Therefore, both processes could be important for 

the increase in soil pH during 14 DAI, which will be discussed in Chapter 5.  

 

The observed pH changes during a 55–day incubation showed that the short-

term pH changes depended on other processes rather than the contribution of 

the immediate chemical reaction and the oxidation of OA. It was shown that 

depending on soil types and depths, the soil pH decreased after 7 DAI or 

continuously increased until 14 DAI and then decreased significantly at 55 DAI 

(Figure 4.1). The immediate chemical reaction and the oxidation of OA resulted 

in increased soil pH. Therefore, other processes would contribute to the 

decreased soil pH. Nitrogen mineralisation and nitrification could be important 

processes that contribute to the change in soil pH. It is known that nitrogen 

mineralisation results in increased soil pH, but nitrification causes decreased 

soil pH (Conyers, Uren, et al., 1995; Haynes and Mokolobate, 2001). The 

mineralisation of one mole of organic nitrogen to ammonium-nitrogen consumes 

one mole of H+, but nitrification of one mole ammonium-nitrogen to nitrate-

nitrogen releases two moles of H+ to the soil (Conyers, Uren, et al., 1995; 

Haynes and Mokolobate, 2001). Therefore, the transformation of organic 

nitrogen to nitrate-nitrogen causes a net decrease in soil pH. That explains why 

the pH increase following the application of OM was transient. Evans et al. 

(1998) reported that nitrogen mineralisation and nitrification were the main 

mechanisms of pH change in soil with the addition of lucerne hay, resulting in a 

decreased soil pH six months after the amendments had been incorporated.  

 

Although the processes that cause the changes in soil pH following the 

application of OM have been investigated (Haynes and Mokolobate, 2001; Tang 

et al., 1999; Xu et al., 2006b), the contribution of each of the processes to the 

changes in soil pH has not been explored. In the following Chapter, details of the 

contribution of the processes to the changes in soil pH will be discussed. 

 

Another effect of the addition of GLP on soil acidity was decreased soil Al3+ 

concentration. This experiment confirmed the result found in Chapter 3. An 

increased soil pH following the application of GLP would be expected to occur in 

conjunction with a decreased soil Al3+ concentration because soil pH was 
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exponentially correlated with soil Al3+ concentration (Figure 4.4). Almost all the Al3+ 

concentration was reduced to less than 0.05 g 10-3 kg-1 at a pHCa = 4.7 or above 

(Figure 4.4a). Several studies have observed increased soil pH is associated with 

decreased soil exchangeable Al3+ concentration (Hoyt and Turner, 1975; Hue and 

Amien, 1989; Wong and Swift, 1995). The Al3+ species will be replaced by other 

non-phytotoxic Al species, i.e., Al(OH)4
-  and Al(OH)2

+ in soil pH > 5 (Martin, 1992; 

Ryan and Delhaize, 2012). Therefore, the decreased soil Al3+ following the addition 

of WIM and WSM (Figure 4.2) was likely to be as consequence of the increased 

soil pH that followed OM addition (Figure 4.1). However, two observations 

indicated that pH change might not entirely explain the changes in Al3+ 

concentration. First, during the first 4 h of incubation, the pH increased rapidly but 

Al3+ increased transiently before declining rapidly (Figure 4.2) as the pH continued 

to increase (Figure. 4.1). Secondly, the increase in pH following the addition of 

WIM and WSM was transient and the soil pH began to decline (Figure. 4.1), but 

the Al3+ concentration remained low through to 55 DAI (Figure 4.2). 

 

It is reported that the decreased soil exchangeable Al3+ is not always a function of 

the rise in soil pH (Haynes and Mokolobate, 2001; Hue, 1992). Research using other 

OM, such as green manures of cowpea, leucaena and guinea grass (Hue and 

Amien, 1989) or chicken manure and sewage sludge (Hue, 1992), indicates that the 

formation of Al-organic acid complexes that were soluble, but in a form non-toxic to 

plants, is another mechanism that can decrease soil exchangeable Al3+ 

concentration. However, it is reported that the Al-organic acid complexes were 

destroyed rapidly during incubation (Hoyt and Turner, 1975). This current 

experiment showed that soil Al3+ concentration decreased and remained consistent 

during 55 DAI (Figure 4.2), while soil pH increased initially following decreased  

(Figure 4.1). Therefore, the formation of Al-organic complexes appeared to be an 

important mechanism that cause a decrease in soil Al3+ concentration which should 

be considered in the evaluation of the effects of OM on soil acidity. 

 

4.4.3. Contribution of WIM and WSM to the amelioration of soil acidity 

 

This experiment showed that the addition of WIM and WSM significantly increased 

soil pH (Figure 4.1) and decreased soil Al3+ concentration (Figure 4.2). However, 
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soil Colwell P only increased in the soils with the addition of WSM (Figure 4.3). 

Therefore, this experiment's hypothesis, which is “the addition of WSM will (1) 

increase soil pH, (2) decrease soil Al3+ concentration and (3) increase soil P 

concentration more than the addition of WIM”, is partially accepted.  

 

Although the addition of both WIM and WSM increased soil pH, it was found that 

the addition of WSM increased soil pH more efficiently than the addition of WIM, 

as the evidence shows significantly higher pH increases in the WSM treatment 

than in the WIM treatments of RC0–10 and YC0–10 soils at 55 DAI (Figure 4.1). 

It was found that the WSM contained more alkalinity but fewer nitrogen 

concentrations than the WIM (Table 4.2). These differences could contribute to 

the differences observed in the change in soil pH in the WIM and WSM 

treatments. This result was consistent with that reported by Yan and Schubert 

(2000), who found that most of the alkalinity in wheat and faba-bean residues was 

water-soluble (>80%), and most of the nitrogen was water-insoluble (~75%). Thus, 

the addition of WSM from these residues increased soil pH more effectively than 

the addition of WIM because of these differences in alkalinity and nitrogen 

concentrations in the components (Yan and Schubert, 2000). In contrast, Butterly 

et al. (2011) reported that the WSM of chickpea and canola residues contained 

more nitrogen than the WIM, and thus the pH increase in the soils following the 

addition of WSM did not persist due to nitrification. Collectively, these studies 

indicated that change in soil pH following the application of OM depends on the 

alkalinity and nitrogen concentration of added materials. Organic materials 

containing more alkalinity, but less nitrogen concentration would increase soil pH 

more persistly than the OM containing less alkalinity but more nitrogen 

concentration because nitrification causes a decline in soil pH.  

 

This experiment showed that the addition of WIM and WSM caused a transient rise 

in Al3+ concentrations but then decreased soil Al3+ concentrations to very low level. 

The Al3+ concentration then remained low 55 DAI (Figure 4.2). At the end of the 

experiment, the Al3+ concentration in the WIM and WSM treatments did not differ 

significantly. The details of mechanisms of decreases in soil Al3+ concentration 

were discussed in the previous section.  
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Ground lucerne hay pellets contained 1.53 g kg-1 of phosphorus (Table 4.1). Its 

addition significantly increased soil Colwell P (Figure 4.3). However, P concentration 

in GLP would be almost soluble because the addition of WSM increased soil Colwell 

P, but the addition of WIM did not (Figure 4.3). Therefore, the increase in soil Colwell 

P concentration was due to the added P concentration in the added materials (GLP 

or WSM) but not from the effects of increased soil pH and decreased soil Al3+ 

concentration (Figure 4.4). The addition of GLP, WIM and WSM significantly 

increased soil pH (Figure 4.1) and decreased soil Al3+ concentration (Figure 4.2). 

However, the soil Colwell P only increased in the soil with the addition of GLP and 

WSM (Figure 4.3), indicating that most of the phosphorus in GLP was in a soluble 

form. Other studies have found that 60-80% of P can be leached from Hayed-off 

phalaris and clover material with water (Bromfield and Jones 1972). Therefore, the 

surface-applied LP may increase subsurface soil Colwell P due to the movement of 

WSM downward through the soil profile. 

 

4.4.4. Effects of soil properties on the change in soil pH 

 

This experiment showed that soil types and depth layers that differed in pHCa, pHβ, 

total C and total N greatly affected the change in soil pH following the application 

of the amendments. Assuming the alkalinity in the added materials was released 

similarly among soil types and depths, the soil with a higher soil pHβ increased soil 

pH more than the lower soil pHβ. Indeed, with the addition of lime, the amount of 

alkalinity added to the soils was the same. Therefore, the order of the soil pHβ and 

the order of the change in soil pH were the same at any time of incubation, i.e., 

RC10–20 > YC10–20 > RC0–10 > YC0–10 (Table 4.1, Figure 4.1).  

 

With the addition of OM, the change in soil pH depended on the amount of alkalinity 

and acidity produced during the decomposition of OM due to chemical and 

biological processes, which will be explored in the following Chapter. Xu et al. 

(2006b) reported that the initial soil pH significantly affected the change in soil pH 

following the application of OM due to differences in the association and 

disassociation of organic compounds. This study showed that soil pH following the 

application of GLP, WIM, and WSM varied over time (Figure 4.1). The soils with 

higher soil pHβ increased soil pH more than the soils with lower pHβ. However, the 
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decrease in soil pH depended on soil types and depths, which differed in soil pH. 

The pH decrease in the Red Chromosol soil was greater than in the Yellow 

Chromosol soil, and was greater in the surface soil (0–10 cm layer) than in the 

subsurface soil (10–20 cm) (Figure 4.1). Haynes and Swift (1989) reported that 

initial soil pH was the most important soil characteristic that affected nitrification. It 

has been shown that nitrification occurs immediately in soils with pH (in water) > 

6.0; however, in soils with pH < 5.0, nitrification is inhibited, and it is delayed in soil 

with pH from 5.5–6.0. Moreover, Young et al. (2002) reported that the low soil pH 

in the subsurface layer inhibited nitrification, following the application of 

ammonium-nitrogen. The contribution of nitrification to the change in soil pH in 

these treated soils will be explored in detail in Chapter 5. 

 
4.5. Conclusions 

 

The main objective of this study was to evaluate the effects of the addition of 

WIM and WSM on soil acidity. Following the addition of WIM and WSM to a Red 

and a Yellow Chromosol soil and incubation for 55 days, it was shown that the 

addition of either WIM or WSM increased soil pH and decreased soil Al3+ 

concentration. The soil pH varied during the incubation period, indicating that 

processes contributing to soil pH change in the soils in which WIM was 

incorporated differed from the soils that received WSM; this will be further 

explored in Chapter 5. 

 

It was also found that the addition of WSM increased soil Colwell P, but the 

addition of WIM decreased soil Colwell P. Therefore, it is hypothesised that the 

surface-applied LP may increase subsurface soil Colwell P due to the movement 

of WSM, which needs to be further investigated. 

 

It is concluded that the addition of WSM significantly increased soil pH and 

decreased soil Al3+ concentration. Therefore, the effects, found in Chapter 3, of 

the surface-applied LP on subsurface soil pH and Al3+ concentration were mainly 

due to the effects of WSM, which in contrast to WIM, can dissolve and move 

below the soil layer to which it is applied. 



Chapter 5. Processes contributing the change in soil pH 

 
90 

 

Chapter 5. 

Processes contributing to change in soil pH following incorporation of 

lucerne hay in acidic Red and Yellow Chromosol soils  

 

5.1. Introduction 

 

In the previous Chapter, it was shown that the mixing of either ground lucerne hay 

pellets (GLP) or water-insoluble (WIM) and water-soluble (WSM) materials with 

acidic Red and Yellow Chromosol soils significantly increased the soil pH during 

55 days after incubation (DAI). However, these pH changes varied greatly during 

this period, and the soil pH in the GLP treatment was not always higher than in the 

WSM treatment. It was concluded that pH changes following the application of 

GLP, WIM and WSM can be attributed to processes other than just the effects of 

the alkalinity present in the GLP, WIM, or WSM. 

 

During the decomposition of organic materials (OM), soil pH increases can result 

from an immediate chemical reaction between added OM and soil protons (H+), 

oxidation of organic anions (OA) (Haynes and Mokolobate, 2001; Tang et al., 1999; 

Xu et al., 2006b), and nitrogen (N) mineralisation (Pocknee and Sumner, 1997; Xu 

et al., 2006b). Nitrification has also been found to decrease soil pH following the 

application of OM (Xu et al., 2006b; Yan and Schubert, 2000). Thus, these 

processes are likely to occur following the application of GLP, WIM and WSM to 

the acidic Red and Yellow Chromosol soils, as discussed in Chapter 4. However, 

further work is required to quantify the contribution of these processes to the 

change in soil pH after these amendments were implemented. 

 

The contribution of the above mentioned processes to the change in soil pH can 

be quantified by estimating the change in the soil H+ concentration. A model to 

calculate the change in soil H+ concentration was outlined by Conyers, Uren, et al. 

(1995), which can predict  up to 96% of the pH change in the soil under controlled 

systems. The change in soil H+ concentration is the sum of the alkali-producing 

reactions (ammonification, reduction of Mn-oxides, oxidation of organic anions 

and SO4
2- adsorption) and acid-producing reactions (nitrification, oxidation of 

Mn2+ and oxidation of organic S). Paul et al. (1999) showed that based on the 
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estimating the change in soil H+ concentration that was described by Conyers, 

Uren, et al. (1995), up to 77% of the pH change could be explained in soils that 

were subjected to different moisture contents. However, no publication has 

determined the contribution of pH altering processes following the application of 

OM to the soil. 

 

The aim of this study is to apply the H+ budget model described by Conyers, Uren, 

et al. (1995) to quantify the contribution of the immediate chemical reaction 

between added amendments and soil H+, oxidation of OA, N mineralisation and 

nitrification to the change in soil pH following the addition of GLP, WIM and WSM. 

 

5.2. Materials and methods 

 

The experiment was described in detail in Chapter 4. Briefly, five soil amendment 

treatments: lime (0.88 g kg-1), GLP (21.2 g kg-1), WIM and WSM (both fractionated 

from an equivalent of 21.2 g kg-1) and one without any addition was incubated 

with four soils derived from two soil types (100% FC, aerobic conditions, 21oC). 

The two soil types were a Red Chromosol (RC) and a Yellow Chromosol (YC) 

soil collected at Cootamundra and Holbrook, NSW, Australia. Two soil depth 

layers were 0–10 cm and 10–20 cm for each soil type, referred to as RC0–10, 

RC10–20 and YC0–10, YC10–20, respectively. The treatments were 

destructively sampled over time at 4 h and at 7, 14, 35, and 55 days from the start 

of the incubation period (DAI). The parameters measured to quantify the H+ 

budget are described below.   

 

5.2.1. Soil mineral nitrogen 

 

The concentration of mineral nitrogen (NH4
+-N and NO3

- -N) in each soil sample was 

extracted according to Rayment (2011), method 7C2b – mineral-N but using 1M 

KCl, followed by using an automatic Discrete Analyser SEAL AQ2 (SEAL Analytical 

Ltd., Southampton, UK). Briefly, 10 g of moist soils was extracted in 50 mL of 1 M 

KCl. The solution was then shaken end-over-end 1 h at 30 rpm and allowed to 

settle for 0.5 h. The solution was then collected by passing it through a filter paper 

(Whatman No.42, 2.5 µm pore size) and stored at 4 ºC in a fridge for no more than 
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three days prior to analysis or in the freezer (−18 ºC) if not analysed within three 

days. Gravimetric moisture content was determined by oven-drying the remaining 

soil at 40 °C for 72 h, and the result was used to report the mineral N on an oven-

dry soil basis. 

 

5.2.2. Soil dissolved organic carbon 

 

Soil dissolved organic carbon (DOC) was determined as described by Heanes 

(1984). Briefly, 10 g of moist soil was combined with 50 mL of nano-pure water and 

the mixture shaken end-over-end 1 h and then filtered through a syringe filter 

(Millex-HP polyethersulfone syringe filter unit, gamma sterilised, 33 mm diameter, 

0.45 µm pore size). A mixture of 2 mL of soil extract, 5 mL of 0.01 M potassium 

dichromate, and 10 mL of concentrated sulfuric acid was maintained at 170 °C in 

a digestion block for 0.5 h (Yeomans and Bremner, 1988). Samples were then 

analysed calorimetrically for DOC concentration, as Cr3+ product, using a 

spectrophotometer (Helios Gamma 9423 UVG 1002E) at 600 nm (Heanes, 1984). 

The pH of the soil solution (pH in 1:5 water - pHw) was also determined. The soil 

DOC and pHw were used to calculate the OM concentration as explained below.  

 

5.2.3. Calculation of changes in proton budget 

 

The budget of proton (H+  produced or consumed was calculated based on the 

H+ balance equation described by Conyers, Uren, et al. (1995). The net change 

in soil H+ concentration (∆ H+ Net) (mmol H+ kg-1) was calculated by the sum of 

the H+ consumed from the immediate chemical reaction between added materials 

and soil H+ (∆ H+ Ame), alkalinity produced from the oxidation of OA 

(∆ H+ OAOx , net alkalinity produced from N mineralisation (∆ H+ Nmin), and net 

acid released by nitrification (∆ H+ Nit) (Eq. 5.1).  

 

∆ H+ Net = ∆ H+ Ame + ∆ H+ OAOx + ∆ H+ Nmin + ∆ H+ Nit (Eq. 5.1) 

 

The ∆ H+ Ame estimates for the GLP, WIM and WSM was the H+ consumption 

shown in Table 4.2 (Chapter 4). The ∆ H+ Ame of lime was the potential H+ that 
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the added lime can neutralise based on stoichiometry multiplied by the 

neutralising value (98%) of the lime. 

 

The ∆ H+ OAOx was calculated from the differences in OA concentration from 

daya to dayb, i.e. 0–4 h, 4 h–7 DAI, 7–14 DAI, 14–35 DAI, and 35–55 DAI, where 

“a” was the initial or previous measurement, and b was a subsequent sampling 

time. The OA concentration was calculated according to Bisogni and Arroyo 

(1991) and Conyers et al. (1995) as Eq. 5.2. 

 

OA = 
10-pK x DOC  x 6.5 x V

M x (10-pK+ 10pHw)
 (Eq. 5.2) 

 

In which [OA] is the concentration of OA (mmol H+ kg-1); pK is dissociation 

constant, pK = 0.96 + 0.90pHw – 0.039(pHw)2 (Conyers, Uren, et al., 1995; Oliver 

et al., 1983); [DOC] is dissolved soil organic carbon (g C L-1); the value of 6.5 mmol 

H+ kg-1 C was taken from Conyers, Uren, et al. (1995), which had been used by 

Paul et al. (1999); V is the extraction volume (0.05 L); M is the amount of soil 

sample of DOC extraction (kg - dry weight); pHw is pH measured in DOC extraction. 

 

The soil H+ changes due to N mineralisation (Eq. 5.3) and nitrification (Eq. 5.4) 

were obtained from the changes in the concentration of mineral N (NH4
+-N and 

NO3
- -N). It was assumed 1 mole of H+ was consumed for each mol of NH4

+-N 

produced due to mineralisation of organic N; 2 mole of H+ were produced for each 

mole of NO3
- -N was produced due to nitrification (Conyers, Uren, et al., 1995). 

This calculation of the change in H+ concentration also estimated for any loss of 

NH4
+-N without a corresponding gain in NO3

- -N as a gain in H+ due to 

immobilisation of NH4
+-N, and any loss of NO3

- -N resulting from either 

immobilisation of NO3
- -N or denitrification was counted as a decrease in H+ 

(Condon et al., 2004). 

 

∆ H+ Nmin = –(∆NO3
- -N + ∆NH4

+-N)/14.01 (Eq. 5.3) 

 

∆ H+ Nit = 2 x(∆NO3
- -N /14.01) (Eq. 5.4) 
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Where ∆ H+ Nmin is the change in soil H+ due to N mineralisation; ∆ H+ Nit is the 

change in soil H+ due to nitrification; ∆NO3
- -N and ∆NH4

+-N are the changes in soil 

NO3
- -N and NH4

+-N concentrations (g kg-1) from daya to dayb as defined above. 

The number “14.01” is the molecular weight of N.  

 
5.2.4. Soil pH change calculation 

 

The relative pHCa changes (pHObs) were the differences in observed pHCa from 

daya to dayb (pHCa dayb – pHCa daya). The calculated pHCa changes (pHcal) were 

based on the changes in H+ budget between daya and dayb multiplied by pHβ, as 

described by Conyers et al. (1995) (Eq. 5.5).  

 

∆pHCal  = –∆ H+ Net x pHβ (Eq. 5.5) 

 

in which ∆pHCal is the calculated pH change between daya and dayb, 

∆ H+ Net is the net change in soil H+ concentration between daya and dayb (Eq. 

5.1), and 

pHβ is the soil pH buffering intensity (Table 4.1, Chapter 4). 

 

5.2.5. Statistical analysis 

 

A three-way ANOVA found significant interactions between soil amendment 

treatments, soil types and depth layers and sampling times. Comparing the effects 

of treatments on different soil types and depths was not the main objective of this 

study. Thus, a two-way ANOVA was conducted to study the effects of treatments 

and sampling times on NH4
+-N, NO3

- -N, and OA concentration; the effects of 

treatments and sources of H+ change on the change in H+ concentration of each 

soil; and the effects of treatments and soil types and depth layers on change in H+ 

concentration for each source of H+ change. The Least Significant Difference 

(LSD) was used for mean comparisons at P = 0.05. The relationships between 

measured and estimated pHCa changes were fitted with simple linear regression. 

GenStat 20th edition was used for all statistical analyses (VSN-International, 2020).  
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5.3. Results 

 

5.3.1. Soil organic anions 

 

Between 0 and 55 DAI, the soil OA concentration in the nil and lime treatments 

of all soils did not differ significantly (Figure 5.1), decreasing by 84%, 64%, 81%, 

and 85% in RC0–10, RC10–20, YC0–10, and YC10–20 soils, respectively. 

 

Within 4 h, addition of GLP had generated the highest OA concentration (Figure 5.1). 

At 4 h after the addition of GLP, the soil OA in the RC0–10, RC10–20, YC0–10, and 

YC10–20 soils increased by 11.1, 8.2, 8.3, and 7.4 mmol H+ kg-1 respectively; 

however, from 4 h–7 DAI, it decreased by 74%, 65%, 67%, and 61%, respectively. 

From 7–55 DAI, the soil OA concentration continuously decreased (Figure 5.1).  

 

With the addition of WIM, the soil OA concentration was significantly higher than in 

the nil and lime treatments but significantly lower than in the GLP and WSM 

treatments (Figure 5.1). The highest soil OA concentration was at 4 h after the WIM 

had been incorporated, which increased by 2.6, 1.4, 1.3, and 1.0 mmol H+ kg-1 in 

the RC0–10, RC10–20, YC0–10, and YC10–20 soils, respectively; however, from 

4 h–7 DAI, it decreased by 62%, 31%, 27%, and 32%, respectively. From 7–55 

DAI, the soil OA concentration continuously decreased (Figure 5.1). 

 

With the addition of WSM, the soil OA concentration was significantly higher than 

in the nil, lime, and WIM treatments but significantly lower than in the GLP 

treatment (Figure 5.1). The highest soil OA concentration was at 4 h after the 

WSM had been applied, increasing by 8.0, 7.1, 6.4, and 5.7 mmol H+ kg-1 in the 

RC0–10, RC10–20, YC0–10, and YC10–20 soils, respectively; however, from 4 

h–7 DAI, it decreased by 87%, 71%, 75%, and 75%, respectively. From 7–55 

DAI, the soil OA concentration in the WSM treatment continuously decreased, 

and was not significantly higher than the WIM treatment (Figure 5.1). 
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Figure 5.1. Soil organic anion concentration following the addition of different 

amendments in a Red Chromosol soil, RC0–10 (a) and RC10–20 (b), and a Yellow 

Chromosol soil, YC0–10 (c) and YC10–20 (d) during 55 days after incubation. On the x-

axis, 4h indicates 4 h after incubation, while all other x-axis values are days after 

incubation. The dashed lines indicate the change in OA concentration during 4 h after 

incubation. Bars indicate the Least Significant Difference (LSD) at P = 0.05 between 

means (n = 3). 
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5.3.2. Soil ammonium-nitrogen 

 

The soil NH4
+-N concentration in all treatments of all soils increased and then 

decreased (Figure 5.2). The soil NH4
+-N concentration in the nil and lime treatments 

did not differ significantly, being highest at 7 DAI, except for RC0–10 soil, for which 

the highest was at 4 h, and increasing by 0.008, 0.007, 0.027, and 0.020 g kg-1 in 

the RC0–10, RC10–20, YC0–10, and YC10–20 soils, respectively (Figure 5.2). 

 

The soil NH4
+-N concentration was the highest with the addition of GLP, except 

for YC0–10 soil, where the NH4
+-N concentration in the WSM treatment was the 

highest at 7 DAI (Figure 5.1). The soil NH4
+-N concentration in the RC0–10, 

RC10–20, YC0–10, and YC10–20 soils increased by 0.092, 0.221, 0.115, and 

0.185 g kg-1, respectively. However, by 55 DAI, the soil NH4
+-N concentration in 

the RC0–10, RC10–20, and YC0–10 soils had decreased by 97%, 56%, and 

71%, respectively, but it only decreased by 4% in the YC10–20 soil.  

 

With the addition of WIM, the soil NH4
+-N concentration was significantly higher than 

in the nil and lime treatments but significantly lower than in the GLP and WSM 

treatments, except for YC10–20 soil, where the NH4
+-N concentration in the WIM and 

WSM treatments did not differ significantly (Figure 5.1). The soil NH4
+-N 

concentration in the RC0–10, RC10–20, YC0–10, and YC10–20 soils increased 

by 0.032, 0.081, 0.057, and 0.108 g kg-1 respectively; however, by 55 DAI, it had 

decreased by 95%, 54%, 80%, and 24%, respectively.  

 

The soil NH4
+-N concentration in the WSM treatment was significantly higher than in 

the nil, lime, and WIM treatments but significantly lower than in the GLP treatment, 

except for YC0–10 soil (Figure 5.1). The soil NH4
+-N concentration in the RC0–10, 

RC10–20, YC0–10, and YC10–20 soils increased by 0.048, 0.096, 0.126, and 

0.095 g kg-1 respectively; however, by 55 DAI, it had decreased by 98%, 76%, 

96%, and 27%, respectively.  

 

NH4
+-N release in the WSM treatments was very rapid and transient with peaks 

at ~7 DAI and this contrasted with the slower increase in NH4
+-N release in the 
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WIM treatments (Figure 5.2). The pattern of NH4
+-N release in GLP treatment was 

approximately the sum of releases from WSM and WIM treatments (Figure 5.2). 

All NH4
+-N releases in GLP, WIM and WSM treatments declined by 55 DAI (Figure 

5.2). However, the rate NH4
+-N release declined more slowly in subsoil treatments 

(RC10-20 and YC10-20 soil) leading to residual NH4
+-N release levels by 55 DAI. 

 

 

Figure 5.2. Soil ammonium-nitrogen (NH4
+-N) concentration following the addition of 

different amendments in a Red Chromosol soil, RC0–10 (a) and RC10–20 (b), and a 

Yellow Chromosol soil, YC0–10 (c) and YC10–20 (d) during 55 days after incubation. On 

the x-axis, 4h indicates 4 h after incubation, while all other x-axis values are days after 

incubation. The dashed lines indicate the change in NH4
+-N concentration during 4 h after 

incubation. Bars indicate the Least Significant Difference (LSD) at P = 0.05 between 

means (n = 3). 
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5.3.3. Soil nitrate-nitrogen 

 

In contrast to the results for soil OA concentration and, to a lesser extent, NH4
+-N 

concentrations, the patterns of change in soil NO3
- -N concentration differed 

substantially depending on the soil in which the amendment treatments were 

being incubated (Figure 5.3). The soil NO3
- -N concentrations in the nil and lime 

incubation treatments increased significantly in all soils over the 55 days 

incubation period.  The increase was typically slow and steady but added only 

~0.010 to ~0.012 g N kg-1 to the RC10-20 and YC10-20 subsoils, and ~0.07 g N 

kg-1 to the RC0-10 soil by 55 DAI. However, in the YC0-10 soil, NO3
- -N increased 

to 35 DAI before declining marginally to ~0.09 g N kg-1 at 55 DAI in the nil and 

lime treatments.  

 

The initial NO3
- -N concentrations of all soils were either negligible (RC soils) or 

very low; ~ 0.020-0.025 g N kg-1 in the YC soils (Figure 5.3). Adding OM in the 

form of GLP or its components (WIM and WSM) did not immediately (i.e., within 

4h) change the soil NO3
- -N concentrations.  

 

In the RC soils, with negligible initial levels of NO3
- -N, there was no change for at 

least 7 to 14 days, but the NO3
- -N concentrations of the soils incubated with the 

OM treatments began to increase thereafter. Treatment with addition of GLP 

resulted in the largest increase in soil NO3
- -N and this was most marked in the 

RC0-10 soil where 0.32 mg N kg-1 was added to the soil by 55 DAI. The increase 

in the RC10-20 soil was considerably lower (0.12 mg N kg-1 by 55 DAI). 

Incubating the soils with the GLP components also increased the soil NO3
- -N 

concentrations. The sum of the increases associated with the WIM and WSM 

components was close to the total soil NO3
- -N concentration achieved by 

incubation with GLP. The time lag before soil NO3
- -N increased was similar for 

WIP and GLP, but NO3
- -N concentrations did not increase until 35 DAI when WSM 

was incubated with the RC10-20 soil. 

 

In the YC soils, which had low initial concentrations of NO3
- -N concentration, it 

was noticeable that incubation with OM caused rapid and significant declines in 

the soil NO3
- -N concentration (Figure 5.3). The concentrations of NO3

- -N reached 
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low to negligible levels in the YC topsoil and subsoil treatments by 7 DAI, 

irrespective of which form of OM (i.e. GLP, WIM or WSM) had been added to the 

soil.  In the YC0-10 soil, the NO3
- -N concentration remained very low until least 

35 DAI when WSM had been incubated with these soils. In contrast, NO3
- -N 

concentrations increased after 14 DAI to a peak at 35 DAI when GLP and WSM 

were added to this soil. Relatively small declines in the NO3
- -N concentrations 

occurred, thereafter, with 1.1-1.2 g N kg-1 having been added to the soil in all 

three OM treatments by 55 DAI. In contrast, when all of the OM treatments were 

incubated with the YC10-20 soil, the soil NO3
- -N concentration declined to 

negligible levels and did not begin increasing until at least 35 DAI. By 55 DAI, the 

NO3
- -N concentration in the WSM treatment increased by 0.016 g N kg-1, but its 

in the GLP and WIM treatments was unchanged compared with the initial NO3
- -N 

concentration in the YC10-20 soil (Figure 5.3). 
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Figure 5.3. Soil nitrate-nitrogen (NO3
- -N) concentration following the addition of different 

amendments in a Red Chromosol soil, RC0-10 (a) and RC10-20 (b), and a Yellow 

Chromosol soil, YC0-10 (c) and YC10-20 (d) during 55 days after incubation. On the x-

axis, 4h indicates 4 h after incubation, whilst all other x-axis values are days after 

incubation. The dash lines indicate the change NO3
- -N concentration during 4 h after 

incubation. Bars indicate the Least Significant Difference (LSD) at P = 0.05 between 

means (n = 3). 
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5.3.4. Change in soil H+ concentration 

 

The change in soil H+ concentration was calculated based on the immediate 

chemical reaction, oxidation of OA, N mineralisation, and nitrification (Eq. 5.1). 

The contribution of these processes mentioned above to the changes in soil H+ 

concentration during 0–4 h, 4 h–7 DAI, 7–14 DAI, 14–35 DAI, and 35–55 DAI are 

presented in Appendix 10. The net change in soil H+ concentration during 55 DAI 

is summarised in Table 5.1.  

 

5.3.4.1. Immediate chemical reaction 

 

The immediate chemical reaction between added materials and soil H+ was 

predicted to decrease soil H+ concentration during 0–4 h (Appendix 10). The H+ 

consumption added lime was the highest (17.3 mmol H+ kg-1). The H+ 

consumption of added GLP was equal to the H+ consumption of added WIM and 

WSM. The change in soil H+ concentration in the lime treatment was mainly due 

to the immediate chemical reaction of lime (Appendix 10, Table 5.1). From 0–4 

h, 72%–90% of the change in soil H+ concentration in the GLP, WIM, and WSM 

treatments was due to the immediate chemical reaction (Appendix 10). However, 

depending on soil types and depths, the immediate chemical reaction contributed 

about 9%–24% of the change in soil H+ concentration in the GLP, WIM, and WSM 

treatment at 55 DAI (Table 5.1). 
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Table 5.1. Calculated net changes in soil H+ concentration (∆ H+ Net) (Eq. 5.1) due to 

the immediate chemical reaction between added amendments and soil H+ (Ame), 

oxidation of organic anions (OAOx), nitrogen mineralisation (Nmin), and nitrification (Nit), 

and the contribution of each process to the net change in H+ concentration in the RC0–

10, RC10–20, YC0–10 and YC10–20 soils by 55 DAI. 

Treatment 

∆ H+ Net (mmol H+kg-1) Contribution to ∆ H+ Net (%) 

Ame OAOx Nmin Nit Total Ame OAOx Nmin Nit 

 RC0-10 (LSD = 2.2)  RC0-10 

Nil 0.0 -1.2 -4.9 9.0 2.9 0 8 32 60 

Lime -17.3 -1.2 -5.8 10.2 -14.1 50 3 17 30 

GLP -8.5 -11.6 -36.5 59.0 2.4 7 10 32 51 

WIM -3.7 -3.5 -19.2 33.4 7.0 6 6 32 56 

WSM -4.8 -8.9 -16.4 26.1 -4.0 9 16 29 46 

 RC10-20 (LSD = 1.3)  RC10-20 

Nil 0.0 -0.4 -1.8 2.1 -0.1 0 9 42 49 

Lime -17.3 -0.4 -2.5 4.0 -16.2 72 1 10 17 

GLP -8.5 -8.0 -33.5 34.9 -15.1 10 9 39 41 

WIM -3.7 -1.5 -15.8 19.6 -1.4 9 4 39 48 

WSM -4.8 -5.1 -18.8 23.1 -5.6 9 10 36 45 

 YC0-10 (LSD = 2.7)  YC0-10 

Nil 0.0 -1.4 -13.6 20.0 5.0 0 4 39 57 

Lime -17.3 -1.4 -15.0 21.4 -12.3 31 3 27 39 

GLP -8.5 -9.0 -36.6 43.1 -11.0 9 9 38 44 

WIM -3.7 -2.3 -19.2 27.1 1.9 7 4 37 52 

WSM -4.8 -7.3 -33.0 41.6 -3.5 6 8 38 48 

 YC10-20 (LSD = 1.0)  YC10-20 

Nil 0.0 -1.1 -5.1 7.7 1.5 0 8 37 55 

Lime -17.3 -1.1 -7.4 11.3 -14.5 47 3 20 31 

GLP -8.5 -7.2 -16.3 3.9 -28.1 24 20 45 11 

WIM -3.7 -1.8 -12.0 6.5 -11.0 15 8 50 27 

WSM -4.8 -6.4 -13.1 9.8 -14.5 14 19 39 29 

LSD 0.0 0.3 1.9 3.3 1.2     

LSD indicates the Least Significant Difference at P = 0.05; Abbreviations: GLP: ground 

lucerne hay pellet, WIM: water-insoluble materials; WSM: water-soluble materials. 
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5.3.4.2. Oxidation of organic anion 

 

The oxidation of OA resulted in decreases in soil H+ concentration (Table 5.1). 

The change in H+ concentration due to the oxidation of OA in the nil and lime 

treatments of all soils did not differ significantly (Table 5.1). During 55 DAI, the 

oxidation of OA contributed to about 4%–9% of the change in soil H+ 

concentration in the nil treatment, but it was about 1%–3% in the lime treatment. 

 

With the addition of GLP, the contribution of the oxidation of OA to the change in 

soil H+ concentration was the highest (Table 5.1), which resulted in decreased 

soil H+ concentration of about 7.2–11.6 mmol H+ kg-1, depending on soil types 

and depths (Table 5.1). The oxidation of OA caused the most changes in soil H+ 

concentration during 4 h–7 DAI, which contributed to 46%–78% of the changes 

in soil H+ concentration (Appendix 10). However, at 55 DAI, it constituted to 9%–

20% of the change in soil H+. 

 

With the addition of WIM, the change in soil H+ due to the oxidation of OA resulted 

in decreases of 1.5–3.2 mmol H+ kg-1, which contributed to about 4%–8% of the 

change in soil H+ concentration (Table 5.1). With the addition of WSM, the change 

in soil H+ due to the oxidation of OA resulted in decreases of 5.1–6.9 mmol H+ 

kg-1, which contributed to about 8%–19% of the change in soil H+ concentration 

(Table 5.1). The change in soil H+ concentration due to the oxidation of OA in the 

WSM treatment was about 2.5–3.6 times greater than in the WIM treatment. 

Similar to the GLP treatment, the greatest contribution of the oxidation of OA to 

the change in soil H+ concentration in the WIM and WSM treatments was during 

4 h–7 DAI, which contributed to about 29%–54% and 38%–62% of the change in 

soil H+ concentration, respectively (Appendix 10). 

 

5.3.4.3. Nitrogen mineralisation 

 

Similar to the oxidation of OA, the N mineralisation resulted in decreases in soil 

H+ concentration (Table 5.1). The change in H+ concentration due to N 

mineralisation in the nil and lime treatments did not differ significantly (Table 
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5.1). However, the contribution of nitrogen mineralisation to the change in soil 

H+ was about 4–10 times higher than the contribution of oxidation of OA, 

depending on soil types and depths. 

 

The change in soil H+ concentration due to nitrogen mineralisation was the 

highest with the addition of GLP, which caused decreased soil H+ concentration 

by 16.3–36.6 mmol H+ kg-1 (Table 5.1). The contribution of N mineralisation to the 

change in soil H+ concentration was significantly greater than the sum of the 

immediate chemical reaction and oxidation of OA, which contributed to 32%–45% 

of the change in soil H+ concentration (Table 5.1).  

 

With the addition of WIM, the change in soil H+ concentration due to nitrogen 

mineralisation was significantly higher than in the nil and lime treatments, causing 

decreased soil H+ concentration by 12.0–19.2 mmol H+ kg-1 (Table 5.1). The 

change in soil H+ concentration caused by nitrogen mineralisation in WIM 

treatment was about 26%–53% lower than in the GLP treatment. Similar to the 

GLP treatment, the contribution of the N mineralisation to the change in soil H+ 

concentration was significantly greater than the sum of the immediate chemical 

reaction and oxidation of OA, which contributed to 32%–50% of the change in 

soil H+ concentration (Table 5.1). 

 

With the addition of WSM, the change in soil H+ concentration due to nitrogen 

mineralisation was significantly higher than in the nil and lime treatments, causing 

decreased soil H+ concentration by 13.1–33.0 mmol H+ kg-1 (Table 5.1). The 

change in soil H+ concentration caused by nitrogen mineralisation in the WSM 

treatment was significantly higher than in the WIM treatment, except for the RC0–

10 soil, where changes associated with the WIM treatment were significantly 

higher than in the WSM treatment (Table 5.1). Similar to the GLP and WIM 

treatments, the contribution of the N mineralisation to the change in soil H+ 

concentration was significantly greater than the sum of the immediate chemical 

reaction and oxidation of OA, which contributed to 29%–39% of the change in 

soil H+ concentration (Table 5.1). 
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5.3.4.4. Nitrification 

 

Unlike the other processes, nitrification resulted in increases in soil H+ 

concentration (Table 5.1). The contribution of nitrification to the change in soil H+ 

concentration in the nil and lime treatments was not significant, except for the 

YC10–20 soil, where the change in soil H+ concentration due to nitrification in the 

lime treatment was 3.6 mmol H+ kg-1, significantly higher than in the nil treatment 

(Table 5.1). The change in soil H+ concentration in the nil and lime treatments 

due to nitrification about 1.2–1.8 times higher than for nitrogen mineralisation.  

 

The change in soil H+ concentration was the highest with the addition of GLP, 

except for YC10–20 soil, where it was the lowest (Table 5.1). In the YC10–20 

soil, nitrification contributed to 11% of the change in soil H+ concentration, but 

it accounted for 44%–51% of the change in the other soils (Table 5.1). The 

greatest change in soil H+ concentration in the RC0–10 and YC0–10 soils was 

from 14–35 DAI, whereas in the RC10–20 and YC10–20 soils it was from 35–

55 DAI (Appendix 10). 

 

The change in soil H+ concentration with the addition of WIM was significantly 

higher than in the nil and lime treatments, except for YC10–20 soil, where it was 

significantly lower than in the lime treatment (Table 5.1). In the YC10–20 soil, 

nitrification contributed to 27% of the change in soil H+ concentration, but it was 

48%–56% in the other soils (Table 5.1). The greatest change in soil H+ 

concentration due to nitrification associated with the WIM treatment was from 35–

55 DAI, except for RC0–10 soil, where it was from 14–35 DAI (Appendix 10). 

 

The change in soil H+ concentration was significantly higher with the addition of 

WIM than in the nil and lime treatments, except for YC10–20 soil, where it did not 

differ significantly (Table 5.1). The change in soil H+ concentration in the WSM 

treatment was significantly higher than in the WIM treatment, except for RC0–10 

soil, where the change in the WSM treatment was significantly lower than in the 

WIM treatment, and YC10–20 soil, in which it did not differ significantly (Table 

5.1). The nitrification with the WSM treatment contributed to less than 50% of the 
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change in soil H+ concentration in all soil types and depths (Table 5.1). The 

greatest change in soil H+ concentration due to nitrification in the WSM treatment 

depended on soil types and depths (Appendix 10). 

 

5.3.5. Relationship between observed and calculated pHCa changes  

 

The pHCa changes, calculated using Eq. 5.1, due to the change in soil H+ 

concentration resulting from the immediate chemical reaction, oxidation of OA, N 

mineralisation, and nitrification, were correlated significantly with the observed 

pH changes (Figure 5.4, Table 5.2). Approximately 81% and 85% of the pHCa 

change in RC0–10 and RC10–20 soils, respectively, was calculated to be due to 

the change in soil H+ concentration (Figure 5.4). However, up to 70% and 45% 

of the pHCa change in the YC0–10 and YC10–20 soils, respectively, could be 

calculated by the change in the soil H+ concentration (Figure 5.4).  

 

The calculated pHCa change due to the contribution of the immediate chemical 

reaction, oxidation of OA, N mineralisation, and nitrification in the soils of the lime, 

GLP, and WSM treatments was higher than in the nil and WIM treatments (Table 

5.2). The change in soil pHCa due to the contribution of lime, GLP, and WSM was 

calculated to be about 85%, 83%, and 84% of the observed pHCa change, 

respectively (Table 5.2). However, the change in soil pHCa caused by the nil and 

WIM treatments contributed to about 56% and 46% of the observed pHCa 

changes, respectively (Table 5.2). 

 

The pHCa change calculated due to the change in soil H+ concentration resulting 

from the immediate chemical reaction, oxidation of OA, N mineralisation, and 

nitrification depended on incubation time (Table 5.2). Approximately 88%, 72%, and 

78% of the pHCa change during 0–4 h, 7–14 DAI, and 35–55 DAI was calculated 

based on the change in soil H+ concentration, respectively (Table 5.2). However, 

about 40% and 45% of the pHCa change during 4 h–7 DAI and 14–35 DAI was 

calculated to be due to the change in soil H+ concentration, respectively (Table 5.2). 
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Figure 5.4. Relationship between observed (∆pHObs) and calculated (∆pHCal) pHCa 

changes following the application of lime, ground lucerne hay pellets (GLP), water-

insoluble (WIM), and water-soluble (WSM) materials of GLP, and soil without 

amendment (nil) during 55 days after incubation (DAI) in a Red Chromosol (RC) soil (a 

and b) and a Yellow Chromosol (YC) soil (c and d). Data represent the means of the 

three replicates. The solid lines represent the isolines (1:1) relationship. 
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Table 5.2. Relationship between observed (∆pHObs) and calculated (∆pHCal) in the soils 

incorporated with different amendments and at different sampling times. 

Treatments/ 

sampling times 

Linear equation r2 P 

Treatments* 

Nil ∆pHCal = 0.55 x ∆pHObs – 0.03  0.56 <0.001 

Lime ∆pHCal = 1.05 x ∆pHObs + 0.01 0.85 <0.001 

GLP ∆pHCal = 0.72 x ∆pHObs + 0.02  0.83 <0.001 

WIM ∆pHCal = 0.47 x ∆pHObs – 0.04  0.46 <0.001 

WSM ∆pHCal = 0.76 x ∆pHObs + 0.00 0.84 <0.001 

Sampling times** 

0-4 h ∆pHCal = 0.81 x ∆pHObs + 0.08  0.88 <0.001 

4 h-7 DAI ∆pHCal = 0.75 x ∆pHObs + 0.31 0.40 0.002 

7-14 DAI ∆pHCal = 0.77 x ∆pHObs + 0.07  0.72 <0.001 

14-35 DAI ∆pHCal = 0.59 x ∆pHObs – 0.22  0.45 0.001 

35-55 DAI ∆pHCal = 1.05 x ∆pHObs – 0.03 0.77 <0.001 

*: nil indicates soils without the addition of the amendments; lime, GLP, WIM and WSM 

indicate soils with the addition of lime, ground lucerne hay pellets, water-insoluble and 

water-soluble materials of ground lucerne hay pellets, respectively 

**: 0–4 h, 4 h–7 DAI, 7–14 DAI, 14–35 DAI, and 35–55 DAI indicate soils incubated within 

4 h after the addition of the amendments; from 4 h to 7 days of incubation, from 7 to 14 

days of incubation, from 14 to 35 days of incubation, and from 35 to 55 days of 

incubation, respectively. 
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5.4. Discussion 

 

5.4.1. Processes responsible for the change in soil pH 

 

This study found that change in soil pH following the addition of OM (i.e., GLP) 

could be largely accounted for by calculating the net H+ transactions associated 

with (i) the immediate chemical reaction between added materials and soil H+, (ii) 

oxidation of OA, (iii) N mineralisation, and (iv) nitrification (Figure 5.4, Table 5.2). 

The immediate chemical reaction, oxidation of OA and N mineralisation resulted 

in an increase in soil pH; however, nitrification was responsible for a subsequent 

decrease in soil pH (Table 5.1). Therefore, the soil pH following the application of 

GLP, WIM and WSM first increased and then decreased (Chapter 4).  

 

The effects of these processes on the change in soil pH following the application 

of OM has been reported in several studies (Haynes and Mokolobate, 2001; Tang 

et al., 1999; Xu et al., 2006b; Yan et al., 1996). However, the contribution of each 

of these processes to the change in soil pH is not well understood. This study 

provided a better understanding of the processes that caused soil pH change 

during the decomposition of OM (Table 5.1).  

 

This study showed that the H+ consumption capacity of the OM by titration from 

its initial pH to pH of 4 was the major process that caused the immediately 

increased soil pH during 4 h of incubation (Appendix 10). It is shown that the 

approximately 32%, 29%, and 34% alkalinity in the GLP, WIM and WSM was 

associated with H+ consumption at pH 4, respectively (Table 4.2, Chapter 4). This 

finding was consistent with the result reported by Tang et al. (1999), who found 

that immediate increases in soil pH following the addition of legume residues into 

two sandy soils collected in Western Australia was associated with a level not 

exceeding 33% of the alkalinity concentration in the residues.  

 

The immediately increased soil pH due to the association between OA and soil 

H+ depended on initial soil pH and the dissociation constant (pK) of the OA in the 

added OM; if the soil pH was smaller than the pK of the OA, there was an increase 
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in soil pH (Haynes and Mokolobate, 2001; Helyar, 1976; Ritchie and Dolling, 

1985). As can be seen in Table 5.2, from 0–4 h, up to 88% of the change in soil 

pH was explained based on the change in soil H+ concentration. Therefore, 

measurement of H+ consumption of added materials is a suitable laboratory 

practice to estimate the contribution of the immediate chemical reaction of the 

materials to the change in soil pH.  

 

Following the immediate chemical reaction, the oxidation of OA significantly 

increased soil pH following the application of OM (Table 5.1). A number of 

published studies claimed that the oxidation of OA was one of the major 

processes that cause the increase in soil pH following the application of OM, 

resulting in an increase in CO2 evolution (Butterly et al., 2011; Tang et al., 1999; 

Xu et al., 2006b), but was not quantified in those studies. In this study, the 

contribution of the oxidation of OA to the change in soil pH was determined by 

the change in soil OA concentration. Therefore, this study provided a better 

understanding on the contribution of the oxidation of OA to the change in soil 

pH than the published studies. 

 

The immediately increased soil pH is associated with one-third of the OM’s 

alkalinity concentration. Therefore, the remaining two-thirds of the alkalinity would 

be expected to associate with the oxidation of OA to contribute to the change in 

soil pH. Unexpectedly, this study showed that the contribution of the oxidation of 

OA to the change in soil pH was similar to the immediate chemical reaction (Table 

5.1). Therefore, about one-third of the alkalinity accounted for the oxidation 

reaction. The remaining one-third of the alkalinity did not associate with the 

increased soil pH in this study, possibly missed from the observation of the 

change in soil OA concentration during the period 4 h–7 DAI. In this experiment, 

the soil OA concentration was determined at 4 h and at 7 DAI. Figure 5.1 showed 

that the highest soil OA concentration was at 4 h, and then decreased rapidly to 

7 DAI. However, the soil OA concentration between 4 h–7 DAI, i.e. 1, 2, 3, 4, 5 

DAI, was not determined. The OM, particularly the water-insoluble component, 

takes time to decompose. Therefore, the highest soil OA concentration likely not 

be at 4 h after the OM had been incorporated. It could be from 0-7 DAI, but 4 h 

was higher than 7 DAI. Xu et al. (2006b) reported that using lucerne and other 
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crop residues, the highest CO2 evolution was at 3 days after the amendment had 

been incorporated. Therefore, the contribution of the oxidation of OA to the 

change in soil pH is likely to be higher than that determined in this study if the soil 

OA concentration was investigated at a daily interval during the first 7 DAI. 

 

 

The immediately increased soil pH and the pH that increased due to oxidation of 

OA are associated with the alkalinity concentration in the added materials. 

Published studies show that the increases in soil pH following the application of 

OM are positively correlated with the alkalinity concentration in the added 

materials (Noble et al., 1996; Xu et al., 2006b). Therefore, OM with a higher 

alkalinity concentration would be expected to increase soil pH more than the OM 

with the lower alkalinity concentration. Naramabuye and Haynes (2006) reported 

that the determination of ash alkalinity concentration of the added OM is a 

practical laboratory test to predict the liming effect of the OM on soil pH. However, 

in Chapter 4, it was shown that soil pH in the GLP treatment was not always 

higher than in the WSM treatment by 55 DAI, although the alkalinity concentration 

in the GLP was about twice that of the WSM (Figure 4.1, Chapter 4). Therefore, 

other processes such as the transformation of organic N play an important role in 

the change in soil pH, as discussed below.  

 

The transformation of organic nitrogen firstly increases soil pH due to nitrogen 

mineralisation and subsequently decreases soil pH due to nitrification (Conyers, 

Uren, et al., 1995; Haynes and Mokolobate, 2001; Yan et al., 1996). This study 

showed that the nitrogen mineralisation during decomposition of OM resulted in 

decreasing soil H+ (Table 5.1). The nitrogen mineralisation was reported in 

published studies as a process that contributed to soil pH increases following the 

application of OM (Butterly et al., 2011; Tang et al., 1999; Xu et al., 2006b; Yan 

et al., 1996). However, in those studies, the contribution of the processes to the 

change in soil pH following the application of OM was not quantified; thus, the 

roles of the oxidation of OA and nitrogen mineralisation in soil pH change have 

not been distinguished. In this study, the contribution of the oxidation of OA and 

nitrogen mineralisation to the increase in soil pH was quantified (Table 5.1). It is 

shown that the increased pH due to N mineralisation in the soils, following the 
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application of GLP, WIM, and WSM, was greater than either the immediate 

chemical reaction or the oxidation of OA (Table 5.1). This explains why the soil 

pH, following the application of GLP, WIM, and WSM, was greater than the pH 

change calculated based on the added alkalinity in the materials (Appendix 11). 

 

However, the nitrogen mineralisation with an increased soil NH4
+-N concentration 

resulted in increased nitrification. This experiment showed that the subsequent 

nitrification that occurred during the decomposition of the materials caused an 

increase in soil H+ (Table 5.1). Nitrification occurred in the soils when there was a 

decrease in soil NH4
+-N concentration (Figure 5.1) and an increase in NO3

- -N 

concentration (Figure 5.2). These processes gave a logical and reasonable 

explanation for why the pH first increased, then decreased following application of 

the GLP, WIM, and WSM (Figure 4.1, Chapter 4). The transient pH increase 

following the application of OM, due to nitrification, has been reported (Asghar and 

Kanehiro, 1980; Hoyt and Turner, 1975; Hue, 1992). Although those published 

studies have not quantified the contribution of nitrification to the change in soil pH 

following the application of OM, the observed increase in soil NO3
- -N concentration 

showed that nitrification is a major process that caused the decrease in soil pH. 

With presence of plants, NH4
+-N might be taken up before nitrification process. 

However, pH in the soil with the addition of GLP had decreased by 35 days with 

presence of wheat plant (Chapter 3). Therefore, nitrification would occur even if 

crop is planted. 

 

This experiment showed that although nitrogen mineralisation resulted in a 

greater pH increase than the immediate chemical reaction and the oxidation of 

OA, the pH increase due to nitrogen mineralisation significantly correlated with 

pH decrease due to nitrification (Appendix 12). The contribution of nitrification to 

the change in soil pH was greater than the contribution of nitrogen mineralisation 

(Table 5.1), resulting in a net decrease in soil pH. Therefore, at 55 DAI, the 

change in soil pH was much lower than the increase in pH calculated based on 

alkalinity concentration (Appendix 11). 

 

The rate of nitrification that was observed appeared to depend on the initial pH of 

the soil. In Chapter 4, it is shown that the surface soils (RC0–10 and YC0–10 
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soils) had higher pH than the subsurface soils (RC10–20 and YC10–20 soils) 

(Table 4.1). As a result, the decrease in soil pH due to nitrification in RC0–10 and 

YC0–10 soils was greater than in RC10–20 and YC10–20 soils (Table 5.1). The 

effect of soil pH on the contribution of nitrification to the change in soil pH has 

been reported by Haynes and Swift (1989). Young et al. (2002) reported that low 

soil pH in the subsurface soil layer was the main factor that inhibited nitrification. 

However, the current study showed that the nitrification in the YC10-20 soil following 

the application of GLP, WIM, and WSM was inhibited, although the addition of the 

amendment increased the soil pH to above 5.0. Therefore, low soil pH appears to 

be the main reason that  nitrification in the soil was inhibited following the application 

of OM. Kaveney et al. (2020) showed that the lack of bacterial nitrifiers in the 

subsurface soil layer was the main reason for the decline in nitrification in the 

subsurface soil layer. The effects of soil properties on nitrification will be 

discussed in detail in section 5.4.3.   

 

In summary, the change in soil pH following the application of OM was mainly 

due to the immediate chemical reaction between OM and soil H+, oxidation of 

OA, N mineralisation and nitrification. The consumption of soil H+ due to the 

immediate chemical reaction and the oxidation of OA is associated with the 

alkalinity concentration of the OM, which always results in increases in soil pH. 

The transformation of mineral N first increased soil pH due to N mineralisation 

and subsequently decreased soil pH due to nitrification. The rates of N 

mineralisation and nitrification depend on the transformation of organic nitrogen 

to NH4
+-N and NH4

+-N to NO3
- -N, respectively. This study showed that the 

generation of NH4
+-N during mineralisation of organic N enhances nitrification. 

Because H+ release due to nitrification of NH4
+-N to NO3

- -N was twice that of H+ 

consumption due to mineralisation of organic nitrogen to NH4
+-N, the 

transformation of organic N to NO3
- -N resulted in a net decrease in soil pH. 

Therefore, it is suggested that the OM that contains more alkalinity concentration 

and less organic N could increase soil pH more efficiently than OM that contains 

less alkalinity concentration but more organic N, due to the decrease in the 

contribution of the transformation of organic N to the change in soil pH.  
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5.4.2. Effects of WIM and WSM on pH change processes 

 

In Chapter 4, it was shown that the addition of WSM into acid soils increased soil 

pH more efficiently than the addition of WIM because WSM contained more 

alkalinity and a lower nitrogen concentration than WIM. In this study, it was 

demonstrated that the greater increase in soil pH in the WSM treatment was due 

to the difference in the contribution of the immediate chemical reaction and the 

oxidation of OA to the change in soil pH. As discussed above, the alkalinity 

concentration of the added OM is associated with the contribution of the immediate 

chemical reaction and the oxidation of OA to the change in soil pH. Therefore, 

change in soil pH due to the immediate chemical reaction and oxidation of OA, 

following the application of WSM was significantly higher than following the addition 

of WIM (Table 5.1). The high OA oxidation that was a characteristic of the WSM 

helps to explain why surface application of LP and GLP rapidly increased the pH 

in subsurface soil in the soil column experiment reported in Chapter 3. 

 

In addition, the contribution of N mineralisation and nitrification following the 

application of WIM and WSM significantly affected the change in soil H+ 

concentration (Table 5.1). In Chapter 4, it was shown that WIM contained more 

nitrogen than WSM did (Table 4.2). The contribution of N mineralisation to the 

change in soil pH following the application of WIM and WSM was greater than 

the sum of the contribution of the immediate chemical reaction and the oxidation 

of OA. However, following the application of WIM and WSM, the more N 

mineralisation contributed to the change in soil pH, the more nitrification also 

contributed to the change in soil pH (Table 5.1). The net change in soil H+ 

concentration due to the contribution of the N mineralisation and nitrification 

following the application of WSM and WIM did not differ significantly. Therefore, 

the different changes in soil pH following the application of WSM and WIM were 

mainly due to the difference in the alkalinity concentration of the added materials, 

which is associated with the contribution of the immediate chemical reaction and 

the oxidation of OA to the change in soil pH. As a result, the soil pH increase 

following the application of OM could last longer if the OM applied containing 

more alkali concentration but less nitrogen concentration which could reduce the 

contribution of nitrogen mineralisation and nitrification to the change in soil pH.  
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This study found that the calculation of the pH change in the soils with the addition 

of the WSM was higher than with the application of WIM (Table 5.2). 

Approximately 84% of the pH change in the soil following the addition of WSM 

could be calculated by the change in H+ concentration caused by the immediate 

chemical reaction, oxidation of OA, N mineralisation, and nitrification (Table 5.2). 

These processes were the major contributors to the change in soil pH following 

the addition of WSM. Approximately 16% of the pH change in the WSM treated 

soils could be due to accumulated errors in the analysis of each process and/or 

the contribution of other processes (e.g., reduction reactions). Indeed, this found 

that the change in soil electron activity in the soils of the WSM treatment 

correlated with the change in soil pH (Appendix 13). Hue (1992) reported that 

under a localised, electron-rich environment, the reduction reactions of Mn and 

Fe oxides (Eq. 2.7 and 2.8) could occur and cause an increase in soil pH. 

Therefore, a reduction reaction might occur in the soil following the application of 

WSM but contribute only a small proportion in the change in soil pH. 

 

For the soils with the addition of WIM, the calculated change in H+ concentration 

in the soils only explained 46% of the pH change (Table 5.2) because of under- 

and over-calculated pH change at 4 h–7 DAI and 14–35 DAI, respectively (Figure 

5.4). The reduction reactions were not an important contributor to the change in 

soil pH following the application of WIM because the change in soil electron in 

the WIM treatment did not correlate with the change in soil pH (Appendix 13). The 

relatively poor performance of the calculated pH change in the soils of the WIM 

treatment may be due to the slow decomposition of WIM during 4 h–7 DAI, which 

might release OA into the soils to be oxidised. However, the concentration of OA 

was not measured between 4 h–7 DAI. Therefore, any change in OA 

concentration during the period 4 h–7 DAI was not accounted for. Yan et al. 

(1996) reported that after 24 h addition of malate, citrate, and acetate, the CO2 

evolution significantly correlated with the soil pH. Moreover, Xu et al. (2006a) 

reported that the highest CO2 evolution in soils following the addition of chickpea, 

medic, lucerne, and wheat residues was at three days after the amendments had 

been applied. Therefore, the OA in the soils following the application of WIM could 

be oxidised between 4 h–7 DAI, which might not be captured at 7 DAI. As a result, 
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at 4 h–7 DAI, the calculated change in soil pH of the WIM treatment was smaller 

than the observed change in soil pH (Figure 5.4). 

 

The possible reason for the over-estimated soil pH change by the model in the 

WIM-treated soil could result from an omission when determining the contribution 

of other processes to the change in soil H+ concentration between 14–35 DAI for 

soils YC0–10 and YC10–20. Results showed that from 14–35 DAI, there was an 

observed decrease in soil pH, but there was a calculated increase in soil pH in 

the WIM treatment of the YC0–10 and YC10–20 soils (Figure 5.4). Nitrification 

was the only process that calculated a decrease in soil pH in this study. However, 

from 14–35 DAI, the NO3
- -N concentration in the WIM treatment of the YC0–10 

and YC10–20 soils did not significantly increase (Figure 5.2). Therefore, the 

observed decrease in soil pH between 14–35 DAI in the WIM treatment of the 

YC0–10 and YC10–20 soils did not result from nitrification. The decrease in soil 

pH could be due to another process of the transformation of nitrogen, such as 

volatilisation. Condon et al. (2004) reported that volatilisation of nitrogen was one 

of the processes that contributed to the decrease in soil pH of the soil in livestock 

urine path. However, the volatilisation of N occurs in soil with a pH greater than 

8. In this current study, the highest soil pH of the WIM treatments was lower than 

7. As a result, the volatilisation of N could not occur in the soils of the WIM 

treatment. Other processes that could result in a decrease in soil pH, such as 

disassociation of OA when the soil pH is greater than the pK of the OA (Ritchie 

and Dolling, 1985), have not been measured in this current study but will be 

discussed in the section below.  

 

5.4.3. Effects of soil properties on the pH change processes 

 

Two soil types and each of two depth layers in this study differed greatly in pH, 

pHβ, total C, and N (Table 4.1, Chapter 4). In Chapter 4, it was shown that the 

change in soil pH following the application of GLP, WIM, and WSM differed 

between soil types and depths. In this Chapter, it has been shown that the 

difference in the contribution of the oxidation of OA, N mineralisation, and 

nitrification to the change in soil H+ concentration following the application of GLP, 

WIM, and WSM, was the major contributor to the difference in the change in soil 
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pH (Table 5.1). Although the greatest contribution of the oxidation of OA to the 

change in soil H+ concentration in all soils was during 4 h–7 DAI (Appendix 10), 

the contribution of the oxidation of OA to the change in soil H+ in the surface soils, 

RC0–10 and YC0–10 soils, was greater than in the subsurface soils, RC10–20 

and YC10–20 soils (Table 5.1). This difference could be due to the higher organic 

C concentration in the RC0–10 and YC0–10 soils than in the RC10–20 and 

YC10–20 soils (Table 4.1, Chapter 4). Similarly, Tang et al. (1999) showed that 

the evolution of CO2, which is associated with the oxidation of OA following the 

application of clover and lupin residues in the higher organic C-concentration soil, 

was greater than the lower organic C-concentration soil. However, Butterly et al. 

(2011) showed that the evolution of CO2 in the soil with a lower organic C 

concentration was lower than the soil with a higher organic C concentration. In 

the current study, without the application of OM, the contribution of the oxidation 

of OA to the change in soil H+ concentration in the nil and lime treatments is 

associated with the total C concentration of the initial soil samples. The order of 

the total C concentration in the soil samples followed the same order as the 

contribution of oxidation of OA to the change in soil H+ concentration, which was 

YC0–10 > RC0–10 > YC10–20 > RC10–20 (Table 5.1). So, it is possible the 

differences in the change in soil pH due to the oxidation of OA, with or without an 

initial application of OM, resulted in the difference in organic C concentration of 

the initial soil samples. 

 

Soil types and depths also affected the contribution of N mineralisation and 

nitrification to the change in soil pH. Without the addition of OM, the contribution 

of N mineralisation and nitrification in the nil and lime treatments depended on 

the initial soil organic nitrogen concentration (Table 4.1, Chapter 4). However, 

with the addition of OM, the contribution of the N mineralisation and nitrification 

to the change in soil H+ concentration depended on the initial soil pH (Table 4.1, 

Chapter 4). Tang et al. (1999) showed that soil types did not affect the NH4
+-N 

concentration, but significantly affected the NO3
- -N concentration in soils with or 

without the addition of clover and lupin residues by 28 DAI. However, in that 

study, it is unknown which initial soil properties made the differences in the 

change in soil NO3
- -N concentration because the authors did not present the total 

N and pH of the initial soil samples. Xu et al. (2006b) also reported that the 
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contribution of ammonification and nitrification to the alkalisation in the soils 

depended on soil types. For example, with the addition of lucerne residues, the 

contribution of ammonification in the lower initial pH soil was greater than in the 

higher initial pH soil, but the contribution of nitrification in the higher initial pH soil 

was greater than in the lower initial pH soil (Xu et al., 2006b). Therefore, it is likely 

that the initial soil pH may influence the contribution of both N mineralisation and 

nitrification to the change in soil H+ concentration following the application of GLP, 

WIM, and WSM.  

 

In addition, this study showed that low soil pH delayed or inhibited the nitrification 

process following the application of OM. The effects of soil pH on nitrification was 

well reported by Haynes and Swift (1989). Moreover, in a 21-day incubation study, 

Young et al. (2002) showed that the inhibition of nitrification was due to the low 

soil pH of the subsurface soil layer following the addition of NH4
+-N. However, it 

appears that the incubation time might be too short for investigating nitrification in 

the acid soils. The current study showed that the NO3
- -N concentration in the RC10–

20 and YC0–10 soils of the WIM treatment did not increase until 55 days after the 

amendment had been incorporated (Figure 5.2). It appeared that the nitrification was 

delayed in the low soil pH with the addition of OM. Therefore, other factors, such as 

the community structure of the nitrifying bacteria associated with low soil pH, 

appeared to be reasons for delayed nitrification in the acid soils. Kaveney et al. 

(2020) showed that the bacterial nitrifiers were absent from the 8–10 cm soil layer 

in acid soil (pHCa 4.3). In the current study, the initial pHCa in the RC10–20, YC0–

10, and YC10–20 soils was 4.0, 4.3, and 3.9, respectively. The low pH in these 

soils would affect the community structure of the nitrifying bacteria. By day 7 after 

the addition of GLP, WIM, and WSM the pH in these soils increased above 5.0. 

Therefore, nitrifying bacteria in these soils would need time to build up their 

community population. As a result, the nitrification in the lower initial soil pH 

occurred later than in the higher initial soil pH (Figure 5.2). 

 

Hu et al. (2009) reported that the nitrification rate decreased with an increasing 

organic C concentration due to coexisting nitrification and denitrification processes. 

This phenomenon occurred in this study, resulting in decreased soil NH4
+-N 

concentration but without a gain of soil NO3
- -N concentration (Figure 5.2). 
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Particularly, the NO3
- -N concentration in the GLP and WIM treatments of the YC10–

20 soil was lower than in the nil and lime treatments (Figure 5.2). This result was 

consistent with that reported by Noble et al. (1996), who applied eight different leaf 

litter species at different rates (4, 8, 16, and 32 g kg-1) and found that the NO3
- -N 

concentration in leaf litter-treated soils was lower than in the nil treatment, 

indicating a net immobilisation of N during decomposition of the leaf litter. Tang et 

al. (1999) also showed that the NO3
- -N concentration in soils treated with clover 

and lupin residues was lower than the control treatment by 28 DAI. Therefore, the 

addition of OM, which increased soil organic C, would affect the bacterial structure 

as denitrifying bacteria replaced nitrifying bacteria (Hu et al., 2009). 

 

Moreover, the calculation of the pH change in the soil based on Eq. 5.1 depended 

on soil types and depths. It was found that the calculation of the pH change for 

the RC soil was higher than for YC soil (Figure 5.4). Results showed that from 4 

h–7 DAI, the change in soil pH in the GLP and WIM treatments was under-

calculated, but from 14–35 DAI, it was over-calculated (Figure 5.4). The under-

calculated pH change during 4 h–7 DAI could be explained due to a 

misdetermination of the contribution of the oxidation of OA to the change in soil 

H+ concentration as discussed above. However, the reason for the over-

calculated pH change in the YC10–20 soil of the GLP, WIM, and WSM treatments 

from 14–35 DAI is unknown; it is probably due to the disassociation of the OA, 

where the soil pH was greater than the pK of the OA. Ritchie and Dolling (1985) 

reported that besides nitrification, the disassociation of the OA played an 

important role in soil acidification following the application of OM. This study 

showed that nitrification contributed to a slight change in H+ concentration in 

YC10–20 soil of the GLP, WIM, and WSM treatments. Therefore, pH in YC10–20 

soil of the GLP, WIM, and WSM treatments remained consistent (pHCa > 5.0). 

The pH in the YC10–20 soil of the GLP, WIM, and WSM treatments could be 

higher than the pK of some OA. As a result, the OA could disassociate to release 

H+ in the soil, which would cause a decrease in soil pH. Xu et al. (2006b) showed 

that the association and dissociation of OA depended on soil pH. They reported 

that the association of OA was found in the lower soil pH (pHCa 3.9), but the 

disassociation of OA was found in higher soil pH (pHCa 5.1) after shaking with 

different types of OM for 120 h. Therefore, the disassociation of OA might be the 
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reason for the pH decline in YC10–20 soil of the GLP, WIM, and WSM treatments, 

although this was not included in the model. 

 

5.5. Conclusions 

 

The contribution of the immediate chemical reaction, oxidation of OA, N 

mineralisation and, nitrification to the change in soil pH following the application 

of GLP, WIM and WSM was quantified by determining the change in soil H+ 

concentration in a Red Chromosol soil and a Yellow Chromosol soil. The transient 

increase in soil pH was due to the higher contribution of nitrogen mineralisation 

to the increased soil pH rather than the immediate chemical reaction and 

oxidation of OA, which enhanced subsequent nitrification, resulting in a decrease 

in soil pH. Therefore, the soil pH increase following the application of OM could 

last longer if the OM applied containing more alkalinity but less nitrogen could 

reduce the contribution of nitrogen mineralisation and nitrification. 
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Chapter 6. 

Effects of surface-applied lucerne hay on subsurface soil acidity and crop 

growth under field conditions 

 

6.1. Introduction 

 

In Chapter 3, it was shown that surface-applied lucerne hay pellets (LP), added at 

a rate of 15 t ha-1 in a reconstructed soil column under glasshouse conditions, 

significantly increased subsurface soil pH and decreased subsurface soil Al3+ 

concentration. It was also shown that surface-applied LP combined with lime 

increased subsurface soil pH more than surface-applied LP alone (Chapter 3). 

However, it is unknown whether surface-applied LP alone or in combination with 

lime can ameliorate subsurface soil acidity under field conditions.  

 

Under field conditions, Caires et al. (2008) reported that using black oat as cover 

crop residues did not affect subsurface soil pH and soil Al3+ during three years 

with an accumulation of 12 t ha-1 black oat residues. Evans et al. (1998) showed 

that the addition of lucerne residues as a nitrogen source decreased soil pH six 

months after the amendment had been incorporated, due to nitrification. 

However, Wong et al. (1995) reported that the addition of tree prunings and 

farmyard manure did not affect soil pH but decreased the concentration of 

monomeric inorganic Al3+ in acid soils.  

 

There is little information about the effects of the surface application of OM on crop 

growth and production in acidic soils under field conditions, although there are a 

number of studies conducted in neutral soils on the topic (Antonious et al., 2012; 

Bedada et al., 2014; Jakobs et al., 2019; Kumari et al., 2018; Wortman et al., 2017). 

It has been shown that increased nutrient and soil moisture following the addition 

of OM is the main contributor to the increased crop yield (Antonious et al., 2012; 

Bedada et al., 2014; Jakobs et al., 2019). Under acidic soil conditions, Wong et al. 

(1995) reported that the application of tree prunings and farmyard manure 

improved grain yields of maize and beans due to decreasing the monomeric Al3+ 

concentration in the soil. Evans et al. (1998) reported that the application of lucerne 

residues increased oat anthesis biomass and grain yield due to increased nitrogen 
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uptake. However, Caires et al. (2008) showed that using black oat as a cover crop 

with or without surface application of lime did not significantly increase corn and 

soybean yield over three years. In Chapter 3, it was shown that surface-applied LP 

did not increase wheat biomass during 35 days after sowing. Similarly, Moroni, 

Condon, et al. (2018) reported that the application of LP did not increase wheat 

biomass in acidic subsurface soil, even though an acid soil-sensitive wheat c.v was 

grown. No positive effects on crop growth under glasshouse conditions were due 

to sufficient water (100% field capacity (FC)) and nutrient supply, which minimised 

the effects of soil acidity on plant growth in short-term experiments (35 and 31 

days, Chapter 3 and Moroni et al. 2018, respectively). These favourable growing 

conditions can not be optimised in the field. Therefore, it needs to be investigated 

whether the effects of the surface-applied LP on crop growth in field conditions are 

different from those in glasshouse conditions.  

 

In this Chapter, the effects of the surface-applied LP, alone or mixed with lime, 

on subsurface soil acidity and crop growth were explored over two growing 

seasons (2018 and 2019). It was hypothesised that the addition of LP alone or 

mixed with lime into the surface soil layer (0–5 cm) will increase soil pH and 

decrease soil Al3+ concentration in the subsurface soil layer below 10 cm and, 

therefore, increase crop yield. 

 

6.2. Materials and methods 

 

6.2.1. Experimental site 

 

The experiment was conducted at a field site near Cootamundra, New South 

Wales, Australia (34°38’28” S, 147°49’56” E), in 2018. The soil type was Red 

Chromosol (Isbell and NCST, 2016). The site had subterranean clover-based 

pastures for two years before the experiment. The soil pHCa was 4.4, 4.3, 4.6, 

and 5.0 at depth 0–10, 10–20, 20–30, and 30–40 cm, respectively. The soil Al3+ 

concentration was 0.13, 0.17, and 0.04 g 10-3 kg-1 at depth 0–10, 10–20, and 20–

30 cm, respectively. 
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6.2.2. Amendments  

 

Lime (CaCO3) and LP, the same sources used in Chapters three and four, were 

applied as inorganic and organic amendments, respectively. The LP was cut into 

~0.5 cm in length by passing the pellets through a pressure grinder with a 0.5 cm 

crashing gap and a 0.4 cm sieve to eliminate the small-sized pieces and obtain a 

uniform size of ~0.5 cm.  

 

6.2.3. Experimental design 

 

The experiment was conducted as a split-plot design with the wheat (Triticum 

aestivum L.) c.v. Lancer and c.v. Gregory as main plots, and four amendment 

treatments as subplots with four replicates. The subplot size was 15 m2 (3 m x 5 m).  

 

Lancer is an acid soil-sensitive cultivar (LongReach Plant Breeders Management 

Pty Ltd, VIC, SA®), and Gregory is an acid soil-resistant cultivar (the Queensland 

Department of Primary Industries and Fisheries within the Enterprise Grains 

Australia®) (Matthews and McCaffery, 2019). In the second year (2019), all plots 

were sown with the canola (Brassica napu L.) c.v. Hyola 559TT (Pacific SeedsTM), 

an acid soil sensitive canola cultivar (Moroni, et al., 2018). 

 

Due to drought in 2018, a mini-plot (1.25 m x 2 m) was set up within each plot 

and irrigated with 175 litres of water (equivalent to 70 mm of rainfall) at 5 months 

after treatments had been implemented. The mini-plots were located at similar 

positions at one end of the plots. Two rectangular steel frames (1.00 m x 1.25 

m x 0.15 m) were inserted into 5 cm soil in each plot to prevent the water from 

running out of mini-plots during irrigation. The water was pumped into a 20 L 

bucket at 1 L second-1 by a petrol-powered pump attached with a water meter 

to calculate the amount of water added into the mini-plot. The bucket was drilled 

with 35 holes of 1 cm diameter at the bottom, allowing the water to be distributed 

slowly around the mini-plot. The water applied was enough to wet the soil profile 

down to 30 cm. No additional water was added to the mini-plots during the 

remaining experimental period. The mini-plots were referred to as the added 
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water plots, and the rest of the plots in the area were referred to as the non-

added water plots. 

 

6.2.4. Treatments and incorporation of the amendments 

 

There were four soil amendment treatments, namely, lime, LP, LP combined with 

lime (LP+L), and control (nil, no amendment). Lime and LP were applied at a rate 

of 2.5 and 15 t ha-1, respectively. 

 

In April 2018, the amendments were incorporated into 0–5 cm of the soil profile 

with the following operations. The surface soil layer (~5 cm) was first tilled by a 

machine fitted with knife points spaced 25 cm apart. The soil clods were broken 

by running a rotary hoe throughout the site to a depth of ~5 cm. The amendments 

were then manually spread on the soil surface. Immediately after the applications, 

approximately 3 mm of water was sprayed on the soil surface to settle the 

amendments on the soil surface. Then, the amendments were incorporated into 

~5 cm of the soil profile by running a rotary hoe through the plots. 

 

6.2.5. Sowing 

 

In both years, crops were sown by an air seeder with 25 cm row spaces. The 

sowing rates were 80 and 4 kg of seed ha-1 for wheat and canola, respectively. 

Wheat and canola were sown two weeks and a year after the amendments 

incorporated, respectively. In 2018, 75 kg of diammonium phosphate fertiliser 

(Incitec Pivot Fertilisers®) (17.7% N, 20.0% P) was applied as basal fertiliser at 

sowing, and 78 kg ha-1 of urea fertiliser (46.0% N, Incitec Pivot Fertilisers®) was 

top-dressed at tillering stage. In 2019, only 75 kg ha-1 of diammonium phosphate 

fertiliser was applied at the sowing of the canola. Altogether, the site received 62 

kg N ha-1 and 30 kg P ha-1 over two growing seasons. 
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6.2.6. Data collection 

 

Rainfall 

 

The rainfall data was obtained from WaterNSW (2020) at Wattle Creek, 

Cootamundra, NSW, Australia (34°35'44"S 147°51'57"E), about 10 km radius 

away from the field site.  

 

Plant density 

 

Seedling density was counted at four positions in each plot, being two sowing 

rows along a linear metre at each position, and was expressed as the number of 

seedlings m-2 at one month after sowing.  

 

At harvest, the number of ears was counted for wheat in the first season, and the 

number of plants was counted for canola in the second season. 

 

Plant biomass and grain yield 

 

In 2018, wheat was harvested for both non-added and added water plots. In 2019, 

no more water was added to the mini-plots; canola was harvested from non-

added water plots only. For non-added water plots, plants were cut at the ground 

level in four sowing rows within 1 m at two positions (two sowing rows at each 

position) and placed in woven polypropylene bags. The harvest positions were 

fixed at 1 m away from the edge and along the same sowing rows. For added 

water plots, plants in four sowing rows within 1 m in the middle plots were cut at 

ground level and placed in woven polypropylene bags. After harvest, plants were 

oven-dried at 50 ºC for 72 h. The biomass was determined immediately after 

drying. The plants were threshed and cleaned by a seed thresher and vacuum 

cleaner (Kimseed®) prior to the determination of grain yield. The biomass and 

grain yield was expressed in kg ha-1. Harvest index was calculated as the ratio of 

the grain yield to total plant biomass.  
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Soil sample collection 

 

The initial soil samples were collected at 10 days before incorporation (recorded 

as time 0), then 3, 6, 8, 12 and 20 months after incorporation (MAI) of the 

amendments. The soil samples were collected by using a 2.5 cm diameter soil 

corer at all sampling times, except at 8 MAI where a 4.4 cm diameter soil corer was 

used. Two soil cores were combined to make each replicate sample at depths of 

0–5, 5–10, 10–15, 15–20, 20–30, and 30–40 cm layers. The soil samples were 

placed in plastic bags, oven-dried at 40 oC for 72 h, manually ground by a mortar 

and a pestle to pass through 0.2 cm sieve and then stored in the laboratory at 21 
oC prior to chemical analysis. The wet and dry weights were taken before and after 

drying to determine the soil gravimetric moisture content (%). 

 

6.2.7. Soil chemical analysis 

 

The soil pHCa and Al3+ concentration in the soil samples were determined by 

methods described in Chapter 3. Soil mineral N (NH4
+-N and NO3

- -N) 

concentration in the soil samples was determined according to the method 

described in Chapter 5. 

 

6.2.8. Calculation of the changes in soil pH and Al3+ concentration 

 

The soil pHCa changes over time were calculated by the difference between 

consecutive sampling times, i.e. 0–3, 3–6, 6–8, 8–12, and 12–20 MAI. The overall 

changes in soil pHCa and Al3+ concentration from the start to the end of the 

experiment were the differences between measurements taken before the 

amendments were incorporated and those taken at 20 MAI.  

 

6.2.9. Statistical analysis 

 

A preliminary data analysis showed no cultivar effects and no interaction between 

treatments and cultivars. Therefore, the data were presented by treatments of the 

average of the two wheat cultivars of the first season (2 cultivars x 4 rep). 

Similarly, in the second season, data were presented by mean of 8 replicates 
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within a treatment. A one-way ANOVA was computed to study the effect of 

treatments on plant density, biomass, grain yield, harvest index, soil gravimetric 

moisture content, change in soil pH, change in soil Al3+ concentration, NH4
+-N and 

NO3
- -N concentration at each depth. A paired sample t-test was performed to 

study the difference between non-added water and added water on biomass, 

grain yield, harvest index and soil pH. Pearson correlation was used to determine 

the relationship between soil properties and crop yield. GenStat 20th edition was 

used for all analyses (VSN-International, 2020).  

 

6.3. Results 

 

6.3.1. Rainfall 

 

The total rainfall in 2018 and 2019 was 412 and 363 mm, which was 167 and 216 

mm lower, respectively, than the average annual rainfall from 1989–2020. The 

growing seasons’ rainfall (May–November) was 218 and 205 mm in 2018 and 

2019, respectively, compared with the average rainfall of 359 mm from 1989–

2020. In 2018, the highest monthly rainfall was in January (95.5 mm) before the 

experiment set-up. After the incorporation of the amendments in April, there was 

not much rainfall infiltrating down the soil profile. From May to October 2018, 

there was 132.5 mm of rainfall with 35 rain events; the highest rainfall event was 

14 mm in October (Figure 6.1). However, from November to December 2018, the 

site received 140 mm of rainfall. Before the second season started, 146 mm of 

rainfall infiltrated into the soil from January to March (Figure 6.1). Therefore, from 

November 2018 to March 2019, there was evidence of rainfall infiltrating into the 

subsurface soil layers (Figure 6.2c, d). From May to October 2019, a further 181.4 

mm of rainfall was received on the site, with 57 rainfall events; the highest single 

rainfall event was 17.4 mm in June. 
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Figure 6.1. Monthly rainfall at Wattle Creek, Dudauman, Cootamundra, NSW, Australia 

(34°35'44"S 147°51'57"E) in 2018 and 2019 and the average from 1989-2020, 10 km 

from the site.  indicates soil samples taken.  indicates incorporation of the 

amendments.  indicates sowing time. indicates harvest time.  indicates water 

addition (70 mm) in the mini-plots. 

 

6.3.2. Plant density 

 

In 2018, there were negative effects of the addition of LP on wheat plant density at 

the establishment stage (Table 6.1). The number of seedlings of wheat plants in 

LP and LP+L treatments was 20–28 seedlings lower than in the nil and lime 

treatments (Table 6.1). However, at harvest, the LP and LP+L treatments had 28–

34 ears more than the nil and lime treatments (Table 6.1). In 2019, there was no 

effect from the addition of the amendments on canola plant density at both the 

establishment and harvest stages (Table 6.1). The number of seedlings and ears 

of wheat plants and canola density at establishment and harvest of the nil and lime 

treatments did not differ significantly (Table 6.1). 
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Table 6.1. Seedling density at the establishment and ear number at harvest for wheat in 

2018 and plant density for canola at establishment and harvest (n = 8). 

Treatments 

Wheat in 2018* Canola in 2019 

No. seedling 

No. 

ears No. seedling No. plants 

Nil 88 219 54 52 

Lime 89 217 57 51 

Lucerne hay pellets (LP) 60 247 64 56 

LP + Lime (LP+L) 68 251 57 53 

LSD 16 27 n.s. n.s. 

LSD indicates the least significant difference between treatments at P = 0.05 
n.s. indicates not significant at P = 0.05 
*: the No. seedling and No. ears were taken from unwatered plots 
 

6.3.3. Biomass 

 

In the first season, the effects of amendment treatments on biomass was not 

statistically significant in both non-added and added water plots (Table 6.2). 

However, the biomass in the added water plots was about 33%–55%, significantly 

higher than in the non-added water plots (Table 6.2). In the second season, the 

canola biomass in the nil and lime treatments did not differ (Table 6.2). However, 

the canola biomass of the LP and LP+L treatments was significantly higher than in 

the nil and lime treatments, being about 27%–29% and 36%–38% higher than the 

nil and lime treatments, respectively.  

 

Table 6.2. Biomass (kg ha-1) at harvest of non-added and added water plots for wheat in 

2018 and canola in 2019 (n = 8). 

Treatments 

Wheat in 2018 (P <0.001)* 

Canola in 2019 Non-added water Added water 

Nil 3273 4675 5765 

Lime 3395 5253 5664 

Lucerne hay pellets (LP) 3612 5515 7316 

LP + Lime (LP+L) 3682 4907 7818 

LSD n.s. n.s. 743 

* indicates paired sample t.test probability of the wheat biomass between non-added 
water and added water 
LSD indicates the least significant difference between treatments at P = 0.05 
n.s. indicates not significant at P = 0.05 



Chapter 6. Field experiment 

 
131 

 

 

6.3.4. Grain yield 

 

Similar to the effects on biomass, the treatments did not significantly affect the 

wheat grain yield in either non-added or added water plots (Table 6.3). However, 

the grain yield of the wheat in the added water plots was about 70%–87%, 

significantly higher than in the non-added water plots (Table 6.3). In the second 

season, the canola grain yield of the LP and LP+L treatments was significantly 

higher than in the nil and lime treatments (Table 6.3), being 50%–56% and 66%–

73% higher than the nil and lime treatments, respectively. 

 
Table 6.3. Grain yield (kg ha-1) of non-added and added water plots for wheat in 2018 

and canola in 2019 (n = 8). 

Treatments 

Wheat in 2018 (P <0.001)* 

Canola in 2019 Non-added water Added water 

Nil 970 1740 500 

Lime 1020 1730 480 

Lucerne hay pellets (LP) 1000 1720 750 

LP + Lime (LP+L) 1040 1940 830 

LSD n.s. n.s. 163 

* indicates paired sample t.test probability of the wheat biomass between non-added 

water and added water 

LSD indicates the least significant difference between treatments at P = 0.05 

n.s. indicates not significant at P = 0.05 

 

6.3.5. Harvest index 

 

The harvest index between treatments of wheat in either non-added or added 

water did not differ significantly (Table 6.4). However, the wheat harvest index in 

the added water plots was about 20%–25% higher than in the non-added water 

plots. In the second season, the canola harvest index in the LP and LP+L 

treatments was significantly (21% and 25%, respectively) higher than in the nil 

and lime treatments (Table 6.4). 
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Table 6.4. Harvest index of non-added and added plots for wheat in 2018 and canola in 

2019 (n = 8). 

Treatments 

Wheat in 2018 (P <0.001)* 

Canola in 2019 Non-added water Added water 

Nil 0.295 0.355 0.085 

Lime 0.299 0.374 0.085 

Lucerne hay pellets (LP) 0.275 0.329 0.103 

LP + Lime (LP+L) 0.283 0.351 0.106 

LSD n.s. n.s. 0.019 

* indicates paired sample t.test probability of the wheat biomass between non-added 

water and added water 

LSD indicates the least significant difference between treatments at P = 0.05 

n.s. indicates not significant at P = 0.05 

 

6.3.6. Soil gravimetric moisture content 

 

At 3 MAI, the soil gravimetric moisture content in the 0–15 cm layers of the LP and 

LP+L treatments was significantly higher than for nil and lime treatments (Figure 

6.2). However, at 6 MAI, the soil gravimetric moisture content in treatments at all 

soil layers did not differ significantly (Figure 6.2). At 6 MAI, almost all soil water was 

taken up by plants. Therefore, the soil gravimetric moisture content was below 5%. 

At 8 and 12 MAI the soil gravimetric moisture content in the LP and LP+L 

treatments from 0–30 cm was significantly higher than in nil and lime treatments 

(Figure 6.2). No crop was grown from 8–12 MAI; therefore, the water was not taken 

up by the plant. However, the addition of LP stored more water in the soil profile 

than in nil and lime treatments. From 12–20 MAI, the canola was grown; therefore, 

soil water was taken up by the plants. As a result, at 20 MAI, the soil gravimetric 

moisture content did not differ between treatments (Figure 6.2e).  
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Figure 6.2. Soil gravimetric moisture content at 3, 6, 8,12 and 20 months after the 

amendments being incorporated (MAI) (a, b, c, d and e, respectively). Bars indicate the 

Least Significant Differences (LSD) at P = 0.05; n.s. indicates not significant at P = 0.05. 
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6.3.7. Change in soil pH following the application of the amendments 

 

The addition of the amendments only affected soil pHCa in the 0–5 cm layer where 

the amendments were incorporated (Figure 6.3). At 3 MAI, the pH in the 0–5 cm 

of the lime, LP, and LP+L treatments increased by 1.2, 1.7, and 2.1 units, 

respectively, but the soil incorporated without the addition of the amendment only 

increased by 0.1 units. However, from 3–6 MAI, the soil pHCa in LP and LP+L 

treatments decreased by 1.1 and 1.0 units, respectively, whereas the soil pHCa in 

the nil and lime treatments remained unchanged (Figure 6.3). From 6–20 MAI, 

there was no significant effect from the incorporation of amendments on the 

change in soil pHCa (Figure 6.3). 

 

Generally, the addition of LP increased soil pHCa during the first 3 months after 

the amendments were incorporated, then decreased soil pH during the next 3-

month period. As a result, the soil pHCa in the LP treatment did not differ from the 

nil treatment 20 months after the LP was implemented (Figure 6.3f). By 20 

months, the pH increase in the 0–5 cm layer of the LP+L treatment was similar 

to that of the lime treatment (Figure 6.3f).  
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Figure 6.3. The changes in soil pHCa over 20 months after the amendments being 

incorporated (MAI). Bars indicate the Least Significant Differences (LSD) at P = 0.05 

between treatments at each soil depth; n.s. indicates not significant at P = 0.05. 
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6.3.8. Soil pH with or without added water  

 

The subsurface soil pHCa of the added water plots was not significantly higher 

than the non-added water plots (Figure 6.4). Therefore, the added water did not 

enhance the downward movement of soluble alkalinity, even though, at one 

month after water added, the soil pHCa in the 15–20 cm and 20–30 cm layers of 

the non-added water plots was significantly higher than in the added water plots 

(Figure 6.4). The added water only affected soil pH in the 0–5 cm layer (Figure 

6.4). At 3 and 15 months after water was added, after harvest, the soil pHCa in 

the 0–5 cm of the added water plots was 0.21 and 0.16 units higher than in the 

non-added plots. 

 

 

Figure 6.4. Soil pHCa of the non-added and added water plots at 1, 3, 7 and 15 months 

after water irrigation (MAW) (a, b, c and d, respectively). *, **, and *** indicate P = 0.05, 

0.01, and < 0.001, respectively; n.s. indicates not significant. 
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6.3.9. Change in soil Al3+ concentration  

 

At 0–3 MAI, there was a decrease in soil Al3+ concentration in the 0–10 cm layers, 

where the Al3+ concentration in the lime, LP, and LP+L treatments was lower than 

in the nil treatment (Figure 6.5a). However, the change in soil Al3+ concentration 

below 10 cm layers did not differ significantly between treatments (Figure 6.5a). 

From 3–8 MAI, the soil Al3+ concentration in the nil treatment increased 

significantly; particularly in the 10–20 cm layers, where it increased over 0.13 g 10-

3 kg-1 (Figure 6.5b). From 8–20 MAI, the soil Al3+ concentration in the 10–15 cm 

and 10–20 cm layers of the nil treatment decreased by 0.07 and 0.12 g 10-3 kg-1, 

respectively (Figure 6.5c). At 20 MAI, the Al3+ concentration in the 10–15 cm 

increased by 0.07 g 10-3 g kg-1. From 3–8 MAI, the change in soil Al3+ concentration 

below 10 cm layers of the lime, LP, and LP+L treatments did not differ significantly. 

From 8–20 MAI, the soil Al3+ concentration in 10–20 cm of the soil profile of the LP 

and LP+L treatments decreased by 0.02–0.05 g 10-3 kg-1, but the Al3+ concentration 

in the 15–20 cm layer of the lime treatment increased by 0.02 g 10-3 kg-1. At 20 

MAI, the Al3+ concentration in the 10–20 cm layer in the LP and LP+L treatments 

was significantly lower than in the nil and lime treatments (Figure 6.5d). The Al3+ 

concentration in the 10–20 cm layer before the addition of the amendment was 

0.17 10-3 g kg-1 (6.3 µM). At 20 MAI, the Al3+ concentration in the 10–20 cm layer 

in the LP and LP+L treatments was about 0.10 10-3 g kg-1 (3.7 µM), decreasing 

by 41% compared with before the incorporation of the amendment. Surface-

applied lime decreased soil Al3+ concentration in the 0–10 cm layer only (Figure 

6.5). The soil Al3+ concentration in the 10–30 cm layers of the lime and nil 

treatments did not differ significantly by 20 months after the amendment had been 

incorporated (Figure 6.5d). 
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Figure 6.5. Change in soil Al3+ concentration over 20 months after the amendments being 

incorporated (MAI). Bars indicate the Least Significant Differences (LSD) at P = 0.05; 

n.s. indicates not significant at P = 0.05. 
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treatment, but the NO3
- -N concentration in the LP+L treatment was higher than in 

the LP treatment (Figure 6.6). 

 

At 20 MAI, there was a significant difference in soil NH4
+-N and NO3

- -N 

concentration between treatments (Figure 6.6). The NH4
+-N concentration in LP 

and LP+L was about double that of the nil and lime treatments (Figure 6.6). 

Similarly, the soil NO3
- -N concentration in the LP and LP+L treatments was 

significantly higher than in the nil and lime treatments (Figure 6.6). 

 

Figure 6.6. Soil NH4
+-N (a) and NO3

- -N (b) concentration at before (0) and at 8 and 20 

months after the amendments were incorporated (MAI). Bars indicate the Least 

Significant Differences (LSD) at P = 0.05; n.s. indicates not significant at P = 0.05. 
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6.3.11. Relationship between soil properties and grain yield 

 

In the first season, wheat grain yield and soil pHCa, Al3+ concentration, soil 

moisture content and mineral N concentration in the 0–5, 5–10, 10–15, 15–20, 

and 20–30 cm layers did not significantly correlate, except soil pHCa in 10–15 

cm significantly correlated with the wheat grain yield (Table 6.5). In the second 

season, soil pHCa and canola grain yield did not significantly correlate (Table 

6.5). However, in the second season, the canola grain yield correlated 

significantly with soil Al3+ concentration, soil moisture content and mineral N 

concentration (Table 6.5). Decreased soil Al3+ concentration caused an 

increase in canola grain yield. However, increased soil moisture content and 

mineral nitrogen concentration resulted in an increase in canola grain yield.  

 

Table 6.5. Pearson's correlation between soil properties in 0–5, 5–10, 10–15, 15–20, and 

20–30 cm depths and crop yield (n = 8). 

Crops Soil properties 

Soil depth (cm) 

0-5 5-10 10-15 15-20 20-30 

Wheat pHCa  0.22 n.s. 0.65 n.s. 0.83 ** 0.57 n.s. 0.64 n.s. 

Al3+ concentration -0.10 n.s. -0.01 n.s. -0.22 n.s. 0.04 n.s. -0.55 n.s. 

Moisture content 0.09 n.s. 0.54 n.s. -0.18 n.s. -0.19 n.s. 0.15 n.s. 

Mineral N 0.01 n.s. -0.51 n.s. 0.10 n.s. -0.06 n.s. NA  

Canola pHCa  -0.23 n.s. -0.13 n.s. -0.13 n.s. 0.11 n.s. 0.24 n.s. 

Al3+ concentration -0.14 n.s. -0.20 n.s. -0.69 * -0.69 * -0.70 * 

Moisture content -0.45 n.s. -0.20 n.s. 0.92 ** 0.85 ** 0.80 * 

Mineral N 0.78 * 0.80 * 0.73 * 0.56 n.s. NA  

*: P = 0.05 

**: P = 0.01  

n.s.: not significant 

NA: data not available  
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6.4. Discussion 

 

6.4.1. Effect of LP on subsurface soil acidity 

 

It was hypothesised that the surface-applied LP alone or in combination with lime 

significantly increase subsurface soil pH and decrease subsurface soil Al3+ 

concentration under field conditions. However, it was found that the surface-

applied LP or LP+L did not significantly increase subsurface soil pH (Figure 6.3), 

but significantly decreased subsurface soil Al3+ concentrations (Figure 6.5). 

Therefore, the hypothesis was partially accepted. 

 

The lack of pH change in the subsurface soil layer of the LP and LP+L treatment 

may not have been anticipated, but it was not, perhaps, without precedent, given 

the temporal changes in pH observed previously (Chapter 3). The incubation 

experiment (Chapter 4) demonstrated in the RC0-10 cm soil (the same topsoil as 

the field experiment) that in some circumstances, pH will increase transiently but 

may return to the starting pH (by 55 DAI in the incubation) with the addition of 

GLP and its components. The result might also potentially have been associated 

with drought and lack of opportunity for alkalinity to leach from the surface soil, 

but adding additional water in the irrigated sub-treatment (Figure 6.4) indicated 

that this was not likely to be the reason. However, it might be a consequence of 

nitrification (Chapter 5) that occurred after 14 days of incubation of RC0-10 cm 

soil. In this field experiment, water was added 5 months after incorporation. It was 

assumed that nitrification would have occurred before water was added to return 

the pH to about its initial value (Figure 6.3). The surface soil pH fluctuations in 

the field were even wider than observed in the controlled environments, 

increasing initially and then declining below the starting pH before returning to the 

original soil pH. 

 
The effects of surface-applied LP alone or in combination with lime on subsurface 

soil Al3+ concentrations were confirmed in the field (Figure 6.5). Following the 

application of OM, soil Al3+ concentrations can be decreased due to the increases 

in soil pH (Noble et al., 1996) and the complexation of soil Al by organic anions 

(OA) to form Al-organic acid complexes (Hue and Licudine, 1999). In this study, 

the decreased soil Al3+ concentration in the 0–5 cm layer could be due to the 
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increased soil pH (Figure 6.3) and/or the formation of Al-organic acid complexes. 

However, below 5 cm of the soil profile, the decreased soil Al3+ concentration was 

most likely due to the formation of Al-organic acid complexes because below 5 

cm the soil pH was unchanged (Figure 6.3).  

 

The decreases in subsurface soil Al3+ concentrations were found after 8 MAI 

(Figure 6.5c), when there was sufficient rainfall (246 mm from November 2018–

March 2019) to infiltrate into the subsurface layers (Figures 6.1), compared with 

7 and 14 days in the controlled laboratory (Chapter 4) and glasshouse (Chapter 

3) conditions, respectively. It indicates that the subsurface soil Al3+ concentrations 

can be delined where water leaches from the surface to the subsurface soil. The 

movement of water from the surface layer into the subsurface layers is surmised 

to have enhanced the movement of water-soluble materials (WSM) of OM from 

the surface soil layer into the subsurface layer. In Chapter 4, it is shown that the 

addition of WSM of GLP increased soil pH and decreased soil Al3+ 

concentrations. Surface-applied LP alone or in combination with lime with the 

addition of water to leach into the subsurface layer after the amendments added 

increased subsurface soil pH and decreased subsurface soil Al3+ concentrations 

(Chapter 3). However, the movement of WSM from the surface soil layer to 

subsurface soil layer by 8 MAI did not increase subsurface soil pH, but decreased 

subsurface soil Al3+ concentrations, indicating that the WSM might contain very 

little alkalinity that could change soil pH, but it contain organic acid complexes 

which could react with soil Al3+ in the subsurface layer. Hue and Licudine (1999) 

reported that surface incorporation of OM facilitated the downward movement of 

OA or Ca-organic acid complexes, which reacted with soil Al and generated Al-

organic acid complexes, resulting in decreased soil Al3+ concentration. This 

mechanism is likely to be the major contributor to the decreased soil Al3+ 

concentrations following the application of LP in the field. 

 

6.4.2. A better amelioration approach to increase crop yield on subsurface 

acidic soils 

 

This current study showed that surface-applied LP alone or mixed with lime was 

better than surface-applied lime in increasing crop biomass and grain yield on a soil 



Chapter 6. Field experiment 

 
143 

 

exhibiting subsurface soil acidity after two years where amendments had been 

incorporated (Tables 6.2, 6.3). The surface-applied lime did not increase wheat and 

canola biomass and grain yield (Table 6.3) compared with the control treatment 

because the soil pH (Figure 6.3) and Al3+ concentration (Figure 6.5) changes were 

confirmed to the application layer only during 20 MAI. In contrast, the addition of 

either LP or LP+L decreased soil Al3+ concentration (Figure 6.5), increased soil 

mineral N (Figure 6.6) and gravimetric soil moisture content (Figure 6.2) in the 

subsurface soil layer, resulting in increased crop biomass and grain yield in the 

second growing season (Tables 6.2, 6.3). Positive effects of the application of OM 

on crop growth have been reported. For example, Evans et al. (1998) reported that 

the addition of lucerne residues as a source of N significantly increased oat dry 

matter, although it caused a decrease in soil pH. Wong et al. (1995) showed that the 

application of farmyard manure and tree prunings increased maize and bean yield 

due to the decrease in soil monomeric Al3+ concentration. 

 

Within three determining soil properties, the decrease in subsurface soil Al3+ 

concentration following the addition of LP or LP+L appeared to be more important 

than the increase in soil mineral N and moisture content in increasing crop 

biomass and grain yield. Indeed, in the first season, the addition of LP and LP+L 

significantly increased soil mineral N (Figure 6.6) and soil moisture content 

(Figure 6.2), but these effects did not correlate with wheat grain yield (Table 6.5). 

In the second season, with the decrease in subsurface soil Al3+ concentration, 

canola grain yield significantly correlated with soil Al3+  concentration, mineral N 

and soil moisture content (Table 6.5).  

 

It is well known that Al3+ is often a major limitation in acidic soils to plant growth 

as it inhibits root growth (FiskesjÖ, 1989; Kochian and Shaff, 1991; Larsen et al., 

1997; Ryan et al., 1992). Therefore, a decrease in Al3+ concentration in the 

subsurface soil could alleviate the effects of the Al3+ toxicity on canola root growth 

at the 10-20 cm layer in the LP and LP+L treatments. At the end of the 

experiment, the soil Al3+ concentration in the 10–20 cm layer of the LP and LP+L 

treatments, the most acidic soil layer in this experiment, was about 3.7 µM, having 

decreased by 41%, whereas in the nil and lime treatments it was greater than 6.0 

µM. Hue (1992) showed that plant growth reduced by half when soil solution Al3+ 
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was greater than 4.0 µM. Therefore, it is possible that the canola roots in the LP 

and LP+L treatments could develop deeper in the subsurface soil layer, allowing 

more water and nutrient uptake from subsurface soil layers. Although root growth 

was not observed in this experiment, if this root effect did occur, canola plants in 

LP and LP+L treatments would take up more water and nutrients in the 

subsurface soil, resulting in the production of more biomass and grain yield than 

in the nil and lime treatments (Tables 6.2–6.3). 

 

The increases in soil mineral N in the soils following the incorporation of LP alone 

or mixed with lime was another important factor in increased crop growth and 

production. It has been shown that the addition of OM improves crop growth and 

production mainly due to improved soil quality as a result of additions such as 

organic C and N (Bedada et al., 2014). Under acidic soil conditions, Evans et al. 

(1998) showed that using OM as a source of N produced higher crop yield than 

using ammonium sulfate as a source of N due to a higher mineral N concentration 

in the OM soils than in the artificial N source soils. In the current experiment, the 

incorporation of LP alone or mixed with lime significantly increased soil mineral N 

(Figure 6.6). However, the increases in soil mineral N did not significantly increase 

crop yield in the first season (Table 6.5). It indicates that other factors, e.g. reduce 

Al3+ toxicity would be more important to increase crop yield on acid soils.  

 

The increased gravimetric soil moisture content was an additional effect of the 

surface-applied LP, alone or mixed with lime, on the increased crop yield. 

Although the annual rainfall in 2018 and 2019 was lower than the long-term 

average rainfall (Figure 6.1), the addition of LP alone or in combination with lime 

increased soil gravimetric moisture content in the subsurface soils at the 

beginning of the season (Figure 6.2). Canola plants in LP and LP+L treatments 

used more water in the subsurface soil layer than those plants of the nil and lime 

treatments. As a result, the soil moisture concentration in the subsurface soil 

layers between treatments did not differ significantly at harvest (Figure 6.2). This 

may have contributed to the significantly higher canola yield of the LP and LP+L 

treatments compared to the nil and lime treatments in the second season (Table 

6.3). The correlation between increased soil gravimetric moisture content 

following the application of OM and crop yield has been reported in several 
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studies (Antonious et al., 2012; Bedada et al., 2014; Jakobs et al., 2019). Results 

showed that additional irrigation increased soil gravimetric moisture content 

significantly at the booting stage. Thus, the wheat grain yield increased -by about 

70%–87% (Table 6.3). At the beginning of the second season, the soil of the LP 

and LP+L treatments stored more water than the nil and lime treatments (Figure 

6.2), providing more water for canola plants to take up, which could be one of the 

major contributors to the increases in biomass and grain yield in LP and LP+L 

treatments compared with nil and lime treatments (Tables 6.2–6.3). 

 

In summary, this study showed that the soil Al3+ concentration in the 10–20 cm 

layer was the most acidic soil problem for the Red Chromosol that exhibited 

subsurface soil acidity. The surface-applied LP or LP+L decreased Al3+ 

concentration in the 10–20 cm layer and significantly increased canola biomass 

and grain yield (Table 6.2–6.3), even though the added LP did not significantly 

increase soil pH 20 MAI (Figure 6.3f). Indeed, Carr et al. (1991) reported that the 

concentration of soluble Al in the subsurface soil layers at 15–25 cm depths was 

the major contributor to the decrease in wheat yield on yellow earth soils. 

Therefore, alleviation of the effects of soil Al3+ toxicity on plant growth in 

subsurface soil layers appears to be the most important strategy to ameliorate 

subsurface soil acidity. The addition of LP can alleviate subsurface soil Al3+ 

toxicity by 20 MAI, although providing no increase in soil pH. However, long-term 

research is required to confirm this finding.  

 

This experiment also showed that the effects of the surface-applied LP combined 

with lime on subsurface gravimetric soil moisture content (Figure 6.2), soil pH 

(Figure 6.3), Al3+ concentration (Figure 6.5), and mineral nitrogen (Figure 6.6) 

were similar to the surface-applied LP alone. However, at 20 MAI, the pH in the 

surface layer, where the amendment had been incorporated, in the LP+L 

treatment was significantly higher than in the LP treatment (Figure 6.3f). Although 

the grain yield in LP and LP+L did not significantly differ, in the second season, 

the canola grain yield in the LP+L treatment was 11% higher than in the LP 

treatment (Table 6.3). Therefore, the combined addition of the organic and 

inorganic amendments would be considered a sustainable strategy for the long-

term management of subsurface soil acidity. With the combined addition of the 
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amendments, the OM would help ameliorate subsurface soil acidity more quickly. 

The inorganic amendment (lime) could help counterbalance the acidity released 

during nitrification and maintain the surface soil pH above 5.5 to keep the system 

productive and sustainable (Li et al., 2019a). 

 

6.5. Conclusions 

 

Over 20 MAI, the surface-applied LP alone or in combination with lime did not 

significantly increase subsurface soil pH, but significantly decreased subsurface 

soil Al3+ concentration. The insignificant increase in subsurface soil pH would 

result in a temporary increase in soil pH following the application of OM, which is 

caused by nitrification. The decreased subsurface soil Al3+ concentration without 

increased subsurface soil pH indicated that the change in soil Al3+ concentration 

was independent of the change in soil pH following the application of OM.  

 

In addition to the decreases in subsurface soil Al3+ concentration, the surface-

applied LP alone or in combination with lime increased soil mineral N and 

moisture content which were beneficial to crop growth and production. After 

approximately 2 years of application, the application of LP increased canola grain 

yield by 50%. Therefore, the application of OM would be considered an 

alternative to lime to ameliorate subsurface soil acidity. However, further research 

is required to confirm the long-term effects of the surface-applied organic material 

on subsurface soil acidity and crop growth and production. It is suggested that in 

the long-term, the combined addition of OM with lime would be a sustainable 

strategy to ameliorate subsurface soil acidity by maintaining the surface soil pH 

above 5.5 units. 
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Chapter 7. 

General discussion 

 

7.1. Introduction 

 

This thesis identified the components of OM responsible for the movement of the 

amelioration effect below the site of the application when OM was added to acid 

soil and quantified the mechanisms responsible for the short duration of those 

impacts. Each of the four experimental Chapters (Chapters 3, 4, 5 and 6) has an 

individual discussion relating to that Chapter’s results. This general discussion 

Chapter brings together the four experimental Chapters by discussing the key 

findings of this thesis relating to the hypotheses proposed in Chapter 2. The 

effects of surface-applied OM on subsurface soil acidity are examined as the 

main objective of this thesis. Directions for future research are also presented.    

 

7.2. The amelioration of subsurface soil acidity by surface-applied OM 

 

In Chapter 2, it was hypothesised that surface-applied OM can increase 

subsurface soil pH and decrease subsurface soil Al3+ concentration. The soil 

column experiment demonstrated that surface-applied OM increased subsurface 

soil pH (Figure 3.5) and decreased subsurface soil Al3+ concentration (Figure 

3.6). This result agrees with other soil column experiments into whether surface-

applied OM increases subsurface soil pH (Butterly et al., 2013; Hue and Licudine, 

1999; Wang et al., 2016) and decreases subsurface soil Al3+ concentration 

(Cassiolato et al., 2000; Hue and Licudine, 1999). The uniqueness of this study 

is that the soil columns were reconstructed to reflect a field soil profile, in 10 cm 

increments down to 40 cm. The soil layers differed in pH, pH buffering capacity, 

total C, and N (Table 3.1). In contrast, the soil columns in other experiments 

conducted by other researchers were reconstructed by using one soil layer only 

that had the same soil properties, except in the work reported by Moroni, Condon, 

et al. (2018). Therefore, this thesis provides better evidence of the movement 

effects of the surface-applied OM on subsurface soil acidity.  

 



Chapter 7. General discussion 
 

 
148 

  

This thesis has demonstrated that surface-applied OM increases subsurface soil 

pH and decreases subsurface soil Al3+ concentration regardless of added OM 

sizes (pellets or fine particle sizes). The four used OM sizes in the soil column 

experiment were pelletised in sizes of ~2 cm, ~1 cm, and 0.5 cm, and fine ground 

particle 0.1–0.2 cm (Figure 3.1), whereas all the soil column experiments 

available in the literature applied the OM as ground particle <0.2 cm (Butterly et 

al., 2013; Hue and Licudine, 1999; Wang et al., 2016). Although the water-soluble 

alkalinity of the OM in the fine ground particle dissolved quicker than the 

pelletised OM (Appendix 5), the application of OM as pellets or fine particle sizes 

increased subsurface soil pH and decreased subsurface soil Al3+ concentration 

(Chapter 3). Therefore, depending on the available source, the OM can be 

applied any sizes. 

 

The effects of subsurface soil pH might depend on the alkalinity concentration of 

the OM added. For example, Butterly et al. (2013) reported that the surface-

applied canola and chickpea residues significantly increased subsurface soil pH 

but wheat residues did not because the alkalinity concentration in the wheat 

residues was about one-third that of canola and chickpea residues. In contrast, 

Wang et al. (2016) reported that the addition of rapeseed cake did not increase 

subsurface soil pH, but pig manure did, although the alkalinity concentration in 

rapeseed cake was twice that of the pig manure. Therefore, another OM 

component, such as nitrogen concentration, could affect the change in soil pH 

due to nitrification, causing a decrease in soil pH (Chapter 5). Wang et al. (2016) 

reported that the nitrogen concentration in rapeseed cake was over 4 times 

greater than in pig manure; however, the NO3
- -N concentration in the soil 

incorporated with rapeseed cake and pig manure did not differ significantly. LP 

was the only OM that was used in this thesis’s experiments. Therefore, the effects 

of different OM with different alkalinity and nitrogen concentrations on subsurface 

soil acidity were not confirmed. This leaves an opportunity for further research to 

test if it is possible to select OM sources which have better properties to 

potentially ameliorate subsurface acidity by increasing subsurface soil pH and 

decreasing subsurface soil Al3+ concentration. 
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This thesis demonstrates that the effect of surface-applied OM on subsurface soil 

pH was transient, but on subsurface soil Al3+ was persistent (Chapter 3). By 

determining the changes in soil pH and Al3+ concentration overtime, this research 

has concluded that the application of OM transiently increases in soil pH and 

persistently decreased in soil Al3+ concentration in the surface and subsurface 

soil layer (Chapters 3, 6). Many published studies reported the change in 

subsurface soil pH and Al3+ at one time only, such as 5 days (Hue and Licudine, 

1999) or 31 days (Moroni et al., 2018). Moreover, some soil column experiments 

observed the change in soil pH only (Butterly et al., 2013; Wang et al., 2016). 

Therefore, this thesis provides a better understanding of the effects of surface-

applied OM on subsurface soil acidity by observing the effects on soil pH and soil 

Al3+ concentration. 

 

This thesis also shows that surface-applied OM in a mixture with lime increased 

subsurface soil pH more than using surface-applied OM alone (Chapter 3). This 

result is similar to that found by Wang et al. (2016), who reported that lime 

increased the decomposition of OM and counterbalanced subsequent 

nitrification. Moreover, Miyazawa et al. (2002) reported that surface-applied OM 

and lime increased subsurface soil pH due to the mobility of lime from the surface 

soil layer into the subsurface soil layer because of the metal-organic complex 

reactions. However, the OM treatment only was not included in Miyazawa et al. 

(2002) study. Therefore, it raises a question whether the changes in soil pH in 

the subsurface soil layers cause by the movement of OM or lime. This thesis, 

including lime, OM, and OM+L treatments, provided a better understanding the 

changes in subsurface soil pH. It is shown that the surface-applied lime did not 

increase subsurface soil pH; surface-applied OM in combination with lime 

increased subsurface soil pH greater than the surface-applied OM alone (Chapter 

3). The greater pH increased in subsurface soil of the OM+L treatment than OM 

treatment indicates that more soluble alkalinity in OM+L treatment than OM 

treatment released during the decomposition of OM to move down the soil profile. 

It is hypothesised that when OM was applied to the surface soil in combination 

with lime, lime neutralised the acidity in the surface soil layer quicker than the 

OM. Therefore, the soluble alkalinity released during the decomposition of OM 

would be available to move down the soil profile. With the addition of OM alone, 
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the soluble alkalinity generated during the decomposition of OM reacted with the 

acidity in the application layer. Therefore, the surface-applied OM in combination 

with lime provided more available soluble alkalinity for the downward movement 

than did surface-applied OM or lime alone. 

 

7.3. Solubility of OM caused effects on subsurface soil acidity 

 

This thesis has demonstrated that the solubility of the OM allowed the downward 

movement effects of the surface-applied OM on subsurface soil acidity. The OM 

could be fractionated into water-insoluble (WIM) and water-soluble (WSM) materials 

(Chapter 4). Therefore, when OM was incorporated in the surface soil layer, the 

WSM dissolved and moved down the soil profile, whereas the WIM remained in the 

surface soil. The WIM reacted with the acidity in the surface soil layer, whereas WSM 

reacted with the acidity in the subsurface soil layer. Therefore, the alkalinity 

concentration present in the WSM is important for the increase in soil pH and 

decrease in soil Al3+ concentration below the depth of application.  

 

Although this thesis used LP as the OM, the addition of WSM significantly 

increased soil pH and decreased soil Al3+ concentration (Chapter 4). This 

explains why the surface-applied LP increased pH and decreased soil Al3+ 

concentration in the subsurface soil layers (Chapter 3). The effects of the 

application of WSM of the OM on soil pH has been reported in some studies 

(Butterly et al., 2011; Cassiolato et al., 2002; Yan and Schubert, 2000). This 

thesis was the first report that showed determining the effects of WSM in OM on 

soil acidity can be used as a practical laboratory method to identify the possible 

effects of the surface-applied OM on subsurface soil acidity. 

 

This experiment showed that the WSM contained more alkalinity concentration 

but lesser nitrogen concentration than the WIM (Table 4.2, Chapter 4). This 

agrees with the report by Yan and Schubert (2000), who found that most alkalinity 

was in WSM and most nitrogen was in WIM. Therefore, the application of WSM 

increased soil pH more efficiently than the addition of WIM (Chapter 4). It explains 

why at 35 DAI the surface-applied OM did not increase soil pH in the surface soil 

layer, but increased subsurface soil pH (Chapter 3). 
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Acid soils decrease the availability of soil nutrients, particular phosphorus due to 

precipitation with soil Al3+ ions. This thesis showed that the addition of OM 

increased soil Colwell P (Chapter 4), which could provide phosphorus for plant 

uptake. It is shown that the WSM contained almost all the phosphorus in the OM. 

Therefore, the addition of WSM increased soil available phosphorus (Colwell P), 

but the addition of WIM did not increase soil Colwell P (Chapter 4). No-one has 

published the effects of the addition of WIM and WSM on soil Colwell P before. If 

the WSM contains plant phosphorus, the surface-applied OM might increase 

subsurface soil Colwell P. In addition, addition of OM increased soil mineral N 

where it was incorporated (Chapters 5, 6) and beyond the application layer 

(Chapter 6). The addition of OM may increase other soil nutrients although this 

thesis did not determine other soil nutrients, except mineral N and phosphorus. 

Therefore, further research needs to be conducted under controlled nutrient 

conditions to fully understand how an OM amendment modifies the soil system.  

 

7.4. Mechanisms of pH change following the application of OM 

 

In Chapter 2, it was hypothesised that the immediate chemical reaction, oxidation 

of OA, nitrogen mineralisation, and nitrification are the major processes that 

contribute to the change in soil pH following the application of OM. This 

hypothesis was confirmed by the determination of the contribution of these 

processes to the change in soil H+ (Chapter 5). The uniqueness of this thesis is 

its qualification of the contribution of each of the processes to the change in soil 

pH (Table 5.1), whereas published studies have only reported the possible 

processes that contribute to the change in soil pH. For example, Xu et al. (2006b) 

showed that the above mentioned processes were the main contributors to the 

change in soil pH following the application of OM. However, they did not 

distinguish the contribution of each process to the change in soil pH. Similar 

results have been published by Tang et al. (1999) and Butterly et al. (2011).  

 

This thesis demonstrated that the increases in pH in the first 7 days after incubation 

(DAI) were due to the immediate chemical reaction and oxidation of OA (Chapter 5). 

However, the change in soil pH after 7 DAI resulted from nitrogen mineralisation, 

which caused an increase in soil pH and was then followed by nitrification, which 
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caused a decrease in soil pH (Chapter 5). In most conditions, the contribution of 

nitrification to the decrease in soil pH was greater than the contribution of nitrogen 

mineralisation to the increase in soil pH (Table 5.1). Therefore, following the 

application of OM the pH first increased and then decreased (Chapters 3, 4, 5, 6), 

changes which were consistent with those reported in the literature (Asghar and 

Kanehiro, 1980; Hoyt and Turner, 1975; Hue, 1992).  

 

This thesis has demonstrated that the change in soil pH was dependent on the 

alkalinity and nitrogen concentrations of the OM applied. The alkalinity 

concentration resulted in an increase in soil pH due to the immediate chemical 

reaction and oxidation of OA, whereas the nitrogen concentration caused an 

increase or decrease in soil pH depending on the contribution of mineralisation 

and nitrification (Chapter 5). Several studies showed that the increase in soil pH 

following the application of OM correlated with the alkalinity concentration of the 

materials (Naramabuye and Haynes, 2006; Noble et al., 1996; Xu et al., 2006b). 

Therefore, many researchers have suggested that determining the alkalinity 

concentration of the OM could enable an estimate to be made of the liming effect 

of the amendments (Naramabuye and Haynes, 2006; Noble et al., 1996).  

 

By determining the contribution of the various processes to the change in soil pH, 

this thesis has demonstrated that the alkalinity concentration is not a suitable 

laboratory test for predicting the liming effects of OM on soil acidity. The alkalinity 

concentration is associated with increases in soil pH, a consistent value greater 

than zero. However, the increase in soil pH following the application of OM was 

transient (Chapter 3, 4, 5, and 6). In Chapter 4, it was shown that alkalinity 

concentration in the GLP was about two times higher than the alkalinity 

concentration in the WSM (Table 4.2). However, at 55 DAI, the soil pH in the 

WSM treatment of the RC0–10 soil was significantly greater than in the GLP 

treatment (Figure 4.1). Similarly, Wang et al. (2016) reported that the alkalinity 

concentration in rapeseed cake was over twice that of pig manure; however, the 

addition of pig manure increased soil pH but the addition of rapeseed cake did 

not increase soil pH. In Chapter 5, it was shown that the differences in the 

contribution of mineralisation and nitrification to the change in soil pH caused the 

differences in the change of soil pH (Table 5.1). Therefore, OM containing less 
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nitrogen concentration would increase soil pH more efficiently than OM 

containing high nitrogen concentration. 

 
7.5. The application of the surface-applied OM on subsurface soil acidity 

under field conditions 

 
Although the use of OM to ameliorate soil acidity has been investigated over 

several decades, in agricultural practices, the application of OM to ameliorate acid 

soils, particularly subsurface acid soil, is limited. This thesis has tried to validate 

the effects of the surface-applied OM on subsurface soil acidity found in the soil 

column under field conditions. The field experiment was conducted during a two-

year drought period (2018–2019). The effects of the surface-applied OM on 

subsurface soil pH were not confirmed, and the pH in the surface soil layer did not 

change over 20 MAI (Chapter 6). This result was similar to other published studies 

(Caires et al., 2008; Evans et al., 1998; Wong et al., 1995). The insignificant 

increase in soil pH following the application of OM would be due to a lack of water 

infiltration into the subsurface soil layer, reducing the movement of WSM into 

subsurface soil. Importantly, a subsequent nitrification process possibly occurred 

to acidify the soil where OM was incorporated. Indeed, under controlled conditions, 

the pH of soil collected at the field experiment returned to its initial values after 35 

days the amendments had been added (Chapters 3, 4). In Chapter 5, it is reported 

that nitrification occurred within 1–2 months after the amendments had been 

added, considering the major process that caused a decrease in soil pH following 

the application of OM. Therefore, under field conditions, nitrification would be 

expected to occur and cause decreases in soil pH. In fact, the soil pH decreased 

to its initial value at 6 MAI (Chapter 6), even though the soil pH was lower than its 

initial value with the addition of lucerne residues (Evans et al., 1998). 

 

However, the effects of the surface-applied OM on subsurface soil Al3+ 

concentration were confirmed in the field (Chapter 6). Therefore, determining 

soil Al3+ concentration appears to be more important than soil pH following the 

application of OM on acid soils. It is known that aluminium toxicity is the most 

common acid soil characteristic that affects crop growth and production in acid 

soil (Kochian, 1995; Ryan et al., 1992). The decrease in soil Al3+ concentration 

following the addition of OM would decrease the effects of aluminium toxicity 
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to the crop and thus increase crop growth and production. However, many 

studies have mainly focused on the change in soil pH to determine liming 

effects of the addition of OM on acid soils (Butterly et al., 2011; Tang et al., 

1999; Wang et al., 2016). The long-lasting effects of the application of OM on 

soil Al3+ concentration (Chapters 3, 4, and 6) show that OM could be used to 

alleviate Al3+ toxicity, which is linked to low soil pH, without increasing soil pH. 

The mechanisms of the decreased soil Al3+ concentration following the 

application of OM was discussed in Chapter 4. Hue and Amien (1989) reported 

that the formation of Al-organic acid complexes following the application of 

green manures appears to be an important mechanism to alleviate Al toxicity 

in acid soil. Results found in Chapters 3, 4, and 6 show that the decrease in 

soil Al3+ concentration might not necessarily be associated with the increase 

in soil pH. Therefore, the determination of the alleviation of soil Al3+ 

concentration could be better than the determination of the increase in soil pH 

for the determination of the effects of the application of OM on soil acidity.  

 

The increase in soil nutrients following the addition of OM would benefit plant growth 

in acidic soils. This thesis showed that the application of LP increased soil mineral 

nitrogen (NH4
+-N and NO3

- -N) (Chapters 5 and 6) and Colwell P (Chapter 4). In 

Chapter 5, it was shown that the change in soil NH4
+-N and NO3

- -N concentration 

contributed to the change in soil pH. However, the increase in soil NH4
+-N and NO3

- -N 

concentration following the application of OM will increase the available nitrogen for 

the plant uptake. In Chapter 4, it was shown that the addition of OM also increased 

Colwell P (Figure 4.3). The increase in Colwell P did not correspond with either soil 

pH or soil Al3+ concentration (Figure 4.4). Therefore, the increase in Colwell P was 

due to the addition of P in the OM. The increase in these soil nutrients following the 

application of OM will provide more available nutrients for plant uptake. As a result, 

the addition of OM could increase crop grain yield on acid soil; this effect was found 

in the second season under field conditions (Chapter 6).  

 

Finally, the increase in gravimetric soil moisture content following the application of 

OM would benefit to crop growth in acid soils. The effects of the application of OM 

on gravimetric soil moisture content could not be observed under controlled 

glasshouse and laboratory conditions. However, under field conditions (Chapter 6), 
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it was shown that the application of LP increased soil gravimetric moisture content 

(Figure 6.2). With the application of LP, the soil profile held more water after a rain 

event (Chapter 6) and thus provided more water for plant uptake in a drought 

season, contributing to increased crop biomass and grain yield (Chapter 6).  

 

In summary, this thesis has shown that surface-applied OM in acid soil brings 

several positive effects to subsurface soil properties, i.e., decreased soil Al3+ 

concentration, increased soil nutrients and gravimetric soil moisture content, and 

increased plant growth and production, although there was no long-term effect 

on soil pH. Therefore, OM could be considered as an alternative soil amendment 

to inorganic materials, such as lime and dolomite, to alleviate subsurface soil 

acidity. Surface application of OM alleviated subsurface soil Al3+ in a short time 

frame relative to surface-applied lime. However, this thesis only used LP as a 

single source of OM. It is suggested that the types of OM that can increase soil 

pH and decrease soil Al3+ concentration for the longer term should be 

investigated in a future study. 

 

7.6. A better amelioration approach to alleviate subsurface soil acidity 

 

Subsurface soil acidity is difficult to alleviate due to the slow movement of 

alkalinity from the surface to subsurface soil layers following surface-applied 

inorganic amendments such as lime. Li et al. (2019) reported that the change in 

subsurface soil pH and exchangeable Al3+ could be detected after six years of 

surface-applied lime. Tang et al. (2003) showed that surface-applied lime did not 

affect subsurface soil pH and Al within two years of application. This thesis 

showed that surface-applied lime did not increase subsurface soil pH and 

decrease subsurface soil Al3+ concentration 20 MAI in field conditions (Chapter 

6). However, surface-applied OM alone or combined with lime decreased soil Al3+ 

concentration in the subsurface layer (Chapter 6). While surface-applied OM 

alone did not increase soil pH, surface-applied OM with lime increased soil pH 

and maintained the surface soil pH above 5.5, which would be long-term effects 

on subsurface soil pH. Therefore, surface-applied OM in combination with lime 

was considered to be the best approach to ameliorating subsurface soil acidity. 
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7.7. Future research 

 

This thesis has provided a better understanding of the effects of surface-applied 

OM on the amelioration of subsurface soil acidity and the contribution of the 

immediate chemical reaction, oxidation of OA, nitrogen mineralisation, and 

nitrification to changes in soil pH following the addition of OM. Following are 

suggestions for future studies. 

 

1. This thesis demonstrated that the change in soil pH following the application 

of OM depended on the concentrations of alkalinity and nitrogen in the material. 

Therefore, it is suggested that the difference in alkali:nitrogen ratio between 

different OM will affect soil pH differently. It is hypothesised that the OM with the 

higher alkali:nitrogen ratio will alleviate acid soil better than the OM with lower 

alkali:nitrogen ratio due to a decrease in the contribution of nitrogen 

mineralisation and nitrification to the change in soil pH. Therefore, future research 

needs to be conducted to study the organic materials containing high 

alkali:nitrogen ratio or organic materials that were added alkalinity such as lime, 

dolomite or paper mill during their processing to increase alkalinity concentration. 

 

2. This thesis showed that the subsurface soil Al3+ concentration could decrease 

without an increase in soil pH due to the formation of Al-organic acid complexes. 

Therefore, the surface-applied artificial organic acids such as malic, citric, oxalic, 

tartaric, and salicylic might affect subsurface soil Al3+ concentration. It is 

suggested that future research should investigate the effects of the surface-

applied artificial organic acids on subsurface soil Al3+ concentration. 

 

3. This thesis showed that surface-applied OM increases crop biomass. 

Therefore, more crop residues will return to the field with the addition of OM. In 

the long-term, surface-applied OM will improve soil health, by increasing soil 

carbon, nutrients, water-holding capacity, and soil microorganism activities. The 

long-term effects of surface-applied OM on subsurface soil acidity and crop 

growth are suggested for future research.
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Chapter 8. 

Conclusions 

 

This thesis aimed to identify the effects of surface-applied organic materials (OM) 

on subsurface soil acidity and the contribution of chemical and biological 

processes to changes in soil pH. Using lucerne hay pellets (LP) and lime as 

sources of organic and inorganic amendments, throughout a range of 

experiments, including soil column experiments under glasshouse conditions, 

incubation experiments under laboratory conditions, and a two-year field 

experiment, these aims were investigated.  

 

This thesis records the first evaluation of the effects of OM particle sizes on 

subsurface soil acidity. Results showed that under glasshouse conditions, surface-

applied OM increased soil pH and decreased soil Al3+ concentration in the 

subsurface soil layer in the soil columns, regardless of OM size, although the 

addition of the fine ground particle size resulted in a higher pH in the deepest soil 

layer (40 cm). Therefore, the results of this study suggest that OM can be applied 

in agricultural practices to ameliorate soil acidity, depending on the available OM. 

 

A comparison of the effects of surface-applied OM alone and mixed with lime on 

subsurface soil acidity was also investigated. Results showed that the surface-

applied OM mixed with lime raised subsurface soil pH more than the surface-

applied OM alone. When OM was incorporated with lime, lime immediately 

reacted with the acidity in the surface soil layer, providing more available soluble 

alkalinity, which was released during the decomposition of OM to move down the 

soil profile. Therefore, further research would be justified the effectiveness of the 

surface-applied OM on subsurface soil acidity if the surface soil acidity is 

corrected by applying lime before incorporating the OM.  

 

This thesis reported on the effects of surface-applied OM on subsurface soil 

acidity due to the downward movement of the water-soluble material (WSM) of 

the OM. After OM was incorporated in the soil surface layer, the water-insoluble 

material (WIM) remained in the surface soil layer, resulting in increased soil pH 

and decreased soil Al3+ concentration in the surface layer; while the WSM 
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dissolved and moved down the soil profile, resulting in increased soil pH and 

decreased soil Al3+ concentration in the subsurface soil layer. These results 

suggested that determination of the effects of WSM on the amelioration of soil 

acidity could be a laboratory practice that determines the ability of surface-applied 

OM to alleviate subsurface soil acidity; thus, OM containing higher levels of 

soluble alkalinity but less nitrogen may increase subsurface soil pH more than 

that containing lower levels of soluble alkalinity but more nitrogen. 

 

This research was the first time in which a determination of the contribution of the 

processes involved in the change in soil pH following the application of OM has been 

made, by observing the change in soil proton (H+) concentration. It has been 

demonstrated that the contribution of nitrogen mineralisation to the increase in soil pH 

following the application of LP was greater than the contribution of the immediate 

chemical reaction and oxidation of organic anions (OA). However, nitrogen 

mineralisation was followed by nitrification, which caused a subsequent decrease in 

soil pH. Therefore, it is suggested that the selection of OM to increase the contribution 

of the immediate chemical reaction and oxidation of OA to the change in soil pH and 

to decrease the contribution of nitrogen mineralisation and nitrification to the change 

in soil pH is important to increase the liming effects of the addition of OM on soil acidity. 

 

This was the first time the effects of surface-applied OM on subsurface soil acidity 

in glasshouse conditions were validated under field conditions. It was shown that 

surface-applied OM did not increase subsurface soil pH in the field which would 

be due to drought conditions, which inhibited the downward movement of WSM 

to the subsurface soil, and therefore, nitrification neutralised the soluble alkalinity 

at the layer of application before it moved down the soil profile. However, the 

other effects on soil properties, such as decreased subsurface soil Al3+ 

concentration, increased soil mineral nitrogen, and soil gravimetric moisture 

content, have benefited crop growth and production. Moreover, the combination 

of OM and lime maintained the surface soil pH above 5.5, which was considered 

the best strategy to ameliorate subsurface soil acidity under field conditions. 

Therefore, this thesis concluded that surface-applied OM could ameliorate 

subsurface soil acidity by increasing soil pH and decreasing soil Al3+ 

concentration although the effects on soil pH lasted for a short time. 
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Appendices 

 

Appendix 1. Water application throughout the experiment 

 

The soil columns were watered by weight; therefore, the amount of water added in 

the individual soil column was recorded and be converted to an equivalent amount 

of rainfall over the experiment period (Appendix 1). In general, the amount of water 

added into soil columns was not significantly different between treatments, except 

for the amount of water added in the soil columns that were harvested 28 days 

after sowing (Appendix 1). For those soil columns harvested 28 days after sowing, 

the soil columns of the nil treatment got the highest water applied, whereas the soil 

columns that were incorporated with lucerne pellets 0.1-0.2 cm had the lowest 

water used (Appendix 1).  

 

Appendix 1. The amount of water applied to soil columns during the experiment period. 

Data represents the equivalent amount of rainfall (mm). 

Treatments 
 Days after sowing 

0 14 21 28 35 

Nil (no-amendment) 112.0 162.6 184.7 241.4 391.8 

Lime 112.0 157.0 184.6 235.1 370.8 

Lucerne hay pellets (LP) ~2 cm 112.0 156.7 181.8 230.8 375.2 

LP ~1 cm 112.0 158.4 179.0 223.3 371.5 

LP ~0.5 cm 112.0 155.5 178.5 222.1 370.8 

LP 0.1-0.2 cm 112.0 158.1 174.9 218.5 367.8 

LP ~2 cm + Lime 112.0 157.2 175.8 226.4 381.1 

LP ~1 cm + Lime 112.0 156.8 181.2 224.3 381.8 

LP ~0.5 cm + Lime 112.0 161.1 180.0 229.8 398.4 

LP 0.1-0.2 cm + Lime 112.0 161.4 179.3 221.5 382.6 

LSD* - - - 9.4 - 

*: LSD indicates the least significant difference at P = 0.05 
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Appendix 2. Cereal growth stages  

 

Appendix 2. The coded growth stages of the cereals (Meier and Biologische 

Bundesanstalt für Land- und, 1997). 

No. Codes Growth stage 

1 0-9 Germination 

2 10-19 Leaf development 

3 20-29 Tillering 

4 30-39 Stem elongation 

5 40-49 Booting 

6 51-59 Inflorescence emergence, heading 

7 61-69 Flowering, anthesis 

8 71-77 Development of fruit 

9 83-89 Ripening 

10 92-99 Senescence 
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Appendix 3. Quantification labile Al analysis method 

 

Labile Al concentration of the soil samples was analysed using an 8-

hydroxyquinoline method that is described by James et al. (1983). This study was 

conducted to quantify the 8-hydroxyquinoline method before applying the method 

to analyse the soil Al in the soil samples in this thesis. The method procedures 

are as follow: 

 

1. Soil extraction:  

 

Using 0.01M CaCl2 as a routine extraction procedure for diagnosing Al toxicity 

(Conyers et al., 1991). Five g dry-soil passed through 0.2 cm sieve was extracted 

in 1:5 soil:0.01M CaCl2, after shaking end-over-end at 30 rpm for 1 h, 

centrifugation at 4000 rpm for 15 minutes. The soil extracts were collected as 

clear solutions. 

 

2. Reagents: 

1. 1% 8-hydroxyquinoline: dissolve 10 g 8-hydroxyquinoline in 25 mL glacial 

acetic acid and dilute to 1 L with nano-pure water and store in the dark. 

2. 1 M sodium acetate: dissolve 136.1 g NaC2H3O2.3H2O to 1 L by nano-pure 

water 

3. 0.2% 1,10-phenanthroline reagent: dissolve 2 g in warm water (50 oC) and 

bring to 1 L by nano-pure water 

4. 20% hydroxylamine hydrochloric (NH2OH.HCl) reagent: dissolve 200 g in 

1 L by nano-pure water 

5. 1 M nitric acid 

6. 0.1 M nitric acid 

7. Butyl acetate reagent grade: use without further retreatment 

8. Aluminium standards: 0-10 mg L-1 

9. Iron standards: 0-0.1 mg L-1 
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3. Procedures 

Labile Al determination 

1. Add 10 mL of nano-pure water + 4 mL of 1% of 8-hydroxyquinoline + 5 mL 

of 1 M sodium acetate to a 50 mL centrifuge tube 

2. Using micropipette to add 1 mL of soil extract or 1 mL of a standard 

containing a range of Al concentration and 1 mL standard containing a range 

of Fe concentration. Cap the tube and shake vigorously for 15±1 seconds 

3. Rapidly add 5ml butyl acetate to stop the reaction and shake at least 15 

seconds to extract Al-quinolinolate and un-reacted 8-hydroxyquinoline into 

the organic phase 

4. After allowing the butyl acetate to separate from the aqueous phase, 

transfer ~2 mL of each butyl acetate phase to a 1-cm borosilicate glass cell. 

Cap the cells and culture tubes to prevent volatilization of butyl acetate and 

the possibility of spuriously high readings.  

5. Measure the absorbance at 395 nm using butyl acetate in the reference cell. 

 

4. Result  

 

Appendix 3.1 indicated that the concentration of the Al in the solution and the 

absorbance at 395 nm was linear (R2 = 1). Therefore, it can be used as the 

calibration curve of the analysis.  

 

Appendix 3.1. Relationship between Al standards and the absorbance at 395 nm  
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Appendix 3.2 showed that labile Al estimated by the 8-hydroxyquinoline method 

was consistent. The amount of labile Al between samples was different. However, 

the Al concentration within samples that measure different times was consistent. 

 

 

Appendix 3.2. Labile Al concentration of the 3 selected soil samples measured 3 times 

 

Interestingly, the 8-hydroxyquinoline method could measure up to 100% Al 

concentration in the solution. Appendix 3.3 showed that the regression correlation 

between measured and known Al was equal to 1. It is concluded that the 8-

hydroxyquiniline method could be used for determination Al concentration the the 

soil solution. 
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Appendix 3.3. The relationship between known Al concentration and measured Al 

concentration 
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Appendix 4. Quantification redox potential measurement method 

 

Redox potential was measured using the method described by Husson et al. 

(2016). This study was carried out to justify the measurement method for applying 

in this experiment. The procedures are as below: 

 

1. Prepare soil samples: oven-dried at 40 ºC for 72 h to pass through 0.2 cm 

sieve. 

2. Weigh the soil samples in the plastic containers 

3. Rewet the soil at approximately field capacity 

4. Set up the Eh measurement conditions. The Eh measurement should be 

conducted in an ambient condition to avoid interference of other meters. 

The Eh measurement includes a combined Eh meter, a voltmeter and a 

temperature probe. The Eh meter and temperature probe are inserted into 

the voltmeter. 

5. Calibrate Eh electrode in Eh buffer solutions (220 mV and 700 mV) before 

measurement. 

6. Measure soil Eh by inserting the Eh electrode and the temperature probe 

into the soil at approximately 1 cm depth, make sure the Eh reading tip 

was inside the soil. Do not measure soil Eh on a stormy day. 

7. Record Eh and temperature values after the Eh value stabilisation as the 

square root in the voltmeter appears. 

 

Appendix 4.1. Soil Eh in the soil samples at different times after rewetting 

 

Appendix 4.1 indicated the Eh of the soil samples 0-10 and 10-20 cm that was 

measured at 1 h, 2 h, and 4 h after rewetting the soil at ~100% FC. This 

experiment was done by weighing 50 g of the individual soil sample in 50 mL 

containers, following by adding 8 mL RO water. The Eh was measured at 1, 2, 

and 4 h after water was added. Results showed that the Eh of the soil samples 

0-10 and 10-20 cm measured at 1, 2, and 4 h after rewetting the soil samples did 

not differ significantly. Therefore, this study indicated that the Eh could be 

measured directly after 1 h rewetting the soil samples at ~100% FC. 
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Appendix 4.1. The redox potential of the soil samples 0-10 and 10-20 cm which was 

measured at after rewetting at approximately 100% field capacity at different times. 

 

Appendix 4.2. Soil Eh in the soil samples with different soil weight 

 

The amount of the soil samples collected from the pot experiment in Chapter 3 

was minimal, less than 50 g. Therefore, the second study of measuring the Eh 

was done with different soil samples amount. This study used the same soil 

samples of layers 0-10 and 10-20 cm. The samples weight was 12.5, 25.0 and 

50.5 g. The Eh was measured at 1 h after wetting the soil samples at ~100% FC. 

Appendix 4.2 indicates that Eh measured with different soil amounts was not 

significantly different. This study suggested that Eh can be measured with a small 

amount of soil sample as 12.5 g. 

 

Appendix 4.2. The redox potential of soil samples 0-10 and 10-20 cm which was measured 

at 1 hour after rewetting at approximately 100% field capacity 
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Appendix 4.3. Soil Eh in the soil samples with different soil weight 

 

Husson et al. (2016) indicated that Eh could be measured by rewetting the soil 

samples at about field capacity. The soil samples of the pot experiment in Chapter 

3 had been collected, oven-dried at 40 ºC and stored in laboratory conditions. 

Therefore, this study was conducted to compare the Eh measured directly during 

incubation with straight after oven-dried and oven-dried, stored. The soil samples 

used was the soil layer 0-10 cm that was used in the pot experiment in Chapter 

3. The 3 treatments were nil (no-amendment), lime and lucerne pellets 0.1-0.2 

cm. The amount of lime and lucerne pellets was applied as the same as applied 

in Chapter 3: 0.83 g of lime in kg-1 soil and 19.5 g of lucerne pellets in kg-1 soil. 

Briefly, 200 g soil layer 0-10 cm was weighed in 250 mL plastic containers. The 

amendments were incorporated into the soil by pouring the amendments into the 

containers and then shaking them 20 times. The soil samples were then 

incubated in the laboratory conditions by rewetting with 32 mL RO water at 

approximately field capacity. The experiment was conducted as a randomised 

completed block design with 3 replicates. The  Eh was destructively measured at 

14, 21, 28 and 35 days after incubation (Wet). After Eh measurement, the soil 

samples were oven-dried at 40 ºC for 72 h to pass through a 0.2 cm sieve. After 

drying, 12.5 g of oven-dry soil samples were then weighed in 50 mL tubes, 

rewetted at approximate 100% field capacity. The Eh was measured at 1 h after 

rewetting as consider as the oven-dry soil Eh (Dry). The remaining soil samples 

were stored in the laboratory condition for 1 month. Then 12.5 g of soil samples 

were weighed in 50 mL tubes, rewetted at approximately 100% field capacity. 

The Eh was measured at 1 h after rewetting as consider as of the stored oven-

dry soil Eh (Stored).  

 

Appendix 4.3 shows that Eh of the soil samples measured directly during 

incubation or after oven-dried or stored over a month at 21 ºC was not significantly 

different. This result is consistent for the soil samples that were incorporated with 

either no-amendment, or lime, or lucerne pellets and incubated for 14, 21, 28 and 

35 days. The differences could be found in the soil samples incorporated with 

different amendments or measured at different incubation times. This study 

concluded that the Eh of the soil samples could be possibly measured directly 
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from the soil samples location or collected, oven-dried at 40 ºC for 72 h to pass 

through 0.2 cm sieve and measured after rewetting to approximately 100% field 

capacity. 

 

 

Appendix 4.3. The redox potential of soil samples 0-10 cm layer incorporated with lucerne 

pellets, lime and no-amendment and incubated for 14, 21, 28 and 35 days (a, b, c, and d, 

respectively) that were measured directly after incubation (Wet), rewetting at approximately 

100% field capacity after oven-dried at 40 ºC for 72 h (Dry), and rewetting at approximately 

100% field capacity after oven-dried at 40 ºC for 72 h and stored in laboratory conditions (t 

= 21 ºC) over a month (Stored). 
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Appendix 5. Water-soluble alkalinity concentration in LP, pellets ~2, ~1, 

~0.5, and ground particle 0.1-0.2 cm 

 

To study whether the water-soluble alkalinity concentration in the ground LP 0.1-

0.2 cm (GLP) dissolves quicker than the pellets particle, this experiment was 

conducted to measure proton consumption of the water-soluble alkalinity 

concentration in lucerne pellets ~2, ~1, ~0.5 and 0.1-0.2 cm after 1 h dilution with 

nano-pure water. Briefly, 3 g of lucerne pellets ~2, ~1, ~0.5 and 0.1-0.2 cm was 

weighed in the 30 mL centrifuge tubes. The water-soluble alkalinity of these 

materials was extracted by diluting the lucerne pellets with 30 mL nano-pure 

water for 1 h in laboratory conditions, followed by centrifugation at 4000 rpm for 

15 minutes. The supernatant was transferred to a new tube. The proton 

consumption of the water-soluble component of the LP was obtained from titration 

of its initial pH down to pH 4 by titration with 0.05 M H2SO4 (Wong et al., 1998). 

 

Results showed that proton consumption of the water-soluble component of the 

GLP 0.1-0.2 cm was 18.9, 15.4 and 13.0 mmol H+ kg-1 higher than the proton 

consumption of the water-soluble component of LP ~2, ~1 and ~0.5 cm, 

respectively (Appendix 5). This study suggested that when the GLP 0.1-0.2 cm 

was incorporated in the soil, the water-soluble alkalinity could dissolve quicker on 

soil pH than the incorporation of the bigger pelletised. 

 

Appendix 5. Proton consumption of the lucerne hay pellets ~2, ~1, ~0.5 and 0.1-0.2 cm after 

1 h diluted in water (1:10 w/v). Bar indicates the least significant difference at P = 0.05. 
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Appendix 6. Proton consumption of WSM of LP different extraction 

methods 

 

This study was conducted to identify the method for the extraction of WSM for the 

incubation experiment in Chapter 4. Two methods were proposed to use for WSM 

extraction: (1) extract with warm-water (60 ºC) for 1 h (Butterly et al., 2011) and 

room temperature water for 8, 16 and 24 h modified from Cassiolato et al. (2000). 

Briefly, 3 g of LP was transferred into 50 mL centrifuge tube containing 30 mL 

nano-pure water, followed extracted by shaking in a water bath at 60 ºC for 1 h 

(W-1), shaking end-over-end at room temperature for 8 h (R-8h), 16 h (R-16h) 

and 24 h (R-24h). The extraction was then centrifuged at 4000 rpm for 10 mins. 

The extraction was slowly titrated from its initial pH down to pH 4 by 0.05 M H2SO4 

(Wong et al., 1998). 

 

The result showed that the WSM extracted by shaking end-over-end for 8, 16 and 

24 h had significantly higher H+ consumption that extracted by warm water for 1 

h (Appendix 6). However, the H+ of WSM extracted for 8, 16 and 24 h did not 

differ significantly. Therefore, the extraction end-over-end for 8 h at room 

temperature was selected to extract WSM and WIM of LP in experiment 4.  

 

 

Appendix 6. Proton consumption of WSM of LP extracted with warm-water (60 ºC) for 1 h 

(W-1), room temperature water for 8 h (R-8h), 16 h (R-16h) and 24 h (R-24h). 
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Appendix 7. Some chemical properties of lucerne hay matter 

 

Chemical properties Concentration 

(mg kg-1) 

Method references 

Aluminium 35 APHA 3030 E/3120 B 

Calcium 10300 LTM-S-019    

Copper 8 APHA 3030 E/3120 B 

Iron 62 APHA 3030 E/3120 B 

Magnesium 2160 LTM-S-019   

Manganese 31 APHA 3030 E/3120 B 

Phosphorus 1530 APHA 3030 E/3120 B 

Potassium 16000 APHA 3030 E/3120 B 

Sodium 662 APHA 3030 E/3120 B 

Sulphur 2430 APHA 3030 E/3120 B 

Zinc 16.4 LTM-S-019 (APHA  3030E/3120B) 

Data were analysed by the Environmental and Analytical Laboratories, Charles Sturt 

University.  

  



Appendices 
 

 
190 

  

Appendix 8. Correlation between soil pH, Al3+ and Colwell P in individual soil 

 

Appendix 8.1 Relationship between soil pHCa and soil Al3+ concentration  

 

Appendix 8.2 Relationship between soil pHCa and soil Coolwell P  
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Appendix 8.3 Relationship between soil Al3+ concentration and soil Coolwell P  
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Appendix 9. Total carbon and nitrogen 

 

Total carbon and nitrogen in the nil and lime treatments did not differ significantly 

(Appendix 9.1 and 9.2). The addition of GLP, WIM and WSM significantly 

increase soil carbon and nitrogen (Appendix 9.1 and 9.2). The magnitudes of the 

total carbon and nitrogen were GLP > WIM > WSM (Appendix 9.1 and 9.2).  

 

Appendix 9.1. Total carbon in the soils was incorporated with different amendments 

after 55 days incubation. Bars represent the LSD at P = 0.05 
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Appendix 9.2. Total nitrogen in the soils incorporated with different amendments after 

55 days incubation. Bars represent the LSD at P = 0.05 
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Appendix 10. Changes in proton concentration (∆ H+ ) (mmol H+ kg-1) due to H+ 

consumption of the added amendments (Ame), oxidation of organic anions 

(OAOx), nitrogen mineralisation (Nmin) and nitrification (Nit), and the contribution 

of each process to the net change in H+ concentration  

 

Appendix 10.1. For RC0-10 soil 

Treatment 
∆ H+  (mmol H+kg-1) Contribution to net ∆ H+  (%) 

Ame OAOx Nmin Nit Ame OAOx Nmin Nit 
0-4 h (LSD = 0.5) 0-4 h 

Nil 0.0 -0.3 -0.4 0.1 0 39 47 14 
Lime -17.3 -0.4 -0.6 0.0 95 2 3 0 
GLP -8.5 0.0 -0.3 0.6 90 0 3 6 
WIM -3.7 0.0 -0.4 0.0 90 0 9 1 
WSM -4.8 0.0 -0.2 0.3 90 0 4 6 
 4 h-7 DAI (LSD = 0.6) 4 h-7 DAI 
Nil 0.0 -0.6 -1.7 3.4 0 11 30 59 
Lime 0.0 -0.4 -2.4 4.7 0 5 32 63 
GLP 0.0 -9.2 -6.3 0.0 0 59 41 0 
WIM 0.0 -2.4 -2.0 0.1 0 54 45 1 
WSM 0.0 -8.1 -3.9 1.0 0 62 30 8 
 7-14 DAI (LSD = 0.5) 7-14 DAI 
Nil 0.0 0.0 -0.6 1.1 0 0 36 64 
Lime 0.0 0.0 -0.6 1.1 0 0 36 64 
GLP 0.0 -0.8 -4.9 8.4 0 5 35 60 
WIM 0.0 -0.4 -4.0 7.7 0 3 33 64 
WSM 0.0 -0.3 -6.4 12.7 0 1 33 66 
 14-35 DAI (LSD = 0.5) 14-35 DAI 
Nil 0.0 -0.2 -1.1 2.2 0 5 32 63 
Lime 0.0 -0.3 -1.2 2.5 0 7 31 62 
GLP 0.0 -1.5 -20.0 40.1 0 2 33 65 
WIM 0.0 -0.6 -8.8 17.5 0 2 33 65 
WSM 0.0 -0.4 -3.8 7.6 0 3 32 64 
 35-55 DAI (LSD = 1.2) 35-55 DAI 
Nil 0.0 -0.1 -1.1 2.2 0 4 32 64 
Lime 0.0 -0.1 -1.0 1.9 0 3 32 64 
GLP 0.0 -0.1 -5.0 9.9 0 1 33 66 
WIM 0.0 -0.1 -4.0 8.0 0 1 33 66 
WSM 0.0 -0.1 -2.2 4.3 0 2 33 65 
LSD 0.0 0.1 0.7 1.3     

LSD indicates the Least Significant Difference at P = 0.05 
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Appendix 10.2. For RC10-20 soil  

Treatment 

∆ H+  (mmol H+kg-1) Contribution to net ∆ H+  (%) 

Ame OAOx Nmin Nit Ame OAOx Nmin Nit 

0-4 h (LSD = 0.4) 0-4 h 

Nil 0.0 -0.1 -0.1 0.1 0 27 31 42 

Lime -17.3 0.0 -0.1 0.0 100 0 0 0 

GLP -8.5 0.0 -1.4 0.4 83 0 13 4 

WIM -3.7 0.0 -0.8 0.0 82 0 18 1 

WSM -4.8 0.0 -1.2 0.5 73 0 19 8 

 4 h-7 DAI (LSD = 0.7) 4 h-7 DAI 

Nil 0.0 -0.1 -0.4 0.0 0 23 77 0 

Lime 0.0 -0.2 -0.5 0.1 0 21 65 14 

GLP 0.0 -5.6 -6.4 0.0 0 47 53 0 

WIM 0.0 -0.6 -1.3 0.0 0 30 70 0 

WSM 0.0 -3.8 -6.2 0.0 0 38 62 0 

 7-14 DAI (LSD = 1.3) 7-14 DAI 

Nil 0.0 -0.2 -0.3 0.6 0 17 28 55 

Lime 0.0 -0.2 -0.4 0.7 0 14 29 57 

GLP 0.0 -0.1 -4.5 0.2 0 2 95 4 

WIM 0.0 -0.2 -2.2 0.2 0 9 85 6 

WSM 0.0 -0.2 -1.8 3.5 0 3 32 65 

 14-35 DAI (LSD = 2.0) 14-35 DAI 

Nil 0.0 0.0 -0.7 1.1 0 0 39 61 

Lime 0.0 0.0 -1.2 2.5 0 0 33 67 

GLP 0.0 -1.6 -10.7 13.4 0 6 42 52 

WIM 0.0 -0.2 -2.6 1.8 0 4 57 39 

WSM 0.0 -0.7 -2.3 4.3 0 9 32 59 

 35-55 DAI (LSD = 1.0) 35-55 DAI 

Nil 0.0 0.0 -0.2 0.3 0 2 46 52 

Lime 0.0 0.0 -0.4 0.7 0 1 33 66 

GLP 0.0 -0.8 -10.5 21.0 0 2 33 65 

WIM 0.0 -0.5 -8.8 17.6 0 2 33 66 

WSM 0.0 -0.4 -7.3 14.7 0 2 33 66 

LSD 0.0 0.2 1.0 1.8     

LSD indicates the Least Significant Difference at P = 0.05 

  



Appendices 
 

 
196 

  

Appendix 10.3. For YC0-10 soil  

Treatment 

∆ H+  (mmol H+kg-1) Contribution to net ∆ H+  (%) 

Ame OAOx Nmin Nit Ame OAOx Nmin Nit 

0-4 h (LSD = 0.4) 0-4 h 

Nil 0.0 -0.1 -0.3 0.1 0 17 59 24 

Lime -17.3 0.0 -0.4 0.0 98 0 2 0 

GLP -8.5 0.0 -1.7 0.6 79 0 16 5 

WIM -3.7 0.0 -0.9 0.0 81 0 19 0 

WSM -4.8 0.0 -1.3 0.3 75 0 21 4 

 4 h-7 DAI (LSD = 0.4) 4 h-7 DAI 

Nil 0.0 -0.8 -2.1 0.8 0 21 56 23 

Lime 0.0 -0.9 -2.3 1.2 0 20 52 28 

GLP 0.0 -6.6 -7.5 0.0 0 46 54 0 

WIM 0.0 -0.7 -1.9 0.0 0 29 71 0 

WSM 0.0 -5.9 -8.2 0.7 0 40 55 5 

 7-14 DAI (LSD = 0.4) 7-14 DAI 

Nil 0.0 0.0 -2.6 5.1 0 0 34 66 

Lime 0.0 -0.1 -3.4 6.7 0 1 33 66 

GLP 0.0 -0.1 -0.7 1.2 0 5 34 61 

WIM 0.0 -0.5 -0.9 0.5 0 25 50 25 

WSM 0.0 -0.5 -6.1 12.3 0 2 33 65 

 14-35 DAI (LSD = 0.6) 14-35 DAI 

Nil 0.0 -0.5 -6.7 13.5 0 2 33 65 

Lime 0.0 -0.4 -6.7 13.3 0 2 33 65 

GLP 0.0 -2.2 -17.3 34.6 0 4 32 64 

WIM 0.0 -0.9 -2.2 0.0 0 29 71 0 

WSM 0.0 -0.8 -12.8 25.6 0 2 33 65 

 35-55 DAI (LSD = 0.8) 35-55 DAI 

Nil 0.0 0.0 -1.8 0.4 0 1 80 18 

Lime 0.0 0.0 -2.3 0.1 0 0 97 3 

GLP 0.0 -0.1 -9.4 6.7 0 1 58 41 

WIM 0.0 -0.3 -13.3 26.7 0 1 33 66 

WSM 0.0 -0.1 -4.5 2.7 0 1 62 37 

LSD 0.0 0.2 1.0 1.8     

LSD indicates the Least Significant Difference at P = 0.05 
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Appendix 10.4. For YC10-20 soil  

Treatment 

∆ H+  (mmol H+kg-1) Contribution to net ∆ H+  (%) 

Ame OAOx Nmin Nit Ame OAOx Nmin Nit 

0-4 h (LSD = 0.3) 0-4 h 

Nil 0.0 -0.4 -0.2 0.0 0 65 33 1 

Lime -17.3 -0.3 -0.2 0.2 96 2 1 1 

GLP -8.5 0.0 -3.1 0.2 72 0 26 2 

WIM -3.7 0.0 -0.8 0.0 83 0 17 0 

WSM -4.8 0.0 -0.8 0.4 80 0 14 6 

 4 h-7 DAI (LSD = 0.6) 4 h-7 DAI 

Nil 0.0 -0.3 -1.0 0.5 0 16 54 30 

Lime 0.0 -0.1 -1.6 0.3 0 7 80 13 

GLP 0.0 -5.3 -1.5 0.0 0 78 22 0 

WIM 0.0 -0.7 -1.6 0.0 0 32 68 0 

WSM 0.0 -5.3 -6.3 0.1 0 45 54 1 

 7-14 DAI (LSD = 1.2) 7-14 DAI 

Nil 0.0 0.0 -1.7 2.9 0 1 36 63 

Lime 0.0 -0.1 -1.8 3.4 0 2 34 64 

GLP 0.0 -0.2 -3.8 0.0 0 6 93 1 

WIM 0.0 0.0 -2.2 0.1 0 0 97 3 

WSM 0.0 0.0 -3.3 6.1 0 0 35 65 

 14-35 DAI (LSD = 1.2) 14-35 DAI 

Nil 0.0 -0.3 -0.9 1.6 0 9 32 58 

Lime 0.0 -0.4 -1.2 2.2 0 10 32 58 

GLP 0.0 -1.6 -6.6 1.2 0 17 70 13 

WIM 0.0 -1.0 -4.3 0.2 0 18 78 4 

WSM 0.0 -1.0 -1.8 1.3 0 24 44 31 

 35-55 DAI (LSD = 1.4) 35-55 DAI 

Nil 0.0 -0.1 -1.4 2.7 0 2 33 65 

Lime 0.0 -0.1 -2.7 5.3 0 1 33 66 

GLP 0.0 0.0 -1.2 2.4 0 1 33 66 

WIM 0.0 -0.1 -3.1 6.2 0 1 33 66 

WSM 0.0 -0.1 -1.0 1.9 0 5 32 64 

LSD 0.0 0.1 0.7 1.3     

LSD indicates the Least Significant Difference at P = 0.05 
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Appendix 11. The change in soil pH was calculated based on the alkalinity 

concentration of the amendments (A), the highest pH increase (B) and the 

change in soil pH by 55 DAI (C), following the application of the ground lucerne 

pellet (GLP), water-insoluble (WIM) and water-soluble (WSM) materials   

Soil 

Alkalinity  

(A) 

Highest  

(B) 

At 55 DAI  

(C) A-B A-C 

GLP 

RC0-10 1.6 1.7 0.0 -0.1 1.6 

RC10-20 2.6 2.9 1.5 -0.3 1.1 

YC0-10 1.9 1.7 0.5 0.2 1.4 

YC10-20 1.3 2.4 2.0 -1.1 -0.7 

WIM 

RC0-10 0.8 1.0 -0.1 -0.3 0.9 

RC10-20 1.2 1.7 0.7 -0.4 0.5 

YC0-10 0.9 1.0 0.1 -0.1 0.8 

YC10-20 0.6 1.2 1.0 -0.6 -0.4 

WSM 

RC0-10 0.8 1.1 0.2 -0.2 0.6 

RC10-20 1.4 1.8 0.6 -0.5 0.8 

YC0-10 1.0 1.1 0.3 -0.1 0.7 

YC10-20 0.7 1.6 1.1 -0.9 -0.4 
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Appendix 12. Relationship between H+ consumed caused by nitrogen 

mineralisation and H+ released due to nitrification  

 

 

Appendix 12. Relationship between H+ consumed caused by nitrogen 

mineralisation and H+ released due to nitrification   
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Appendix 13. Relationship between the change in soil pH and the change in Eh7 

 

Appendix 13. Relationship between the change in soil pH and the change in Eh7 in 

the nil (a), lime (b), GLP (c), WIM (d) and WSM (e) treated soils. * indicates P = 0.05, 

n.s. not significant 
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