
 
 

 

 

 

Nutrients Dynamics in Sugarcane Soils: Effects of 

Management Practices 

 

 

Mr Xiangyu Liu 

 

 

 

Australian River Institute 

Griffith School of Environment 

Griffith University 

 

 

Submitted in fulfilment of the requirements of the degree of 

Master of Philosophy 

 

July 2017 

 

 

 



1 
 

Abstract 

Sugarcane, as a worldwide cultivated commercial crop, has drawn a great attention 

towards its nitrogen (N) use efficiency as well as potential effects on associated 

watersheds. Particularly, there is an increasing concern about potential loss of carbon 

(C) and nitrogen from sugarcane fields and its environmental impacts on the Australian 

Great Barrier Reef catchments. Sugarcane field management practices play a vital role 

in refining soil C and N cycling and improving plant N use efficiency. The common 

management practices in sugarcane fields such as liming, legume intercropping, green 

harvest and burning have different effects on soil C and nutrients dynamic. To be 

specific, liming is widely used as an effective amendment to remediate soil acidity. 

Moreover, green harvest, which is known as trash blanket practice, is promoted in 

intensive cropping regions as decomposition of sugarcane trash can sequester C and N 

under the trash blanket layer. Although, previous studies had investigated the effects of 

liming and trash blanket on cropping fields, but the understandings of how liming and 

trash blanket affect Australian sugarcane cropping system, is largely unknown. 

Additionally, some studies have suggested that sugarcane compost may provide 

significant amounts of bioavailable C and N to sugarcane cropping system. However, 

different composition of compost have different influence on soil properties such as soil 

pH, soil C and N contents. The effects of compost on soil properties may also vary with 

its application methods as well as soil and vegetation type. Unfortunately, the scientific 

knowledge regarding the effects of composted sugarcane residue on Australia 
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sugarcane fields remain uncertain. 

 

Although several studies have reported the relationship between the soil nutrients cycle 

and field managements, the mechanistic understanding of how sugarcane field 

managements affect the N dynamics remained unclear. The objectives of this thesis 

were to determine: 1) the impacts of liming on the N availability and dynamics in 

tropical acidic sugarcane soils; and 2) the dynamics of soil C and N in sugarcane 

cropping fields after application of subsoil organic amendments to sugarcane soil. Two 

field experiments were designed to achieve these major goals, including: a) Impacts of 

liming on soil N dynamics in sugarcane fields in Bundaberg; b) Impact of subsoil 

organic amendments to sugarcane cropping system on long term soil physical, chemical 

and biological properties in Maryborough, Australia. It was hypothesized that: 1) liming 

practice in acidic soils would alter soil N dynamics as well as the abundance and activity 

of soil microorganisms; and 2) subsoil amendment of compost would contribute 

substantially to the labile C and N supply for soil microbial activity as well as plant 

uptake and consequently increase sugarcane yield. 

 

In a field trial at Bundaberg, Australia, the adjacent sugarcane treatments of 26 months 

after liming (26ML), 14 months after liming (14ML) and no lime amendment (CK) 

were selected to investigate the effect of liming practice on soil N bioavailability and 

microbial activity in a long term subtropical sugarcane cropping system. Liming in both 

14ML and 26ML treatments significantly increased soil pH (by 1.2-1.4 units) and 
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exchangeable Ca2+ (> 2 folds) content compared with the CK treatment. The lower 

concentrations of hot water extractable organic C, total N and NH4
+-N in the 14ML 

treatment compared to the CK and 26ML treatments, was attributed to the absence of 

trash blanket placement in the former and enhanced N immobilization, by soil microbial 

community, due to improved soil pH. Liming practice (14ML and 26ML) increased soil 

microbial biomass C and N contents, particularly in the presence of the trash blanket 

(26 ML treatment), while decreased soil respiration and qCO2, indicating that acidic 

stress conditions were relieved in the liming treatments. Soil pH value was shown to be 

the main factor governing soil enzyme activities, with an overall decrease in all enzyme 

activities in response to liming practice. 

 

In a field trial at Yerra, Maryborough, Australia, Four subsoil amendment treatments, 

including no amendment as control (CK), gypsum subsoil application as calcium 

enriched treatment (GP), compost subsoil application as organic ameliorant treatment 

(CP) and mineral fertilizer subsoil application as fertilizer treatment (FE), were 

designed to investigate the effect of subsoil amendments on sugarcane soil health. The 

ameliorants were applied to the subsoil two weeks before sugarcane planting. At the 

end of the third ratoon harvest, the compost treatment showed a slightly higher soil pH 

compared to other three treatments. The concentration of NH4
+-N in the CP treatment, 

at the 0-10 cm soil depth, was significantly higher than gypsum (GP) and mineral 

fertilizer (FE) amended treatments. This may be due to the higher N uptake at the 

sugarcane root zone (10-25 cm depth) in this treatment and consequently transport of 
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higher amount of N to the topsoil through trash blanket decomposition after sugarcane 

harvest. The highest concentrations of hot water extractable organic C and N (HWEOC; 

HWETN) in the CP treatment (10-25 cm depth), can be attributed to the organic matter 

input and its decomposition within the compost application layer. Soil MBC and MBN 

contents (0-10 cm depth) generally tend to be higher in the CP treatment in comparison 

with the other treatments. This may be due to leaching of soluble organic C and N in 

this treatment, which provide an available energy source for utilization of soil microbial 

community. The CO2 respiration in the CP and FE treatments, were significantly higher 

than CK and GP treatments, while GP treatment showed the lowest CO2 respiration in 

the 10-25 cm depth. At soil depths below 25 cm, soil labile C becomes a limiting factor 

for soil CO2 respiration, which is supported by significant positive correlation found 

between HWEOC and soil CO2 respiration. Significant increase in sugarcane yield, 

over 4 years, has been observed in the CP compared to other treatments, which may be 

due to the increased labile C and N pools provided by the slow decomposition of 

subsoil-applied compost. 

. 
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Chapter 1 Introduction 

1.1 Sugarcane production in Australia 

Sugarcane cultivation in Australia is concentrated along the east coast of Queensland, 

particularly in the central and northern areas, as well as smaller production areas in 

northern New South Wales. Sugarcane is grown from cuttings placed into well-

cultivated soils, and the growth of first year is referred to as plant cane. After the first 

harvest, sugarcane is allowed to re-grow to produce several ratoon crops, which can be 

harvested in next years at approximately 12-month intervals. The sugarcane overall 

growing cycle is around 6 to 7 years, made up of one plant crop, four to five ratoon 

crops, and one year fallow period (Renouf et al. 2010). 

 

Sugarcane production in Australia is highly mechanised, employing machinery for all 

stages of crop cultivation, harvesting and transport of the harvested sugarcane to mills. 

Nutrients required for crop growth are mostly applied as synthetic fertilizers, although 

some farmers apply sugar mill residues (mill mud and ash) and dunder from ethanol 

fermentation as soil ameliorants or supplementary sources of nutrient. Around 39% of 

the sugarcane production area is burnt prior to harvest with no retention of crop residues 

(“trash”) in the field (Renouf et al. 2010). The other 61% is harvested “green,” with 

trash retained in the field. Sugarcane production in Australia is more industrialised than 

in most other sugarcane growing countries, and the industry has traditionally focused 

on maximizing cane and sugar yields. 
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1.2 Nitrogen loss pathways in sugarcane soil and key controlling factors 

Nitrogen is one of the essential nutrients required for plant growth and development. 

However, its losses may easily jeopardize the local environment. Although N makes up 

about 78% of earth’s current atmosphere, but it is not directly available for plant uptake. 

Plants can only uptake N when it has been converted into reactive forms, such as 

ammonium (NH4
+) and nitrate (NO3

-), through biological fixation processes. These 

processes involve symbiotic organisms such as bacteria and fungi, naturally occurring 

high-intensity phenomena such as anthropogenic activities associated with fertilizer 

manufacture. 

 

Sugarcane crop requires large amounts of N (exceed 100 kg N ha-1) to produce 

maximum yield (Keating et al. 1997). Nitrogen availability for plant uptake is directly 

related to sugarcane growth and its productivity, however direct N uptake by the 

sugarcane is around 30% of the applied fertilizer (Vallis et al. 1996). Suman et al. (2008) 

have reported that current sugarcane cropping system has poor N use efficiency since 

inorganic N accumulated in high concentrations (mainly from urea application), which 

exceeded the N acquisition ability of crops and soil biota, leading to its losses through 

leaching, runoff and denitrification. Unlike cereals, which synthesis N into protein that 

is accumulated with crop maturation, the sugarcane maturation is delayed and sugar 

concentration is reduced if excess N to be accumulated consecutively in the crop tissues 

until harvest (Wiedenfeld 2000). The lifecycle of sugarcane crops and the infrequency 

of fallows in the plant-ratoon crop cycle increase the need for year-round management 
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of N. Nevertheless, these longer time frames make it more difficult to predict N supply 

from soil organic matter (SOM).  

 

Nitrogen can be lost through ammonia (NH3) volatilization, nitrous oxide (N2O) 

emission, leaching and runoff processes. The applied NH4
+ can be lost from soil through 

volatilization under alkaline conditions. This mechanism is particularly associated with 

urea fertiliser. Specifically, urease is involved in the hydrolysis of urea into NH4
+, which 

is subsequently converted into NH3. The risk of NH3 volatilization increases when urea 

is applied on the surface of sugarcane trash blanket that often contains substantial 

amount of urease (Denmead et al. 2010). Also, it has been suggested that the autotrophic 

nitrification also contribute to N2O emission in a wide range of soils (Hu et al. 2015).  

 

Leaching has been defined as a downward movement of water in soil, combined with 

the movement of soluble minerals and clay particles, which are suspended within the 

soil layers. A number of studies reported substantial N losses from farmlands to 

groundwater systems. For instance, the average leaching of N from root zone is 

estimated to be 22 kg N ha−1 per year in Sweden (Hoffmann et al. 2000), 36 kg N ha−1 

per year in Norway (Bechmann et al. 1998) and up to 80 kg N ha−1 per year in Denmark 

(Dalgaard et al. 2014). Numerous studies have illustrated that different factors may play 

a vital role in N leaching. Pionke et al. (2000) and Vuorenmaa et al. (2002) have found 

that hydrological flow processes affect N losses directly. Kyllmar et al. (2006) also 

demonstrated that factors including mild winters, abundance of precipitation, soil 

http://www.sciencedirect.com.libraryproxy.griffith.edu.au/science/article/pii/S0167880914000541#bib0125
http://www.sciencedirect.com.libraryproxy.griffith.edu.au/science/article/pii/S0167880914000541#bib0015
http://www.sciencedirect.com.libraryproxy.griffith.edu.au/science/article/pii/S0167880914000541#bib0230
http://www.sciencedirect.com.libraryproxy.griffith.edu.au/science/article/pii/S0167880914000541#bib0350
http://www.sciencedirect.com.libraryproxy.griffith.edu.au/science/article/pii/S0167880914000541#bib0175
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structure and SOM content, and field managements would stimulate the losses of N.   

In addition to leaching loss, NO3
- can also be lost in the form of N2O and N2 via the 

denitrification process. This process is more important when soils are waterlogged and 

under anaerobic conditions (Parton et al. 1996). These circumstances, in combination 

with a stable and high organic C source, will activate soil denitrifying microorganisms 

which convert NO3
- to N2O and N2. The wet and warm climate of the sugarcane 

production areas, in combination with the increasing adoption of cane trash (crop 

residues after harvest) retention, would cause high N2O production in sugarcane 

cropping soils  

 

Nitrogen cycle in sugarcane farming is affected by climatic factors (air temperature, 

rainfall and irrigation regime), soil properties (soil texture, soil pH, mineral N 

concentration, soil temperature and moisture content) and soil management 

(fertilization type and application rate) system. 

1.3 Nitrogen cycling in sugarcane soils  

The understanding of N cycling within the sugarcane system is vital for sustainable 

production. Although various forms of N have been incorporated into soil in one way 

or another, all forms of N are subjected to various losses such as run-off, leaching and 

volatilization. The understanding of N transformation processes and loss pathways will 

help to identify the management options to ensure the efficiency of the N sources in 

crop production and minimize its losses (Wood et al. 2010). The mineral N in soil is 
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normally present in the forms of NH4
+, NO3

- and NO2
-, while NO2

- is frequently below 

the detection limit. Mineral N is mainly derived from the N fertilization, while the 

biological fixation also contributes to the N content of the sugarcane field. In addition, 

N within sugarcane crop residues (particularly trash, roots and mill by-products) is 

returned to the soil in the organic form. This organic N becomes available for plant 

uptake once the organic matter is decomposed (mineralised) and the N is released in 

the mineral forms. Immobilization, which governed by soil microorganisms, would 

convert inorganic N into organic N which can be used by plant and soil microorganisms. 

Nevertheless, apart from plant uptake, mineral N can be lost from soil through various 

pathways. 

 

 

Fig.1.1. Diagram of N dynamics in a sugarcane cropping system. (adapted from 

Thorburn et al. 2005) 

The major biogenic processes responsible for N-cycling in sugarcane soils are identified 
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as nitrification and denitrification. The nitrification process is the microbial oxidation 

of NH4
+ to NO3

-. Recent investigations discovered that ammonia-oxidizing archaea 

(AOA) are also responsible for aerobic ammonia oxidation, especially in acidic soil 

conditions (Hu et al. 2014). However, there is still limited information about the link of 

the microbial function of ammonia oxidisers to N2O production under field conditions 

(Santoro et al. 2008).  

Denitrification is the reduction of NO2
- and/or NO3

- to N gas (N2), mediated mainly by 

anaerobic heterotrophic soil bacteria which utilize these forms of N as alternative 

electron acceptors during respiration in the absence or shortage of molecular O2. In 

sugarcane soils, this situation occurs mainly following substantial rainfall/irrigation, as 

soil pores are water-saturated and the diffusion of O2 to microsites becomes extremely 

slow. The discovery of the anammox process and identification of the bacteria 

mediating this process in terrestrial ecosystems has provided new insight into the 

mechanism of anaerobic ammonia oxidation, which conventionally considered 

denitrification as the only pathway leading to N gaseous loss (Jetten et al. 1998).  

1.4 Impacts of management practices on soil N dynamics--------------------- 

Various management practices (such as liming, legume intercropping, green harvest and 

burning) applied to sugarcane fields around the world. It is generally accepted that 

legumes make substantial net N contributions to soil fertility in crop rotations. For 

example, it has been reported that groundnut crop rotation would increase sugarcane 

yield and reduce fertilizer-N input requirements due to its high N content (Hemwong et 
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al. 2008). In tropical countries with intensive sugarcane industry, green harvest practice 

has been an alternative practice on sugarcane field management list. The green harvest 

management, which widely used in Australia, would accumulate the organic C and N 

under the trash blanket, since the residues that would have been lost in the fire are 

returned to the soil. The effect of retaining crop residues in farming systems is generally 

thought to be advantageous over burning and physical removal from the point of view 

of N cycling. Significant increases in crop yield after retaining crop residues maybe due 

to the combined effects of improved soil organic matter and soil structure, increased 

water use efficiency and reduced numbers of pathogens. In the short term, the high C:N 

ratio of sugarcane residues would lead to microbial immobilization of N and hence net 

N mineralization may be delayed. 

1.5 Impacts of composted sugarcane residue on sugarcane soil properties 

The application of compost on soil surface has been considered as an efficient way to 

improve soil physical, chemical and biological properties in recent years (Cassman et 

al. 1996; Fernandez-Hernandez et al. 2014; Medina et al. 2015). Stoffella and Graetz 

(2000) has indicated that compost with sugarcane residue would enrich soil humic 

substance as well as macro and micronutrients such as N, P, K and Ca. Moreover, 

Hernandez et al. (2014) suggested that the application of compost would increase both 

crops yield and soil fertility. Nevertheless, top soil compost application has its own 

disadvantages. Denmead et al. (1990) has claimed that unavoidable N loss caused by 

volatilization would results in reducing plant N uptake efficiency. Thus, subsoil 
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amendments has been suggested as an alternative practice in sugarcane field 

management. Moreover, deep ripping has been considered a common way to conduct 

subsoil management as deep ripping can effectively decrease soil compaction and 

increase plant root growth (Chen et al. 2014). It has been suggested that subsoil 

amendments would increase plants nutrients uptake efficiency and yields, compared to 

top soil application. After subsoil application, the plant roots may have an easier access 

to the nutrients, which has been directly incorporated at root zone (Hall et al. 2010; Li 

et al. 2015; Li et al. 2010). However, the effects of composted sugarcane residue subsoil 

application on soil physical, chemical and biological properties in Australian sugarcane 

fields remain uncertain. 

The soil health decline became one of the main concerns to farmers when choosing the 

best field management practices in the recent years. The microbial biomass and 

microbial activity are considered among the most important indicators of a healthy soil. 

However, the structure of microbial communities mainly depend on soil physical (e.g. 

soil structure and soil clay content) and chemical (e.g. soil pH and nutrient contents) 

properties (Schloter et al. 2003). It is suggested that microbial activity plays a vital role 

in soil C and nutrients cycle (Estrada-Bonilla et al. 2017), as well as an important 

indicator of the impact of field management practices on soil health (van Bruggen and 

Semenov, 2000). Compost application can increase microbial activities involved in soil 

C and nutrients transformation by providing microbial substrate (Fauci and Dick 1994). 

The scientific knowledge regarding the impact of compost on soil physical, chemical 

and biological properties, including soil health, is still uncertain. These effects may vary 
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by different soil types, climate conditions and compost compositions (Goyal et al. 2005; 

Ranalli et al. 2001). 

1.6 Effects of liming and gypsum application on sugarcane soil properties  

As a large area of sugarcane in Australia suffers from soil acidic condition, liming 

practice is widely used as an effective amendment to increase N use efficiency and 

sugarcane yield in Australian sugarcane industry. Liming is a common agricultural 

practice, used for increasing productivity in acidic agricultural soils. Liming reduces 

Al3+ saturation and toxicity and/or increases pH up to the optimum values for N 

availability for sugarcane uptake (Paradelo et al. 2015). Meanwhile, farmers also 

applied gypsum on top soil to ameliorate soil acidity, particularly in sugarcane farms in 

Australia as most of Australian sugarcane farms are suffered from acidity and toxicity 

of overdosed Al3+ (Hamza and Anderson, 2003). Although, available data shows an 

improved soil condition with gypsum top soil application, but it may  also cause K+ 

and Mg2+ leaching from top soil to deeper soil profile (Rossato et al. 2017). In addition, 

gypsum subsoil application may improve soil condition at root zone without leaching 

out K+ and Mg2+ from top soil. 

1.7 Field managements and breeding practices for enhancing N use efficiency and 

reducing N loss in sugarcane fields 

Appropriate management option for minimising N volatilisation losses from applied 

urea is the application of urea in the soil below the trash, which this substantially 

reduces the risk of N loss by volatilisation. However, this strategy could increase the 
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risk of N loss by denitrification if soils become waterlogged (Parton et al. 1996). Where 

this is a potential problem, urea should be applied to cane planted in mounded rows. If 

it is necessary to apply urea to the surface of a trash blanket, it should be done 

immediately prior to rainfall or irrigation events. 

 

Previous investigations have indicated that at least 20 mm of rainfall or irrigation is 

needed to wash urea through the trash blanket and into the soil to minimize such 

volatilisation losses (Denmead et al. 1992). The risk of volatilisation increases with 

cyclical wetting and drying. Delaying in urea application until the cane canopy has 

developed, would enable uptake of some of the escaping ammonia through the leaves 

(Denmead et al. 1991). 

 

More recently, the environmental and economic penalties of N fertiliser use have re-

directed research and development globally to address the difficult task of ensuring 

yield security with reduced fertiliser inputs to avoid off-site losses and inefficiencies.  

To improve N use efficiency (NUE) in broad acre crops, multifaceted approaches have 

been adopted, including agronomic improvement in combination with genetic advances. 

There are no dedicated sugarcane breeding programs for NUE globally, but there is 

growing interest in developing NUE crops in Brazil, China, South Africa and India. A 

better understanding of the extent of genetic variation for NUE in the local germplasm 

and crop-specific N physiology is fundamental for developing successful strategies for 

genetic improvement of NUE. Screening of Australian sugarcane breeding lines and 
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current varieties, and a detailed physiological investigation, including belowground 

attributes, especially N uptake, storage and use in the context of sugarcane commercial 

production is a priority. From a practical crop improvement perspective, the 

overarching strategy should be used to select clones for high responsiveness to applied 

N. Evaluating various selection strategies relevant to sugarcane should be undertaken 

at least in those regions where N leakage comes a pressing issue. 

 

In sugarcane, characterization of genotypic N response and N physiological traits has 

been limited and fragmented across global sugar industries with little effort directed to 

variety improvement through breeding. The majority of studies are reported from Brazil, 

South Africa, US and Australia, and most are limited to a small number of genotypes.  

 

Historically, Brazilian sugarcane varieties have been selected for high yield with low 

inputs of synthetic N fertiliser (Nogueira et al. 2005) as a large proportion of plant N 

demand was supplied by soil N reserves (and possibly biologically fixed N). Expansion 

of the Brazilian sugar industry into more marginal land over the past two decades has 

resulted in increased use of N fertiliser (Martinelli et al. 2008) and an increased focus 

on refining N fertiliser management (Franco et al. 2011). Characterization of N 

responses of varieties in Brazil has focused on dissecting the relationship between 

sugarcane varieties and endogenous N-fixing microorganisms (Urquiaga et al. 1992, 

2012). In South Africa the thrust was on variety responsiveness to applied N in 

commercial production conditions. Over several decades the South African sugar 
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industry has evaluated and implemented the potential for variety-specific N rate 

recommendation (Meyer et al. 2007). In Australia, the focus has been on N agronomy 

(Wood et al. 1996) with recent efforts evaluating the potential of sugarcane germplasm 

for genetic improvement. In the USA, germplasm evaluation for NUE has been driven 

by the displacement of sugarcane cropping from organic-matter rich soils to sandy soils 

(Todd et al. 2014). Comparisons of two Hawaiian varieties with contrasting drought 

and salinity tolerance have provided the mechanistic understanding of processes 

influenced by N and salinity stress (Meinzer et al. 1994, Ranjith and Meinzer. 1997, 

Meinzer and Zhu., 1998). 

 

The largest evaluation of sugarcane germplasm for NUE under controlled conditions 

and in the field was conducted in Australia (Robinson et al. 2007). However, prior to 

this study very little effort was directed to understand the genetic variation of NUE in 

the Australian germplasm. Wood et al. (1996) investigated growth and N accumulation 

dynamics of two leading varieties (Q117, Q138) receiving high N fertiliser supply over 

a plant and ratoon crop. Both varieties produced similar biomass, Q117 accumulated 

more N while Q138 had a greater ability to dilute N throughout the crop cycle (Wood 

et al. 1996). The study did not determine if cessation of crop N accumulation was 

caused by depletion of soil N sources, reduced N uptake activity of roots, reduced crop 

N requirement, or a combination of these factors. Evaluation of genetic variation in 

NUE at limiting and sufficient N supply has long been limited by the small number and 

range of genotypes tested and the difficulties of controlling N supply in the field. 
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Overall, NUE has only recently become a target in high-production crops due to 

concern about the economics and environmental consequences of high N input cropping 

with a considerable N pollution footprint. Since the mid-20th century, crop breeding 

has favored high resource inputs and this may have inadvertently selected against NUE 

and other resource use efficiencies. Moreover, nitrification inhibitors and urease 

inhibitors, and in a long term, genetic engineering of soil microbes also has been 

considered a potential ways to increase NUE. Based on the developmental features of 

sugarcane and commercial sugarcane cropping systems, the key targets for NUE 

improvement are responsiveness to applied N and increased N uptake. 

1.8 The water quality in the Great Barrier Reef catchment and its relationship 

with nitrogen loss from sugarcane field 

The Great Barrier Reef is important to Australia for its natural, cultural and socio-

economic values. Runoff from the land supplies tremendous proportion of the nutrients 

which are used in the GBR ecosystem, meanwhile it also bring some threats to GBR 

such as nutrients and sediments loss. The adjacent catchments provide a range of 

fraction of Australia’s national wealth through sugarcane production as well. 

 

Nitrate (NO3
-) is the most abundant form of dissolved inorganic nitrogen (DIN) in both 

wet- and dry-catchment rivers. Concentrations of nitrite (NO2
-) and ammonium (NH4

+) 

in river waters are typically low and relatively constant throughout the year. Small 

amounts of nitrate occur naturally in rainwater (Furnas et al. 1995). The nitrate in river 

waters largely comes from bacterial oxidation of ammonium in oxygenated catchment 
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soils, and ground waters. Agricultural fertilisers are an additional source of nitrate in 

catchments with significant cropping activity.  Nitrate either can be a constituent of 

the fertilizer (Rayment et al. 1996) or be produced by soil bacteria from other fertiliser 

constituents (e.g. ammonia, urea). 

 

Nitrate concentrations exhibit only small changes during floods in the two largest dry-

catchment rivers of Burdekin and Fitzroy (Furnas 2003). Nitrate inputs to the river in 

surface runoff are diluted by the large volumes of water in floods. Groundwater inputs 

to these dry rivers are unknown, but are small in relation to surface water inputs. Only 

small portions of these large catchments receive agricultural fertilisers. The nitrate 

exported is largely produced by natural microbial processes operating in catchment 

soils and waterways (Furnas 1991). 

 

There is little variation in dissolved organic N (DON) concentrations, relative to river 

flow, in both wet and dry catchment rivers (Furnas 2003). Concentrations of DON in 

rivers draining wet-tropical catchments such as Tully and South Johnstone are typically 

less than 200 μg N L-1. In the two large dry catchment rivers of Burdekin and Fitzroy, 

concentrations of DON can reach 400 μg N L-1. There is little evidence of DON dilution 

during flood events, suggesting a surface source. The DON is the principle (up to 80%) 

form of N exported from pristine river catchments, which are far-removed from clearing 

pressure and atmospheric sources of nitrate from fossil fuel combustion (Van Breemen 

2002). The relative contribution of nitrate and DON to river N levels and exports may 
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therefore indicate the degree of human disturbance. Under most conditions, the highest 

particulate N concentrations are found in the turbid dry catchment rivers and are lowest 

in the relatively clearer wet-tropical rivers (Furnas 2003). 

1.9 Research gap, question and hypothesis 

The worldwide population explosion has resulted in ever increasing of fertilizers 

incorporation into soil to meet the increasing demands of crops yield. Without any 

doubt, mineral fertilizers have their own uncompetitive edge on yield boosting aspect. 

However, unavoidable nutrient losses during the transformation processes in the soil 

may result in a direct decrease in crop yield as well as jeopardizing local biodiversity 

in soil and water systems (Galloway et al. 2003). 

 

 Liming practice is widely used to regulate soil pH, particularly in Australia sugarcane 

fields where suffered from strong soil acidity. However, the effect of liming practice on 

soil chemical and biological properties, especially soil N dynamics, yet remains 

uncertain. On the other hand, the application of sugarcane-based composts as organic 

amendments to sugarcane cropping system has been increasing in the recent years. 

However, limited scientific knowledge is available regarding the quality and quantity 

of the C and N released from these composted materials as well as the involved 

biological processes. Therefore, complete understanding of soil C and N transformation 

processes is essential for improving the management of sugarcane fields, while 

reducing nutrients loss (e.g. soil C and N) and minimizing the environmental risks 
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associated with this cropping system. 

 

The major aim of this project was to investigate the effects of different soil amendments 

on N dynamics in sugarcane cropping system. The specific objectives of this thesis were 

to determine: 

a) Effects of liming on N bioavailability and dynamics in acidic sugarcane fields 

(Chapter 3) 

b) Effects of subsoil application of compost on soil chemical and biological 

characteristics of sugarcane cropping systems (Chapter 4). 

Two long-term field experiments were selected to test the following hypotheses: 

1) Liming practice in acidic soils would alter soil N dynamics as well as the quantities 

and activity of soil microorganisms; 

2) The subsoil amendment of compost would contribute substantially to the labile C 

and N supply for soil microbial activity as well as plant uptake and consequently 

increase sugarcane yield.  
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Chapter 2 Materials and Methods 

2.1 Introduction 

Both result chapters (3 and 4) of this thesis have been prepared as journal papers with 

specific “material and methods” parts. This chapter includes the general materials and 

methods used in this study. 

2.2 Experimental sites 

The first experiment (chapter 3) was established in a well-drained sugarcane field at the 

Bundaberg Research Facility, Kalkie, Bundaberg, Australia (24° 50' 27" S, 152° 23' 38" 

E). The soil was classified as Yellow Brown Chromosol (Isbell 2016) and contained 8%, 

16% and 77% of clay, silt and sand fractions, respectively. The area has a subtropical 

climate with long term average mean maximum and minimum temperatures of 27 and 

17 °C and long term average rainfall of 1019 mm/year (50% of yearly rain fall has 

distributed within the summer months of January to March). 

The second experimental site (chapter 4) was located in the Yerra (25° 33' 44" S, 152° 

33' 24" E), 17km southwest of Maryborough, Queensland, Australia. The area is well 

known for its sodic duplex soils with clayey B-horizon at 25-30 cm depth, and classified 

as Grey Kurosol according to Australian soil classification (Isbell 2016). The harvested 

mung bean stubbles were applied to soil as mulch and retained on the soil surface until 

the site was cultivated for sugarcane planting in July 2011. The C and nutrient contents 

of 0-25 cm (A horizon) and 25-30 cm (B horizon) of the soil and amended compost are 
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shown in table 2.1.  

 

Fig.2.1 Location of Bundaberg Research Facility sugarcane field in Bundaberg, 

Australia. 

 

CK without liming

Liming (26 month) 

Liming (14month) 



33 
 

 

Fig.2.2 Location and sampling sites of compost subsoil application experiment in 

Maryborough, Australia. 

2.3 Soil samples processing and analysis 

All soil samples collected from experimental sites were well mixed, sieved (<2 mm) 

and large roots collected before analyses. Samples were divided into air-dried and fresh 

subsamples. The air-dried samples were finely ground (< 150 μm) before the pH, EC, 

CEC and soil total C and total N measurements. Fresh samples were kept at 4 ͦ C before 

the extraction for chemical and biochemical measurements (within one week after 

sampling). Detailed soil sampling plan of each experiment is described in chapters 3 

and 4, respectively. 
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Table 2.1 Basic soil properties of Maryborough sugarcane field before experiment establishment (data come from Andrew Dougall, MSF) 

The A and B soil horizons were sampled in July 2011 and measured prior to establishing the trial. 

 

 

 

 

pHH2O 

1:5   

EC  

(dS m-1) 

Ca2+  

(cmol kg-1) 

Na+  

(cmol kg-1) 

Al3+   

(cmol kg-1) 

Aluminium 

saturation 

(%) 

CEC   

(cmol kg-1) 

ESP 

(%) 

Organic 

carbon (%) 

NO3
--N  

(mg kg-1) 

0-25 cm   

(A horizon) 
6.1 0.5 5 0.4 0.1 1.4 7.19 5.6 1.3 8.1 

25-30 cm  

(B horizon) 
4.8 1.8 2 1.3 7 56 12.4 10 0.9 3 



35 
 

2.3.1 Measurement of soil texture, pH, EC, cation exchange capacity, total C and 

N 

Particle size distribution was conducted using soil hydrometer method developed by 

Day (1965). Soil total C and N contents were measured by LECO CN analyzer (TruMac 

NO. 830-300-400). Cation exchange capacity of soil samples was measured by 0.01 M 

silver-thiourea (AgTU+) based on the method provided by Blakemore at al. (1987). Soil 

pH and EC values were measured in a 1:5 volumatric suspension of soil to distilled 

water (Rayment and Lyons 2011). 

 

Fig.2.3 The LECO CN analyzer (TruMac NO. 830-300-400). 
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2.3.2 Soil mineral N 

The fresh soil samples were extracted with 2 M KCl at a soil to solution ration of 1:5 

using an end-to-end shaker for 1 h and filtered with whatman paper No. 42 (Rayment 

and lyons 2011). The concentrations of NO3
--N and NH4

+-N in the extracts were 

measured by a Westco Smart Chem Discrete Wet Chemistry Analyzer (Westco 

Scientific Instruments, USA). Total extractable mineral N of the samples was calculated 

as the sum concentrations of NO3
--N and NH4

+-N. The results are all expressed on an 

oven-dry basis. 

2.3.3 Microbial biomass C and N and hot water extractable organic C and N 

The microbial biomass C and N were determined using the chloroform fumigation-

extraction method (Vance et al. 1987) on fresh soil samples. Briefly, fumigated and un-

fumigated soils (10 g dry weight equivalent) were extracted by 40ml of 0.5 M K2SO4. 

Samples were shaken by end-to-end shaker for 30 min and then filtered by Whatman 

paper No. 42. The microbial biomass C and N were calculated as the differences in 

soluble organic C and N between chloroform-fumigated and un-fumigated soil samples, 

after analysis by a SHIMADZU TOC-VCPH (shimazu, Kyoto, Japan) TOCN analyzer.  

 

Hot water extractable organic C (HWEOC) and total N (HWEN) were measured using 

the method described by Chen et al. (2000). Briefly, 4.0 g (oven-dry equivalent) soil 

sample was incubated with 20 mL distilled water in a capped test-tube at 70 °C for 18 

h. After incubation the test-tubes were shaken on an end-over-end shaker for 5 min and 
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filtered through a Whatman 42 paper (Whatman Ltd., Maidstone, UK), followed by a 

0.45-µm filter membrane. Concentrations of organic C and total extractable N in the 

filtrate were determined using a SHIMADZU TOC-VCPH (shimazu, Kyoto, Japan) 

TOCN analyzer. The results were expressed on an oven-dry basis. 

 

Fig.2.4 The SHIMADZU TOC-VCPH (shimazu, Kyoto, Japan) TOCN analyzer. 

2.3.4 CO2 respiration and enzyme activities 

Soil respiration was measured using an incubation method as described by Chen (2000). 

Briefly, the water content of 25 g (oven-dry equivalent) fresh soil was adjusted to 60% 

water holding capacity (WHC) and incubated under aerobic condition, in a 1-L sealed 

glass jar at 22°C, for 35 days. The CO2 evolved from soil was trapped in 1.0 M NaOH 

solution and measured by acid titration (0.1 M HCl) at 1, 3, 7, 14, 21 and 35days after 
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the start of the incubation. The activity of β- glucosidase (hydrolysing cellulose to 

glucose), chitinase (hydrolysing chitin and other glucosamine polymers) and 

phosphatase (hydrolysing phosphomonoesters), in soil were measured at optimum pH 

for acidic soils (Tabatabai 1994). 
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Chapter 3 Liming improved soil microbial growth, but trash blanket 

placement increased labile C and N availability in a subtropical 

sugarcane soil 

3.1 Introduction 

Incorporation of lime into soil, a globally applied soil amendment practice, is able to 

efficiently reduce soil acidity and increase soil mineral nitrogen (N) availability for 

plant uptake (Brumme and Beese, 1992; Caires et al. 2006; Paradelo et al. 2015). The 

efficiency of liming practice in regulating soil N transformations may vary with initial 

soil pH and vegetation type. Corre et al. (2003) reported that lime amendment (30tons 

ha-1 dolomitic limestone) to acidic soils with pH ranged from 3.8 to 4.6 increased gross 

N mineralization and nitrification rates. Nohrstedt (2002) also indicated that both N 

mineralization and potential nitrification rates increased by 1.5 and 6 times, respectively, 

after lime amendment of 3 and 6 tons ha-1 to acidic soils with pH of 4.0 to 4.5. In 

contrast, Persson et al. (1995) suggested that liming may have opposite effects on N 

mineralization and immobilization based on native vegetation type. More specifically, 

the nitrification process can be affected by changes of soil properties and liming has 

been shown to drive this process by regulating soil pH (Priha and Smolander 1995). 

Filep et al. (2003) reported that the soil dissolved organic N (DON) increased after 

liming in acidic soils. In addition, liming may affect soil microbial biomass N (MBN) 

by improving the soil environment for microbial activities. Soon and Arshad (2005) 

reported that liming increased soil MBN and its turnover in acidic soils within 4 years 
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after its application. However, Groffman et al. (2006) indicated that liming has 

increased soil pH from 3.9 to 5.4 within 2 years but decreased soil MBN via increasing 

plant competitiveness. It has been pointed out that soil microbial biomass C (MBC) and 

N are significantly and positively related to soil pH (Ekenler and Tabatabai 2003). In 

addition, liming may also affect enzymes activities in acidic soils by increasing soil pH 

(Acosta-Martinez and Tabatabai 2000; Nowotny et al. 1998; Siddaramappa et al. 1994). 

Acosta-Martinez and Tabatabai (2000) found that under liming conditions acid 

phosphatase activity was negatively correlated with soil pH, however the activities of 

all other investigated enzymes (e.g. α- and β-glucosidases, α- and β-galactosidases and 

urease) were positively correlated with soil pH. The increased soil pH by liming may 

boost the microbial population which results in an increase in the soil enzyme activities. 

Additionally, Ekenler and Tabatabai (2003) has reported that β-glucosidase was the 

most sensitive enzyme to liming practice. 

 

Sugarcane (Saccharum off.) plantations in Australia are concentrated along the east 

coast of Queensland, particularly in the central and northern areas. The majority of 

Australian sugarcane fields have highly weathered soil with pH ranged from 4.6 to 5.8 

(Braunack et al. 2006; Page et al. 2013; Pankhurst et al. 2003). A sugarcane cropping 

cycle comprises one plant crop and 3-4 ratoon (regrowth) crops, followed by one year 

soybean cropping prior to the start of a new cropping cycle. Burning to remove cane 

leaves and trash from harvesting had been a long-standing practice in Australian sugar 

industry. However, in the past 20 years, greencane harvesting with the trash blanket 
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cover on the soil surface, during the ratoon regrowth, became a widely adopted practice 

in sugarcane cropping systems in subtropical Australia (Chapman 1994; Ridge and 

Dick 1989). The presence of trash blanket cover plays an important role in nutrient 

cycling processes, as well as protecting the soil from erosion, increasing soil moisture 

and providing weed control. Although, liming practice has been widely used to 

remediate soil acidity and improve sugarcane productivity (Coale 1993; Johnson and 

Richard 2010), limited information is available about the effect of liming on soil N 

dynamics in sugarcane fields, particularly in southeast Queensland. Therefore, the main 

objective of this study was to investigate the long term effect of liming amendment on 

soil N bioavailability and associated microbial activities in a field with 20 years history 

of sugarcane farming. We hypothesized that liming practice in acidic soils would alter 

soil N dynamics as well as the abundance and activity of soil microorganisms. While 

liming practice is the main focus of this study, its effects may be influenced by the 

presence of trash blanket cover. Therefore, this paper also covers the role of trash 

blanket in the soil N dynamics. 

3.2 Material and methods 

3.2.1 Site description and soil sampling 

The experiment was established in a well-drained sugarcane field at the Bundaberg 

Research Facility, Kalkie, Bundaberg, Australia (24° 50' 27" S, 152° 23' 38" E). The 

soil was classified as Yellow Brown Chromosol (Isbell 2016) and contained 8%, 16% 

and 77% of clay, silt and sand fractions, respectively. The area has a subtropical climate 
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with long term average maximum and minimum temperatures of 27 and 17 °C and long 

term average rainfall of 1019 mm year-1 (50% of yearly rainfall has distributed within 

the summer months of January to March). 

 

The experimental field has been cropped with sugarcane for the past 20 years. As a 

common practice, fine agricultural lime was applied to a soil depth of approximately 

10 cm using the broadcasting method. Five tons of lime and two tons of gypsum per 

hectare were applied to raise soil pH and improve soil calcium concentration. Three 

liming treatments were established in this experimental field. The control treatment 

(CK, without liming), liming on 16 January 2015 (ca. 14 months after liming when the 

soil sample was taken; 14ML) and liming on 23 January 2014 (ca. 26 months after 

liming when the soil sample was taken; 26ML). The cropping history of the treatments 

are shown in Table 3.1. There were three consecutive years trash blanket cover in the 

CK treatment prior to soil sampling. However, the 14ML treatment did not receive trash 

blanket cover in the two years prior to sampling, while the 26ML treatment had one 

year trash blanket cover prior to sampling. The impacts of variation in the placement of 

trash blanket on soil properties would also be taken into account in this study. 

 

The soil sampling from each treatment occurred in January 2016 in 5 replicates. 

Adjacent control (CK, 0.8 ha), 14 months after liming (14ML, 1.6 ha) and 26 months 

after liming (26ML, 1.0 ha) treatments were divided into 5 subplots. At sampling time, 

15 topsoil cores (0-10 cm) were randomly taken from each subplot and bulked together 
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to make a composite sample. Fresh soil samples were sieved (< 2 mm) and stored at 

4 °C until extraction for chemical and biochemical analyses (within 1 week). 
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Table 3.1. Sugarcane cropping history and liming schedule in different treatments.  

Treatment 

Year 

_____________________________________________________________________________________________________________________ 

2009 2010 2011 2012 2013 2014 2015 2016 

CK 
SC ratoon 2 + 

TB 

SC ratoon 3 + 

TB 
Soybean SC planting 

SC ratoon 1 + 

TB 

SC ratoon 2 + 

TB 

SC ratoon 3 + 

TB 
sampling 

14ML SC planting 
SC ratoon 1 + 

TB 

SC ratoon 2 + 

TB 

SC ratoon 3 + 

TB 

SC ratoon 4 + 

TB 
soybean SC planting** sampling 

26ML 
SC ratoon 1 + 

TB 

SC ratoon 2 + 

TB 

SC ratoon 3 + 

TB 

SC ratoon 4 + 

TB 
Soybean SC planting* 

SC ratoon1 + 

TB 
sampling 

* 5 ton ha-1 lime and 2 ton ha-1 gypsum were applied on 23 January 2014. ** 5 ton ha-1 lime and 2 ton ha-1 gypsum were applied on 16 January 

2015. CK, no liming; 14ML, 14 months after liming when the soil sample was taken; 26ML, 26 months after liming when the soil sample was 

taken; SC, sugarcane; TB, trash blanket. 
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3.2.2 Soil chemical analysis 

Potential acidity (1:5 1M KCl), electrical conductivity (EC) and pH (1:5 distilled water) 

of soil samples were measured using a glass electrode (Rayment and Lyons, 2011). Soil 

mineral N (NH4
+-N and NO3

--N) was extracted by 2 M KCl at a 1:4 ratio of soil to 

extractant using an end-over-end shaker for 1 hour, filtered through a Whatman 42 

paper (Rayment and Lyons 2011) and concentrations of NH4
+-N and NO3

--N were 

measured by a Westco Smart Chem Discrete Wet Chemistry Analyzer (Westco 

Scientific Instruments, USA). Total C (TC) and N (TN) of samples were measured by 

dry-combustion method using a LECO CNS-2000 analyzer (LECO Corporation, MI, 

USA). Cation exchange capacity (CEC) of samples were measured by the silver 

thiourea method (Pleysier and Juo 1980) using an inductively coupled plasma optical 

emission spectrometer (ICP-OES; Perkin Elmer; Optima 8300). Hot water extractable 

organic C (HWEOC) and total N (HWEN) were measured using the method described 

by Chen et al. (2000). Briefly, 4.0 g (oven-dry equivalent) of soil was incubated with 

20 mL of distilled water in a capped test-tube at 70 °C for 18 h. After incubation the 

test-tubes were shaken on an end-over-end shaker for 5 min and filtered through a 

Whatman 42 paper (Whatman Ltd., Maidstone, UK), followed by a 0.45-µm filter 

membrane. Concentrations of organic C and total extractable N in the filtrate were 

determined using a SHIMADZU TOC-VCPH (shimazu, Kyoto, Japan) TOCN analyzer. 

The results were expressed on an oven-dry basis. 
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3.2.3 Analysis of microbial biomass and soil respiration 

Microbial biomass C and N were determined by fumigation-extraction method using 

an Ec conversion factor of 2.64 (Vance et al. 1987) and an En conversion factor of 2.22 

(Jenkinson 1988). Briefly, fresh soil samples’ water content were adjusted to 55% water 

holding capacity (WHC) before chloroform fumigation for 24 h (Brookes et al. 1985). 

Both non-fumigated and chloroform fumigated soil samples then extracted with 0.5 M 

potassium sulphate (K2SO4) at a 1:5 ratio of soil to extractant (Ross 1989). The C and 

N concentrations of the extracted soil samples were determined using a SHIMADZU 

TOC-VCSH/CSN total organic carbon and N analyzer. 

Soil respiration was measured using an incubation method as described by Chen (2000). 

Briefly, the water content of 25 g (oven-dry equivalent) fresh soil was adjusted to 60% 

WHC and incubated under aerobic condition in a 1-L sealed glass jar at 22°C. The CO2 

evolved from soil was trapped in 1.0 M NaOH solution and measured by acid titration 

(0.1 M HCl) at 1, 3, 7, 14, 21, 28 and 35 days after start of the incubation. The 

bioavailable C concentration of each sample was estimated by calculating the 

cumulative production of CO2 from soil during the 35 days incubation. The qCO2 for 

each sample was calculated according to values of CO2 respiration and microbial 

biomass C concentration. The phosphatase, β- glucosidase and chitinase activities in 

soil were measured at optimum pH for acidic soils (Tabatabai 1994). 
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3.2.4 Statistical analysis 

Paired t-test was carried out for all data on soil properties using the IBM SPSS Statistics 

23 software package (Analytical Software). The differences at P ≤ 0.05 between 

treatments considered statistically significant and all variables were tested for normality 

of distribution using Kolmogrov-Smirnov test. Pearson linear correlations was used to 

explain the relation between soil properties. In addition, data on all soil properties were 

subjected to principal component analysis (PCA) to distinguish the effects of lime and 

trash blanket on soil. Stepwise multiple linear regression analysis was used to identify 

relationships between enzyme activities and soil properties. 

3.3 Results 

3.3.1 Soil chemical properties 

The soils in all treatments (CK, 14ML and 26ML) were acidic (pH < 6.1) with 

significantly (P< 0.05) higher pH in the 14ML than 26ML and CK treatments (Table 

3.2). Following the same pattern, soil potential acidity value (pHKCl) was the highest in 

the 14ML treatment followed by 26ML and CK treatments. The liming amendment in 

the 14ML and 26ML treatments significantly (P< 0.05) increased soil EC by 21% and 

12% compared with the CK treatment, respectively, while the differences between 

liming treatments were not statistically significant. Although the difference between 

exchangeable Ca2+ in 14ML and 26ML treatments was not statistically significant, both 

treatments showed significantly (P< 0.05) higher Ca2+ concentrations than the CK 

treatment. There were no significant differences in soil total C among all treatments; 
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however, soil total N was significantly (P< 0.05) lower under 14ML treatments. The 

results also showed lower soil C: N ratios in CK and 26ML treatments than in the 14ML 

treatment (Table 3.2).
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Table 3.2. Selected chemical and physical properties of sugarcane soil under different liming regimes.  

Parameters pHH2O pHKCl EC CEC Exchangeable Ca2+ Total C Total N C:N ratio HWEOC HWETN 

 1:5 1:5 (dSm-1) (cmolc kg-1 ) (mg kg-1) (mg g-1) (mg g-1)  (mg kg-1) (mg kg-1) 

CK 4.54c 3.98c 70.4b 55.1a 9.65b 10.87a 1.32a 8.2b 160.9a 40.3a 

14ML 6.09a 5.63a 84.9a 50.0b 24.18a 11.33a 1.16b 9.8a 128.2b 24.1b 

26ML 5.68b 5.16b 78.9ab 56.1a 21.02a 11.22a 1.30a 8.6b 153.9a 28.5b 

CK, no liming; 14ML, 14 months after liming when the soil sample was taken; 26ML, 26 months after liming when the soil sample was taken; 

HWEOC, hot water extractable organic carbon; HWETN, hot water extractable total nitrogen. The reported data are means of 5 replicates. Means 

within a column followed by the same letter are not different at the 5% level of significance.
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3.3.2 Soil nitrogen pools 

Soil NH4
+-N concentrations ranged from 4.5 to 4.8 mg kg-1 in CK and 26ML treatments, 

being significantly (P< 0.05) higher than the 14ML (3.2 mg kg-1 ) treatment (Fig. 3.1). 

However, there were no significant differences in NH4
+-N concentrations between the 

CK and 26ML treatments. Soil NO3
--N concentrations ranged from 28.6 to 41.4 mg kg-

1 among different treatments, while there were no significant differences observed 

between CK and liming treatments. Interestingly, concentration of hot water extractable 

total N in the CK treatment was significantly (P< 0.05) higher than 14ML and 26ML 

treatments (Table 3.2). As expected, concentrations of both NO3
- and NH4

+ in all 

treatments were positively correlated with total N and hot water extractable total N. 

3.3.3 Soil microbial properties 

The 26ML treatment showed significantly (P< 0.05) higher soil MBC and MBN 

concentrations compared with other treatments, followed by the 14ML and CK 

treatments, respectively (Table 3.3). Interestingly, microbial C:N ratio was significantly 

(P< 0.05) lower in the 26ML treatment than other treatments, while there was no 

significant difference between the CK and 14ML treatments. The MBC:total C ratio 

was significantly (P< 0.05) lower in CK and 14ML treatments than in the 26ML 

treatment. Similarly, the MBN:total N ratio was also lower in CK and 14ML treatments 

than the 26ML treatment (Table 3.3).
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Fig.3.1 Impact of different liming regimes on soil NH4
+ and NO3

- concentrations in a sugarcane soil (n=5). CK, no liming; 14ML, 14 month after liming; and 26ML, 

26 month after liming.  

 

Table 3.3. Soil microbial biomass carbon (MBC) and nitrogen (MBN) in sugarcane soil under different liming regimes  

Parameters 
MBC 

(mg kg-1) 

MBN 

(mg kg-1) 
Microbial C:N ratio MBC: total C ratio MBN: total N ratio 

CK 43.9c 4.5c 9.7a 0.41b 0.34c 

14ML 56.3b 6.2b 9.1a 0.50b 0.53b 

26ML 74.7a 10.4a 7.7b 0.67a 0.79a 

CK, no liming; 14ML, 14 months after liming when the soil sample was taken; 26ML, 26 months after liming when the soil sample was taken; 

The reported data are means of 5 replicates. Means within a column followed by the same letter are not different at the 5% level of significance.
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The cumulative CO2 production was significantly (P< 0.05) and consistently higher in 

the CK treatment than in the 14ML and 26ML treatments during the 35 days aerobic 

incubation. However, there was no significant difference in the cumulative evolution of 

CO2 between liming treatments (Fig. 3.2). The qCO2 value was the highest in the CK 

treatment and the lowest in the 26ML treatment (Fig. 3.3). This may indicate that a large 

proportion of the C consumed by the microbial community in the CK treatment has 

been respired as CO2 rather than incorporating into the microbial biomass (Fig. 3.3). 

All enzyme activities in the CK and 26ML treatments were significantly (P< 0.05) 

higher than in the 14ML treatment. There was no significant difference in phosphatase 

activity between the CK and 26ML treatments, while activities of β–glucosidase and 

chitinase were significantly higher in the CK treatment than in the 26ML treatment (Fig. 

3.4). The stepwise linear regression analysis was applied to model enzyme activities 

using chemical and biochemical properties of the treatments. The results showed a 

negative relationship between pH and enzyme activities in all treatments (Table 3.4). 

The chitinase activity was also positively related to HWEOC, while using pH in 

combination with MBC and qCO2 data provided a much better prediction of the 

phosphatase activities (Table 3.4) 
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Fig. 3.2 Impact of different liming regimes on soil cumulative CO2 emissions in a sugarcane soil 

(n=5). CK, no liming; 14ML, 14 month after liming; and 26ML, 26 month after liming. 

 

 
Fig. 3.3 Impact of different liming regimes on microbial metabolic quotient in a sugarcane soil (n=5). 

CK, no liming; 14ML, 14 month after liming; and 26ML, 26 month after liming. 
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Fig. 3.4 Impact of different liming regimes on soil enzyme activities in a sugarcane soil (n=5). 

CK, no liming; 14MAL, 14 month after liming; and 26ML, 26 month after liming. 

 

3.3.4 Relationships between soil biochemical and biological properties. 

The MBC of investigated soils was positively correlated to pH and potential acidity 

(Table 3.5). The CO2 respiration was also positively correlated to hot water extractable 

organic C (HWEOC) and N (HWETN) concentration s, but negatively correlated to 

potential acidity, pH, MBC, MBN, MBC:TC ratio and MBN:TN ratio in CK and liming 

treatments. The HWEOC was negatively correlated to pH, potential acidity and total N 

concentration. Interestingly, there were similar significant negative relationships 

observed between HWEN and potential acidity and pH (Table 3.5). In addition, 

HWEOC was positively correlated to CEC values. The phosphatase, β-glucosidase and 

chitinase activities were significantly correlated with total organic C, total N, CEC and 

pH (R2=0.537-0.934*, P<0.05, n=15) in all treatments. Based on the result of principal 
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component analysis (PCA), the principal component axis 1 (PC1) and principal 

component axis 2 (PC2) explained 50.9% and 23.8% of the variances of the data, 

respectively. The treatments can clearly be separated from each other along PC1 and 

the 26ML treatment can be significantly separated from the other treatments (CK and 

14ML) along PC2 (Fig. 3.5). Parameters with highest correlation coefficients (values > 

0.8) for PC1 were pH, CO2, qCO2; while the parameter showing highest correlation 

coefficient (values > 0.8) for PC2 was concentration of NH4
+ (Table 3.6). 

 

Fig. 3.5 Scores plot of principal component analysis (PCA) showing: the separation of sugarcane 

soil samples under different liming regimes; and loading values of the individual soil parameter for 

PC1 and PC2 for sugarcane soil samples (n=5). CK, no liming; 14ML, 14 month after liming; and 

26ML, 26 month after liming.
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Table 3.4 Regression equations between enzyme activities and soil properties of the sugarcane field.  

Enzyme Equation R2 

Phosphatase Ya= -80.4(pH)+ 39.9(qCO2)b+ 10.0(MBC)c- 163.4 0.80* 

β-glucosidase Yd=-13.7(pH)+ 101.9 0.77* 

Chitinase Ye= -6.8(pH) +0.17(HWEOC)f+ 18.8 0.86* 

 

* P < 0.05. 
a Phosphatase activity (μg p-nitrophenol h-1. g dry soil) 

   b qCO2 (μg CO2-C h-1 mg microbial biomass C) 

   c MBC (mg microbial biomass kg-1 dry soil) 

   d β-glucosidase activity (μg p-nitrophenol h-1 g dry soil) 

   e Chitinase activity (μg p-nitrophenol h-1 g dry soil) 

   f HWEOC (mg HWEOC kg-1 dry soil) 
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Table 3.5 Correlation coefficients (r) between soil biochemical and biological properties in a sugarcane soil under different liming regimes (n=15).  

r pHH2O pHKCl EC CEC TC TN HWEOC HWETN NH4
+-N NO3

--N MBC MBN Microbial C:N MBC:TC MBN:TN CO2 

pHH2O 1                

pHKCl .983** 1               

EC .467 .519 1              

CEC -.475 -.512 -.288 1             

TC .117 .117 .619* -.024 1            

TN -.436 -.478 .042 .500 .698** 1           

HWEOC -.676** -.749** -.467 .863** -.040 .560* 1          

HWETN -.795** -.781** -.074 .395 .186 .569* .449 1         

NH4
+-N -.310 -.312 .175 .217 .410 .635* .131 .627* 1        

NO3
--N -.383 -.334 .165 .205 .341 .542* .074 .720** .832** 1       

MBC .555* .583* .292 .265 .059 -.024 -.135 -.411 .036 .063 1      

MBN .388 .429 .301 .382 .072 .052 .001 -.263 .073 .197 .953** 1     

Microbial 

C:N 
-.275 -.300 -.352 -.331 -.193 -.207 .029 .017 -.374 -.474 -.775** -.865** 1    

MBC:TC .393 .395 .002 .495 -.269 -.242 .137 -.440 -.289 -.250 .757** .740** -.499 1   

MBN:TN .549* .557* .324 .402 .053 -.097 .009 -.421 -.141 -.114 .867** .849** -.643* .922** 1  

CO2 -.768** -.816** -.385 .212 .015 .374 .548* .537* .072 -.012 -.756** -.669** .493 -.595* -.722** 1 

TC, total C; TN, total N; HWEOC, hot water extractable organic carbon; HWETN, hot water extractable total nitrogen; MBC, microbial biomass carbon; MBN, microbial 

biomass nitrogen; MBC:TC, ratio of MBC to total C; MBN:TN, ratio of MBN to total N. 

** P<0.01, * P<0.05. 
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Table 3.6 Principle component analysis between soil biochemical and biological properties in a 

sugarcane soil across different liming regimes (n=15). 

 

 

Component 

PC1 PC2 

pH -0.915 -0.134 

EC -0.409 0.287 

TC 0.517 0.372 

TN 0.537 0.732 

HWEOC 0.703 0.323 

HWETN 0.775 0.356 

NH4
+-N 0.211 0.824 

NO3
--N 0.203 0.447 

MBC -0.728 0.554 

MBN -0.591 0.663 

Microbial C:N 0.438 -0.77 

CO2 0.894 -0.186 

qCO2 0.895 -0.353 
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3.4 Discussion 

The assumption that adjacent soils are similar in their origin and parent materials has 

been generally accepted and applied as the basis of many paired-site studies (Chen et 

al. 2004). The investigated liming treatments, in the present study, were adjacent to each 

other (< 20 m) and had similar basaltic parent materials and vegetative cover prior to 

the sugarcane plantation. The cropping history (e.g. the crop sequence of the sugarcane 

planting cycle) of the studied sugarcane field was different from one treatment to 

another, and this affected the presence or absence of trash blanket cover. The 

contribution of trash blanket to the soil C and N cycling and associated microbial 

processes were discussed below in conjunction with liming effect. Three treatments can 

be clearly separated based on PC1 (lime amendment) and PC2 (trash blanket cover). 

3.4.1 Effect of liming regimes and trash blanket cover on soil labile N pools 

The labile pools of soil organic matter, as an intermediate product of mineralization, are 

important fractions as they play an important role in soil nutrient cycling. They are 

considered as the available nutrient pool for plant and microbial uptake, with a high 

sensitivity to the changes in management regimes (e.g. organic inputs) and 

environmental factors (e.g. soil temperature and pH) (Hu et al. 1997). Hot water 

extractable organic C and N have been reported as labile pools available for microbial 

uptake (Tao and Lin, 2000) as well as good indicators for soil sustainable management 

practices (e.g. liming) on agricultural fields (Ghani et al. 2003). Liming has been 

reported to decrease the availability of soil organic matters (Andersson et al. 1999; 
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Karlik, 1995; Ron Vaz et al. 1993; Simard et al. 1988). Aye et al. (2016) also reported 

that liming would decrease soil organic C, but increase microbial biomass C as a result 

of increased soil pH. In the present study, the dynamics of labile N pools were regulated 

by the interaction of the improvement in soil pH through liming practice and the 

placement of trash blanket. Hot water extractable organic C and total N concentrations 

decreased after lime amendment, particularly in the more recent liming treatment 

(14ML), which was accompanied by an increase in MBC and MBN in the liming 

treatments (Table 3.2). This indicated that liming has improved the soil acidic 

environment for enhanced microbial growth (Chantigny 2003). In addition, the increase 

of soil pH and /or Ca2+ concentrations may decrease the solubility of organic matters in 

soil, contributing to low concentrations of hot water extractable organic C and N pools 

in the liming treatments in this study (Valeur et al. 2000).  

 

On the other hand, the inputs of organic matter provide an important source for labile 

N pools in soil. The presence of trash blanket affects the N dynamics by increasing soil 

total N and organic C concentrations (Robertson and Thorburn 2000; Robertson and 

Thorburn 2007). Lower concentrations of total N and HWEN observed in the 14ML 

treatment than the CK and 26ML treatments in this study may also be attributed to the 

absence of recent trash blanket placement and low organic inputs in the 14ML treatment 

due to newly planted sugarcane in this treatment. The presence of trash blanket in the 

CK and 26ML treatments, in their 2nd and 3rd ratoons, may have significantly changed 

their N dynamics by providing more C and N sources for microbial activity and plant 
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uptake through the decomposition of trash blanket and leaching of produced labile 

organic C and N into the soil profile. 

 

Soil mineral N pools are regulated by various biogeochemical processes, including N 

transformation (mineralization, nitrification and immobilization), plant uptake and 

leaching, while their dynamics are highly affected by soil properties, environmental 

factors and management practices (Burton et al. 2007). Persson et al. (1995) reported 

that lime application resulted in a slight decrease in mineral N pools as liming increased 

N immobilization, while Kemmitt et al. (2006a) suggested that nitrification may 

increase when soil pH increased in acidic soils in response to liming. The present study 

clearly showed that most recent liming treatment (14ML) had lower mineral N 

(particularly NH4
+-N, Fig. 3.1) concentration. This is likely related to lower organic 

matter inputs due to the absence of trash blanket (lower soil total N, HWEOC and 

HWEN compared with both CK and 26ML treatments) and greater immobilization 

(higher MBC and MBN compared with the CK) due to the increased soil pH as a result 

of liming.  

3.4.2 Effect of liming regime on soil microbial properties 

The significantly higher concentrations of MBC and MBN in the liming treatments 

(14ML and 26ML) compared with the CK treatment (Table 3.3) is in agreement with 

the findings of Adams and Adams (1983), Haynes (1984) and Fuentes et al. (2006). 

This indicated that liming amendment to an acidic soil significantly increased soil pH 
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and improved soil microbial growth. In addition, the higher MBC and MBN in the 

26ML than in the 14ML treatment may also attribute to the higher organic matter input 

(HWEOC and HWEN) in the former due to the presence of trash blanket (Tables 3.1& 

3.2). 

 

Macdonald (1979) suggested that the effect of liming on CO2 evolution largely depends 

on the fluctuation in soil microbial biomass concentration. It has also been reported that 

liming decrease soil CO2 emissions (Fuentes et al. 2006; Wachendorf 2015). In this 

study, liming (14ML and 26ML treatments) increased soil pH but decreased soil 

respiration (Fig. 3.2; Table 3.5), which supports previous studies (Fuentes et al. 2006; 

Wachendorf 2015). The higher soil respiration in the CK treatment was accompanied 

by lower microbial biomass and higher qCO2, compared with the liming treatments 

(Figs. 3.2 & 3.3; Table 3.3). As qCO2 is a good indicator of the response of soil 

microbial community to the environmental stress (Wardle and Ghani 1995), higher 

qCO2 in the CK treatment than liming treatments, indicate that more organic C was 

used for microbial activity instead of being converted into microbial biomass under 

acidic stress in the CK treatment. Moreover, the higher concentration of soil Ca2+ in 

liming treatments (14ML and 26ML) may increase the flocculation and cementing of 

soil aggregates and consequently trap soil organic matter, thus make it less accessible 

for soil microorganisms (Baldock and Skjemstad 2000). 

 

It has been reported that the fungal microbial community may be dominant in acidic 
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soils, while higher soil pH may lead to the dominance of bacterial community (Haynes 

1984). Baath and Anderson (2003) pointed out that microbial community composition 

is highly related to soil pH. Andersson and Nilsson (2001) reported a higher growth rate 

in soil bacterial community with increasing pH (pH= 5.5 - 7.2). The decrease in 

microbial C:N ratio has been proved as an indicator of the increase in bacterial to fungal 

ratio of soil (Anderson and Domsch 1980; Xia et al. 2008). The lower microbial C:N 

ratio in the liming treatments (particularly in 26ML treatment) than the CK treatment 

indicated an increase in the abundance of bacterial community due to the increased soil 

pH as a result of liming. Considering that the fungal to bacterial ratio was not directly 

measured in this study, further research into characterisation of microbial community 

composition in sugarcane soils using molecular microbiology techniques is warranted. 

 

Field management practices also affect soil enzyme activities (Acosta-Martinez and 

Tabatabai 2000; Badalucco et al. 1992; Bardgett and Leemans 1995; Haynes and Swift 

1988; Kemmitt et al. 2006b). Acosta-Martinez and Tabatabai (2000) reported that acid 

phosphatase activity decreased in response to liming (increased pH), while activities of 

α- and β-glucosidases, α- and β-galactosidases and urease increased with increasing of 

soil pH. In this study, the stepwise regression analysis showed that soil pH is the most 

important single factor governing soil enzyme activities, with an overall decrease in all 

enzyme activities in response to liming (Fig. 3.4). In addition to effect of liming on 

changing soil pH, the higher enzyme activities in the CK and 26ML than in the 14ML 

(most recent liming) treatment may also be related to the presence of trash blanket 
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(more organic C inputs) in the CK and 26ML treatments (Fig. 3.4). It has been reported 

that enzymes prefer to form a three-dimensional aggregate by clay and humus in soil 

(Tabatabai 1994), while the increase in soil organic matter concentration through trash 

blanket practice has substantially enhanced enzyme activities under an optimized pH in 

sugarcane fields (Graham and Haynes 2005). 

3.5 Conclusions 

Results from this study have demonstrated that both liming and trash blanket placement 

affected soil N dynamics and associated soil microbial properties. Liming-induced 

increase in soil pH, microbial growth and immobilization, together with the absence of 

trash blanket, contributed to lower concentrations of labile organic matter pools and 

mineral N (NH4
+-N) in the most recent liming treatment (14ML), compared with the 

CK and 26ML treatments. Liming increased soil MBC and MBN, particularly in the 

presence of the trash blanket (26ML treatment), but decreased soil respiration and qCO2, 

showing the acidic stress has been relieved in the liming treatments. Soil pH is shown 

to be the most important single factor governing soil enzyme activities, with an overall 

decrease in all enzyme activities in response to liming. We acknowledge the limitation 

of this study, as many other paired-site studies, conducted in pseudo-replication and 

inconsistent trash blanket placement when we sampled in April 2016. Further study is 

warranted to investigate the shifts in soil microbial community composition and the 

diversity and abundance of N-associated functional genes in response to liming in 

sugarcane fields. 
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Chapter 4 Subsoil application of compost improved sugarcane yield 

through enhanced supply and cycling of soil labile organic matter and 

nitrogen in tropical Australia  

4.1 Introduction 

Sugarcane is one of the most important commercial plants, and considered as a main 

source of sugar production worldwide. Sugarcane cultivation in Australia is 

concentrated along the east coast of Queensland, while there is a smaller production 

area in northern New South Wales (Renouf et al. 2010). Traditionally, nutrients for plant 

growth in this cropping system are mainly applied as synthetic fertilizers. However, due 

to declines in soil health, organic soil ameliorants as compost is increasingly used by 

farmers in the recent years, which may contribute significantly to increases in soil 

organic matter content (Hopkins et al. 2016; Jindo et al. 2016; Min et al. 2003). Organic 

amendments may also increase soil nutrient (e.g. nitrogen (N)) availability for plant 

growth (Rezaei Rashti et al. 2017). Ryals et al. (2016) have pointed out that grassland 

amendment with composted green waste increased plant production without changing 

plant communities. Further, Jones et al. (2016) has suggested that green waste compost 

amendment can support sunflower growth even in copper contaminated sandy loam soil. 

Kumar et al. (2010) also indicated that composted sugarcane residue is useful for 

sustaining high crop yield and reducing the soil nutrient depletion.  

 

The application of compost has been considered as an efficient way to improve soil 
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physical, chemical and biological properties (Cassman et al. 1996; Fernandez-

Hernandez et al. 2014; Medina et al. 2015). Stoffella and Graetz (2000) have indicated 

that compost with sugarcane filter cake may enrich soil humic substance and macro- 

and micro-nutrients such N, P, K and Ca. In addition, Hernandez et al. (2014) suggested 

that the application of compost which includes cow manure, alperujo and olive prunings 

would increase both crops yield and soil fertility. The scientific knowledge regarding 

the impact of compost on soil chemical and biological properties as well as soil health 

in Australian sugarcane fields remain uncertain. The potential impacts may be varied 

by different soil types, climate conditions and compost compositions (Goyal et al, 2005; 

Ranalli et al, 2001). 

 

Gypsum has been applied to surface soil to ameliorate acidic conditions, particularly in 

sugarcane farms, as most of sugarcane soils in northern Queensland are suffering from 

acidity and toxicity of overdosed Al3+ (Hamza and Anderson 2003). Rossato et al. (2017) 

has suggested that soil structure can be improved with surface application of gypsum, 

while, gypsum application may also cause K+ and Mg2+ leaching to deeper soil profile. 

 

To avoid the disadvantages of surface soil amendments, such as N loss and K+ and Mg2+ 

leaching, subsoil amendments application became an alternative field management 

practice. Deep ripping has been considered a common way to deliver organic 

amendments to the subsoils zone (Chen et al. 2014). However, little work has been done 

on the impacts of subsoil application of composts on long-term soil fertility and 
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sugarcane crop yield. It has been suggested that subsoil amendments application, 

comparing to surface soil application, would increase plant nutrients use efficiency and 

yields as plant roots can access the nutrients which has been directly incorporated at 

root zone by subsoil application (Hall et al. 2010; Li et al. 2015; Li et al. 2010). 

Moreover, gypsum subsoil application may increase Ca2+ concentration at root zone 

without leaching out K+ and Mg2+ from top soil. 

 

Soil health decline has become one of the main concerns to farmers in recent years since 

it affects soil productivity and long-term sustainability. The key indicators of a healthy 

soil could include microbial biomass C and N, microbial activities and the ratio of 

bacteria and fungi in microbial communities in addition to other physical (e.g. soil 

structure and soil clay content) and chemical indicators (e.g. soil pH and nutrient 

availability) (Schloter et al. 2003). It has also been reported that soil microbial 

community play a vital role in soil C and nutrients cycling (Estrada-Bonilla et al. 2017). 

Moreover, microbial activity has been suggested to be an important indicator of the 

impact of field management practices on soil health (van Bruggen and Semenov 2000). 

Compost application can increase microbial activities involved in soil C and nutrients 

transformation by providing microbial substrate (Fauci and Dick 1994). 

 

Therefore, this study aimed to investigate the long-term impacts of subsoil compost 

application on sugarcane soil chemical and biological properties as well as soil health 

in comparison with mineral fertilizers and gypsum. The underlying hypothesis was that 
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subsoil application of sugarcane compost would increase the supply of soil labile 

organic matter, microbial activity and nutrient (e.g. N) cycling processes as well as 

improving soil fertility and sugarcane yield. 
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Table 4.1 Soil background nutrient input (kg ha-1) under different subsoil amendments 

Treatment     

Plant 

--------------------------------------- 

1st Ratoon  

--------------------------------------------- 

2nd Ratoon 

---------------------------------------- 

3rd Ratoon 

------------------------------------------ 

N P K Ca2+ N P K Ca2+ N P K Ca2+ N P K Ca2+ 

CK 106 12 91 0 140 0 90 0 140 0 90 0 140 0 90 0 

GP 106 12 91 2644 140 0 90 0 140 0 90 0 140 0 90 0 

CP 252 51 182 194  140 0 90 0 140 0 90 0 140 0 90 0 

FE 252 51 182 0 140 0 90 0 140 0 90 0 140 0 90 0 

CK, without application of either gypsum, or compost or fertiliser; GP, subsoil application of gypsum; CP, subsoil application of compost; FE; subsoil application 

of fertilizer. 
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4.2 Materials and methods 

4.2.1 Site description 

The experimental site was located in the Yerra (25° 33' 44" S, 152° 33' 24" E), 17km 

southwest of Maryborough, Queensland, Australia. The area is well known for its sodic 

duplex soils with clayey B-horizon at the 25-30 cm depth, and classified as Grey 

Kurosol (corresponding soil type in USDA or FAO classification) according to 

Australian Soil Classification (Isbell 2016). The structure of the subsoil limits water 

permeability and plant growth. It may also provide an acidic environment for sugarcane 

roots due to the high levels of aluminum and acidity. Prior to the experimental setup; a 

mung bean (Vigna radiate) crop was grown on the site for one season and harvested in 

April 2011. The harvested mung bean stubbles were applied to soil as mulch and 

retained on the soil surface until the site was cultivated for sugarcane planting in July 

2011. 

 

The trial had a latin square plot design with four sugarcane rows (1.7 m wide by 30 m 

long) in each plot. The experiment was consisted of four treatments: 1) no amendment 

as control (CK); 2) gypsum (10 tonnes ha-1) subsoil application as calcium enriched 

treatment (GP); 3) compost (10 dry tonnes ha-1) subsoil application as organic 

ameliorant treatment (CP) and 4) mineral fertilizer (36 kg N ha-1, 12 kg P ha-1 and 44 kg 

K ha-1, Incitec Pivot blends) sub soil application (equivalent to nutrient contents in 

applied compost) as a fertilizer treatment (FE). The ameliorants applied to the subsoil 
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(20 - 25 cm depth) two weeks before sugarcane (variety KQ228) planting. Lime at 2 

tonnes ha-1 has applied to the A horizon of all treatments one year before the sugarcane 

crop was planted. The dry weight composition of applied compost consisted of 23% 

wood chips; 35% chicken manure and 42% sugar mill filter press plus ash. The plots 

were managed as normal commercial crop for the duration of the experiment and same 

amount of nutrients has been applied to the plant, 1st, 2nd and 3rd ratoons in all treatments 

(Table 4.1). The plant, 1st, 2nd and 3rd ratoons crops were hand harvested at 2013, 2014, 

2015 and 2016 respectively. 

 

The deep soil sampling (0-60 cm) from each treatment was carried out in December 

2016 with 4 replicates. The randomly sampled soil cores were divided into four layers 

of 0-10 cm, 10-25 cm, 25-40 cm and 40-60 cm depth. The collected fresh soil samples 

were sieved (<2 mm) prior to laboratory analyses. A portion of the sieved soil samples 

were air-dried for chemical analysis ,while the rest of sieved soil samples were stored 

at 4 °C before biochemical analyses within 2 weeks after sampling. 

4.2.2 Soil physiochemical analysis 

The soil sand, silt and clay contents were measured by hydrometer modified method 

(Day, 1965). Electrical conductivity (EC) and pH (1:5 distilled water) of soil samples 

were measured using a glass electrode (Rayment and Lyons, 2011). Soil mineral N 

(NH4
+-N and NO3

--N) was extracted by 2M KCl at a 1:4 ratio of soil to extractant using 

an end-over-end shaker for 1 hour, filtered by a Whatman 42 filter paper (Rayment and 
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Lyons, 2011) and concentrations of NH4
+-N and NO3

--N were measured by a SEAL 

AA3 Continuous Segmented Flow Analyzer (SEAL Analytical Limited. USA). Total C 

(TC) and N (TN) contents of soil samples were measured by dry-combustion method 

using a LECO CNS-2000 analyzer (LECO Corporation, MI, USA). Cation exchange 

capacity (CEC) of soil samples were measured by the silver-thiourea method (Pleysier 

and Juo, 1980) using an inductively coupled plasma optical emission spectrometer 

(ICP-OES; Perkin Elmer; Optima 8300). Hot water extractable organic C (HWEOC) 

and hot water extractable total N (HWETN) were measured using the method described 

by Chen et al. (2000). Briefly, 4.0 g (oven-dry equivalent) of fresh soil was incubated 

with 20 mL of water in a capped falcon-tube at 70 °C for 18 h. After incubation the 

tubes were shaken on an end-over-end shaker for 5 min and filtered through a Whatman 

42 filter paper (Whatman Ltd., Maidstone, UK), followed by a 0.45-µm filter 

membrane. Concentrations of organic C and total extractable N in the filtrate were 

determined using a SHIMADZU TOC-VCPH (shimazu, Kyoto, Japan) TOCN analyzer. 

The results were expressed on an oven-dry basis. 

4.2.3 Soil biological analysis 

The soil microbial biomass C and N contents were measured by fumigation-extraction 

method using an Ec conversion factor of 2.64 (Vance et al., 1987) and an En conversion 

factor of 2.22 (Jenkinson, 1988). The soluble C and N concentrations of the fumigated 

and fumigated soil samples were determined using a SHIMADZU TOC-VCSH/CSN total 

organic carbon and N analyzer. 
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The soil respiration was measured using an incubation method as described by (Chen 

et al., 2000). Briefly, 25 g (oven-dry equivalent) of fresh soil was adjusted to 60% WHC 

and incubated at 22°C under aerobic condition in a 1-L sealed glass jar. The CO2 

evolved from soil was trapped in 1.0 M NaOH solution and the remaining NaOH 

determined by acid back-titration (0.1 M HCl) at 1, 3, 7, 14, 21, 28 and 35 days after 

start of the incubation. The bioavailable C content of each sample was estimated by 

calculating the cumulative production of CO2 from soil during the 35 days incubation. 

The metabolic quotient (qCO2) of each sample was calculated according to values of 

CO2 respiration and microbial biomass C concentration. The activities of key enzymes 

involved in the acquisition of C, N and P during decomposition process were measured 

in soil samples. The activities of β- glucosidase (hydrolysing cellulose to glucose), 

chitinase (hydrolysing chitin and other glucosamine polymers) and phosphatase 

(hydrolysing phosphomonoesters), in soil were measured at optimum pH for acidic 

soils (Tabatabai, 1994). 

4.2.4 Statistical analysis 

Univariate analysis of variance was used for soil properties data using the IBM SPSS 

Statistics 23 software package (Analytical Software). The differences at P ≤ 0.05 

between treatments considered statistically significant and all variables were tested for 

normality of distribution using Kolmogrov-Smirnov test. Pearson linear correlation was 

used to describe the relationship between soil properties.  
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4.3 Result 

4.3.1 Soil chemical properties 

All data are collected at the end of 4 year sugarcane growth cycle. The soils in all 

treatments (CK, GP, CP and FE) were strong acidic (pH < 4.3). There was no significant 

differences (P< 0.05) between pH values of different treatments in 0-10 cm, 25-40 cm 

and 40-60 cm soil depths, however the CP treatment showed a significantly (P< 0.05) 

higher pH values compared to the FE treatment at the 10-25 cm depth (Table 4.2). EC 

value tends to be higher in CP treatment at the 10-25 cm soil depth compared with other 

treatments, but differences were not statistically significant (Table 4.2). There were no 

significant difference among the treatments at other soil depths. The differences in soil 

CEC among different treatments were not statistically significant for each depth. 

Additionally, bulk density increased with soil depth; while, there were no significant 

differences among the treatments. The soil clay content has increased and sand content 

decreased with the soil depth (Table 4.2). Although, there were no significant 

differences in soil total C and N content among all treatments at the 0-40 cm depth but, 

soil total C and N in the CK treatment was significantly (P< 0.05) higher than the CP 

and FE treatments at the 40-60 cm depth (Table 4.2). 

 

In addition, the concentration of HWEOC was significantly (P< 0.05) higher in the CP 

treatment than in the GP treatment in the 10-25 cm soil depth. However, in the 40-60 

cm soil depth the concentration of HWEOC in the GP treatment was significantly (P< 

0.05) higher than the CP and FE treatments (Table 4.2); while, there was no significant 
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difference between the GP and CK treatment. Concentrations of soil HWETN were 

significantly (P< 0.05) higher in GP, CP and FE treatments (15.1-17.6 mg kg-1) than 

CK treatment (11.63 mg kg-1) at the 0-10 cm soil depth, while there were no significant 

(P< 0.05) differences among the GP, CP and FE treatments. The pattern in the 

concentration of HWETN among the treatments in other depths was similar to that in 

HWEOC (Table 4.2). 
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Table 4.2 Selected physicochemical properties of sugarcane soil under different subsoil amendments at the end of a 4 year cropping cycle.  

Depth 

(cm) 
Treatment 

  

1BD

1 

Clay 

% 

Silt 

% 

Sand 

% 

pHH2O 

1:51 

EC     

(dS m-1) 

CEC  

(cmolc kg-1) 

TC     

(g kg-1) 

TN     

(g kg-1) 

HWEOC  

(mg kg-1) 

HWETN 

(mg kg-1) 

NH4
+-N   

(mg kg-1) 

NO3
--N    

(mg kg-1) 

0-10 

CK 1.2  26 30 44 4.16a 0.40a 50.1a 12.43a 0.667a 156.9a 11.6b 10.58a 1.75b 

GP 1.2  20 28 52 4.17a 0.38a 47.2a 11.44a 0.602a 197.4a 15.5a 9.09b 2.58a 

CP 1.1  22 28 50 4.12a 0.40a 47.5a 12.00a 0.632a 216.4a 17.6a 11.32a 2.40a 

FE 1.1  32 22 46 4.02a 0.39a 53.7a 14.25a 0.780a 210.0a 15.1a 8.44b 1.45b 

10-25 

CK 1.3  30 20 50 4.13ab 0.31a 49.6a 10.05a 0.530a 108.6ab 7.7b 6.34b 1.68b 

GP 1.2  34 18 48 4.19ab 0.31a 46.4a 9.20a 0.500a 98.3b 7.3b 5.48b 1.29b 

CP 1.2  28 24 48 4.30a 0.40a 46.2a 13.21a 0.797a 145.2a 13.2a 8.54a 2.38a 

FE 1.3  36 18 46 3.98b 0.33a 52.0a 10.23a 0.573a 120.4ab 7.9b 6.36b 1.04b 

25-40 

CK 1.3  36 22 42 3.88a 0.31a 49.4a 7.72a 0.383a 77.5a 3.6a 5.25a 0.36a 

GP 1.4  48 16 36 3.96a 0.36a 45.2a 7.46a 0.400a 69.9a 4.0a 4.86a 0.58a 

CP 1.4  44 16 40 3.88a 0.31a 48.4a 6.91a 0.407a 70.9a 3.8a 5.53a 0.69a 

FE 1.4  48 14 38 3.83a 0.32a 49.9a 6.75a 0.375a 58.7a 2.7a 4.37a 0.56a 

40-60 

CK 1.5  58 14 28 3.59a 0.39a 48.8a 5.14a 0.265a 39.5ab 1.6ab 4.71a 0.30a 

GP 1.5  56 12 32 3.57a 0.43a 47.8a 4.87ab 0.250ab 45.8a 1.7a 4.46a 0.32a 

CP 1.6  54 16 30 3.61a 0.38a 51.4a 4.44b 0.217bc 27.5bc 1.1bc 3.23a 0.26a 

FE 1.5  56 12 32 3.56a 0.38a 52.3a 4.35b 0.213c 24.2c 1.0c 3.32a 0.23a 

CK, without application of either gypsum, or compost or fertiliser; GP, subsoil application of gypsum; CP, subsoil application of compost; FE; subsoil application of 

fertilizer. BD, bulk density; pH, measured with 1:5 soil water ratio; HWEOC, hot water extractable organic C; HWETC, hot water extractable total N. The reported 

data are means of 4 replicates. Means within a column for each depth followed by the same letter are not different at the 5% level of significance.
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4.3.2 Soil mineral nitrogen pools 

The concentration of soil NH4
+-N at the 0-10 cm soil depth were 10.6 and 11.3 mg kg-

1 in CK and CP treatments, respectively. These values were significantly (P< 0.05) 

higher than those in the GP (9.1 mg kg-1) and FE (8.4 mg kg-1) treatments at the same 

depth. At the 10-25 cm soil depth, the CP treatment (8.5 mg kg-1) showed significantly 

(P< 0.05) higher concentration of NH4
+-N compared to other treatments (5.48-6.36 mg 

kg-1) (Table 4.2). However, no significant differences, in soil NH4
+-N concentration, 

were observed among all treatments at the 25-40 cm and 40-60 cm soil depths. Soil 

NO3
--N concentrations in the GP (2.58 mg kg-1) and CP (2.40 mg kg-1) treatments were 

significantly (P< 0.05) higher than the CK and FE treatments (1.45 - 1.75 mg kg-1) at 

the 0-10 cm soil depth (Table.4.2). The CP treatment showed the highest (P< 0.05) soil 

NO3
--N concentration compared to other treatments at 10-25 cm soil depth. Similar to 

the soil NH4
+-N concentration, there was no significant difference observed in soil NO3

-

-N concentrations at soil depths of below 25 cm. 

4.3.3 Soil microbial properties 

At the 0-10 cm soil depth, the CP treatment showed significantly (P< 0.05) higher MBC 

content than the CK and GP treatments, while the difference between the CP and FE 

treatments was not statistically significant (Table.4.3). Similarly, the CP treatment had 

the highest (P< 0.05) MBN content among all treatments, while the FE treatment 

showed the lowest (P< 0.05) MBN content. The FE treatment had significantly (P< 

0.05) higher microbial C:N ratio in comparison with CK and CP treatments, but there 
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was no significant difference between the FE and GP treatments (Table 4.3). At the 10-

25 cm soil depth, the CK and FE treatments shown significantly (P< 0.05) higher MBC 

contents than the GP and CP treatments, while their MBN contents were only 

significantly (P< 0.05) higher than the GP treatment. In contrast, the microbial C:N 

ratios in the CK and FE treatments were only significantly (P< 0.05) higher than CP 

treatment, but not significantly different from those in the GP treatment (Table 4.3). 

Interestingly, no significant differences were observed among all treatment in terms of 

their MBC, MBN and microbial C:N ratio at 25-40 cm soil depth. At the 40-60 cm soil 

depth, the FE treatment shown a significantly (P< 0.05) lower MBC content compared 

with other treatments, while the CK treatment had the highest MBN contents, followed 

by CP, and then GP and FE treatments. At the same soil depth, the microbial C:N ratio 

in the GP treatment was significantly (P< 0.05) higher than other treatments, while the 

FE treatment showed the lowest (P< 0.05) microbial C:N ratio among all treatments. 
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Table 4.3 Selected biological properties of sugarcane soil under different subsoil amendments at the end of a 4 year cropping cycle.  

Depth 

(cm) 
Treatment 

MBC   

(mg kg-1) 

MBN   

(mg kg-1) 

Microbial      

C:N ratio 
β-glucosidasea Phosphatase Chitinase qCO2

b 

0-10 

CK 255.0b 38.1b 6.7b 71.9a 674.8a 33.9a 6.8a 

GP 273.8b 32.7bc 8.4ab 66.9a 485.9b 28.0a 7.7a 

CP 327.7a 45.6a 7.2b 75.7a 602.4ab 29.5a 4.5b 

FE 296.3ab 29.1c 10.8a 74.2a 605.4ab 32.2a 6.5ab 

10-25 

CK 249.8a 29.9a 8.5a 24.5c 239.5a 23.6a 3.0b 

GP 167.7b 21.7b 7.8ab 27.9bc 231.6a 27.4a 4.7a 

CP 149.2b 24.4ab 6.3b 49.4a 301.5a 28.8a 5.3a 

FE 259.9a 30.1a 8.6a 36.6b 224.2a 26.1a 3.9ab 

25-40 

CK 73.1a 11.9a 6.2a 26.1a 324.4a 23.2a 7.8a 

GP 130.4a 19.9a 6.4a 31.0a 324.8a 27.4a 4.4a 

CP 149.2a 19.1a 8.4a 25.2a 235.5a 21.4a 5.0a 

FE 114.3a 16.1a 7.3a 26.5a 232.5a 24.1a 8.1a 

40-60 

CK 169.1a 17.9a 9.6b 25.9a 210.9a 24.1a 6.8b 

GP 129.2a 8.5b 15.5a 31.4a 227.9a 24.7a 5.9b 

CP 156.4a 14.3ab 11.6b 18.1b 181.2a 17.2b 10.1ab 

 FE 24.0b 6.6c 3.8c 17.2b 198.9a 17.8b 14.3a 

CK, without application of either gypsum, or compost or fertiliser; GP, subsoil application of gypsum; CP, subsoil application of compost; 

FE; subsoil application of fertilizer. The reported data are means of 4 replicates. Means within a column for each depth followed by the 

same letter are not different at the 5% level of significance. a Phosphatase activity, β-glucosidase activity and chitinase activity (μg p-

nitrophenol h-1 g-1 dry soil). b qCO2, (μg CO2-C h-1 mg-1 microbial biomass C) 
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The cumulative CO2 production showed no significant differences among all treatments, 

at the 0-10 cm soil depth, during the 35 days aerobic incubation (Fig. 4.1). At the 10-

25 cm soil depth, cumulative CO2 production in the CP and FE treatments were 

significantly (P< 0.05) higher than the CK and GP treatments (Fig. 4.1). The amounts 

of cumulative CO2 production in the CP, GP and FE treatments were not statistically 

different at the 25-40 cm soil depth, but were significantly (P< 0.05) higher than in the 

CK treatment. At the 40-60 cm soil depth, the differences in cumulative CO2 

productions were significant (P< 0.05) among the treatments, with the highest 

cumulative CO2 production in the CP treatment, followed by the CK, GP and FE 

treatments, respectively (Fig. 4.1). The CP treatment generally showed the lowest qCO2 

concentration than other treatments at the 0-10 cm soil depth, while there was no 

significant difference in qCO2 between other three treatments (Table.4.3). At the 10-25 

cm soil depth, the CK treatment had significantly (P< 0.05) lower qCO2 than the GP 

and CP treatments, while there was no significant difference between the CK and FE 

treatments. There was no significant difference in qCO2 observed among all treatments 

at the 25-40 cm soil depth, while the qCO2 in the FE treatment was generally higher 

than other treatments at the 40-60cm soil depth (Table.4.3). 

 

The differences observed in β–glucosidase activities among treatments, were only 

significant (P< 0.05) at the 10-25 cm and 40-60 cm soil depth. The CP and CK 

treatments had the highest and lowest β–glucosidase activities at 10-25cm soil depth, 

respectively. At the 40-60 cm soil depth, data has shown that β–glucosidase activities 
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were significantly (P< 0.05) higher in CK and GP treatments in comparison with CP 

and FE treatments. In contrast, the difference observed in phosphatase activities among 

treatments, were only significant (P< 0.05) at 0-10 cm soil depth, where CK treatment 

generally showed higher phosphatase activities than other treatments. Interestingly, 

chitinase activities only showed significant differences among treatments at 40-60 cm 

soil depth, where CK and GP treatments had significantly (P< 0.05) higher chitinase 

activities than CP and FE treatments (Table.4.3). 

 

 
Fig. 4.1 Effect of different subsoil amendments on cumulative CO2 emissions (n=4) 

 

4.3.4 Relationships between soil chemical and biological properties 

The pH values of the investigated treatments were positively (P< 0.05) correlated with 

soil TC, TN, MBC, MBN, HWEOC and HWETN contents, while negatively (P< 0.05) 

correlated with the qCO2 contents (Table 4.4). The CO2 respiration was also positively 
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(P< 0.05) correlated with HWEOC and HWETN contents as well as soil MBC and 

MBN contents. The HWEOC and HWETN contents were positively (P< 0.05) 

correlated with soil enzyme activities, but negatively (P< 0.05) correlated with qCO2. 

Finally, the concentrations of both NO3
--N and NH4

+-N were positively (P< 0.05) 

correlated with TN and HWETN contents. 

4.3.5 Soil carbon and nitrogen stores and cumulative sugarcane yield 

There were no significant differences in soil total C and N stores in the soil profile (0-

60 cm) among the four treatments. Interestingly, labile C and labile N stores which 

measured as HWEOC and HWETN in soil profile (0-60 cm) were significantly (P< 

0.05) higher in the CP treatment than other three treatments (Table 4.5). Similarly, 

cumulative sugarcane yield, over four years, in the CP treatment was also significantly 

(P< 0.05) higher than other three treatments. Further, there was a significant (P< 0.01) 

positive correlation between labile C and N stores (0-60 cm) and cumulative yield (Fig. 

4.3). In addition, labile C and N stores in the 0-25 cm soil depth also had significant 

(P< 0.05) and positive correlations with cumulative sugarcane yield over 4 years (Fig. 

4.3) 
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Fig. 4.2 Correlation between cumulative (4 years) sugarcane yield and soil labile C and N stores at 

the end of a 4 year cropping cycle. 
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Table 4.4 Correlation coefficients (r) between soil physicochemical and biological properties (n=64). 

TC, total C; TN, total N; HWEOC, hot water extractable organic carbon; HWETN, hot water extractable total nitrogen; MBC, microbial biomass carbon; MBN, microbial 

biomass nitrogen. ** P<0.01, * P<0.05. 

 

 

  
pH EC CEC TC TN HWEOC HWETN 

NH4
+-

N 

NO3
--

N 
MBC MBN CO2 β–glucosidase Phosphatase Chitinase qCO2 

Microbial  

C:N ratio 

pH 1                 

EC -.023 1                

CEC -.173 .033 1               

TC .800** .241 -.047 1              

TN .773** .286* -.034 .974** 1             

HWEOC .657** .270* .002 .844** .790** 1            

HWETN .724** .316* -.030 .883** .845** .968** 1           

NH4
+-N .704** .239 -.082 .800** .752** .835** .876** 1          

NO3
--N .752** .185 -.185 .803** .785** .793** .876** .837** 1         

MBC .412** .204 .050 .552** .520** .717** .697** .670** .585** 1        

MBN .627** .201 -.009 .681** .648** .767** .795** .772** .701** .860** 1       

CO2 .115 .298* .167 .368** .324** .459** .492** .480** .444** .382** .390** 1      

β–glucosidase .530** .360** -.030 .742** .673** .885** .870** .879** .722** .693** .723** .609** 1     

Phosphatase .457** .311* -.043 .663** .572** .795** .738** .783** .573** .576** .609** .520** .890** 1    

Chitinase .491** .326** -.061 .638** .588** .714** .664** .649** .527** .548** .574** .215 .745** .711** 1   

qCO2 -.431** .123 .098 -.311** -.290** -.337** -.302* -.352** -.276* -.524** -.471** .329** -.224 -.161 -.431** 1  

Microbial C:N 

ratio 
-.428** .133 .005 -.309* -.288* -.253* -.282* -.203 -.260* .038 -.323** -.071 -.151 -.198 -.158 -.208 1 
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Table 4.5 Cumulative (4 years) sugarcane yield and soil C and N stores (0-60cm) under different sabsoil amendments at the end of a 4 year 

cropping cycle.  

Treatment       

 

Cumulative cane yield       

(t ha-1) 

Soil C store        

(t ha-1) 

Soil N store        

(t ha-1) 

Labile organic C store      

(t ha-1) 

Labile organic N store       

(t ha-1) 

CK 276b 54.8a 2.8a 0.58b 0.036b 

GP 268b 51.8a 2.8a 0.58b 0.039b 

CP 311a 56.0a 3.1a 0.64a 0.048a 

FE 270b 51.7a 2.8a 0.55b 0.034b 

CK, without application of either gypsum, or compost or fertiliser; GP, subsoil application of gypsum; CP, subsoil application of compost; FE; subsoil application 

of fertilizer. Soil C store equivalent to sum of TC*BD*10000*each soil depth (0-10cm, 10-25cm, 25-40cm and 40-60cm) *10-3; Soil N store equivalent to sum 

of TN*BD*10000*each soil depth (0-10cm, 10-25cm, 25-40cm and 40-60cm) *10-3; Labile organic C store equivalent to sum of HWEOC*BD*10-

3*10000*each soil depth (0-10cm, 10-25cm, 25-40cm and 40-60cm) *10-3; Labile organic N store equivalent to sum of HWETN*BD*10-3*10000*each soil 

depth (0-10cm, 10-25cm, 25-40cm and 40-60cm) *10-3. Data on the cumulative sugarcane yield were provided from Andrew Dougall (MSF).   
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4.4 Discussion 

Sugarcane field management practices such as subsoil application with organic 

amendments, may improve sugarcane yield as well as soil fertility and organic matter 

content in longer terms. It has been reported that subsoil application of compost to 

sugarcane fields would stimulate plants root growth and increase sugarcane yield 

(Viator et al., 2002). It is suggested that the compost amendments would increase soil 

organic matter and nutrient inputs, improve soil physical structure and retention of 

water, increase soil microbial activity and enhance soil pH buffering capacity, which 

overall increase soil health and fertility condition (Medina et al. 2015). However, the 

impact of subsoil application of compost on the dynamics of soil organic matter may 

vary with compost chemical composition, soil type and environmental conditions such 

as soil temperature and moisture contents. 

4.4.1 Effects of subsoil amendments on soil chemical properties 

Subsoil application of compost (CP treatment) slightly increased soil pH at the 10-26 

cm depth compared with control (CK) (Table 4.2). This may indicate the compost 

potential for regulating soil pH at highly acidic soils like this sugarcane field. 

Hashemimajd et al. (2012) also reported that compost application increased soil pH 

values by 0.4 unit from 7.8 to 8.2 in the Niar farm soil, Iran. In addition, Ouedraogo et 

al. (2001) indicated an increase in soil pH value after compost application in Ferric 

Lixisol in West Africa. However, Duong et al. (2012) found that compost application to 

red chromosol and vertosol soils had no significant effect on soil pH values. These 
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results showed that different compost and soil types as well as experimental and 

environmental conditions might affect soil pH differently. On the other hand, subsoil 

application of chemical fertiliser (FE) reduced soil pH in the amended layer (10-25 cm 

soil depth, pH values down to 3.98) at the end of the 4 years experiment (Table 4.2). 

This can be related to the hydrolysis of applied urea and subsequent oxidation of 

ammonium, which lead to acidification (Barak et al., 1997). This acidified condition 

represents one of the key constraints to sugarcane production. Moreover, in the present 

study, subsoil application of gypsum (GP treatment) did not significantly affect soil pH, 

which was consistent with the findings of Wong et al. (2009). 

 

Pankhurst et al. (2002) has reported that compost application is able to increase soil 

organic matter content, while Mendham et al. (2003) suggested that the bioavailable C 

and N provided to soil by decomposition of composts through soil microbial activities 

may contribute greatly to increase in soil C and N contents. In the present study, soil 

total C and N contents (10-25 cm soil depth) and total C and N stores tend to be greater 

in the compost (CP) treatment than other treatments, but the differences were not 

statistically significant (Tables 4.2, 4.5). However, subsoil application of compost (CP) 

significantly increased concentrations of HWEOC and HWETN at the subsoil 

application layer (10-25 cm soil depth) (Table 4.2), while there were no significant 

effects of the GP and FE on soil C and N pools. These results indicated that the applied 

compost might have not changed the total quality of soil organic matter, but altered 

labile organic C and N pools. Labile pools of soil organic matter are key fractions in 
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terms of soil fertility as they are available for plant uptake and microbial consumption, 

sensitive to the changes in environmental conditions and play an unreplaceable role in 

soil nutrient cycling (Hu et al., 1997). The hot water extractable soil organic C and total 

N pools have been recognized as soil labile C and N pools, and considered as one of 

the best indicators of the effect of field management practices on soil fertility (Chen et 

al., 2004). 

 

Soil mineral N concentration is very dynamic and levels of soil mineral N significantly 

related to soil properties, plant uptake, environmental condition and management 

practices (O'connell et al., 2004). Eghball et al. (2004) suggested that soil mineral N 

concentrations increased in compost application treatment. Similarly, in the present 

study the CP treatment had the highest mineral N concentration in comparison with the 

other treatments at the 10-25 soil depth. Pu et al. (2012) also reported that subsoil 

compost application increased soil mineral N concentration not only at the aimed soil 

layer, but also in the topsoil. The concentration of NH4
+-N in the CP treatment at the 0-

10 soil depth, was significantly higher than gypsum and mineral fertilizer amended 

treatments in the present study. This may be due to the higher subsoil N uptake at the 

sugarcane root zone (10-25 cm soil depth) in this treatment and consequently transport 

of higher amounts of N to the topsoil through trash blanket decomposition after 

sugarcane harvest. It has also been indicated by Belkacem and Nys (1995) that gypsum 

application to soil may decrease the uptake and utilization of soil mineral N since 

enriched Ca2+ accelerates the leaching of mineral N. Subsoil application of chemical 
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fertiliser did not increase concentrations of mineral N at the 10-25cm depth, which 

might be due to the acidification and leaching loss. Moreover, no significant differences 

in soil mineral N concentration were detected among the treatments below the 

amendment depth by the end of experiment, which may be attributed to a combination 

of factors including microbial immobilization, sugarcane uptake and leaching (Pu et al., 

2001). 

4.4.2 The influences of soil amendments on soil biological properties 

Subsoil application of compost to sugarcane fields is able to change the supply of 

available organic C and nutrients for microbial activities. Liu et al. (2010) indicated that 

compost application might not only increase soil MBC, but also enhance soil MBN 

content, while the long-term application of mineral fertilizers would significantly 

decrease soil microbial biomass and activity. In the present study, soil MBC and MBN 

contents at the 0-10 cm soil depth were significantly higher at compost application (CP) 

in comparison with other treatments (Table 4.3). This may be ascribed to the better 

sugarcane growth in the CP treatment and subsequently more litter and organic C inputs 

(e.g. trash blankets) to the topsoil, which increase MBC and MBN contents in top soil. 

Leaching of soluble organic C and N provide an available energy source for utilization 

of soil microbial community, leading to an increase in soil microbial activity (Mendham 

et al. 2003). This is supported by the positive correlation found between soil microbial 

biomass content and the HWEOC and HWETN contents in the current study. 
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Soil microbial respiration and metabolic quotient have been increasingly recognized as 

indicators of soil fertility and health in relation to field management practices (Bastida 

et al. 2008; Gil-Sotres et al. 2005). In the present study, no significant differences have 

been observed between CO2 respirations in different treatments at the top 10 cm soil 

depth. However, at the 10-25 cm depth the CO2 respiration in the CP and FE treatments, 

were significantly higher than the CK and GP treatments, while the GP treatment 

showed the lowest CO2 respiration (Fig. 4.1). The higher CO2 respiration at the 10-25 

cm soil depth in the CP treatment might be related to its higher inputs in labile organic 

C and N as shown by the positive relationship between CO2 and HWEOC and HWETN 

(r = 0.459-0.492, P < 0.01, n =64) (Table 4.4). The relatively higher CO2 respiration at 

the 10-25 cm soil depth in the FE treatment might be explained by the following: a) the 

microbial community was N-limited in the subsoil and increased respiration in response 

to nutrient addition; and/ or b) the microbial community was under stress from acidity 

which enhanced by application of chemical fertiliser, and responded to the stress by 

increasing respiration for survival as indicated by increased qCO2 (Table 4.3). 

 

Field application of soil organic amendments has been reported to significantly increase 

soil enzymes activity (Albiach et al., 2000). In the present study, all three enzymes 

activities (β–glucosidase, phosphatase and chitinase) tend to be higher at the 10-25 cm 

depth in the CP treatment than other treatments. This was likely due to the higher 

organic inputs from the compost treatment as shown by the significant and positive 

correlations between enzyme activities and soil total C and N as well as soil HWEOC 
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and HWETN (r = 0.572-0.885, P < 0.01, n =64) contents (Table 4.4). Phalke et al. (2016) 

has also indicated that soil organic C content has a significant correlation with soil β-

glucosidase activity after sugarcane compost application to soybean-maize cropping 

system. In addition, It has been reported that the increase in soil enzyme activities has 

been mainly related to increased soil pH values after lime amendments (Acosta-

Martinez et al., 2000). In this study, the activities of all three enzymes showed a positive 

correlation with soil pH value (Table 4.4), and thus the improved enzyme activities in 

the compost treatment might be partly contributed to alleviation of soil acidity by 

addition of organic matter from applied compost. Tabatabai (1994) has suggested that 

enzymes prefer to form a three-dimensional aggregate with clay and humus in soil. This 

confirmed the enhanced enzyme activities at higher pH values in sugarcane fields, 

following the increase in soil labile C and N content through subsoil compost 

application (Graham et al., 2005). 

4.4.3 The contribution of labile organic matter derived from compost to the 

sugarcane yield 

Previous studies has clearly demonstrated that compost application can improve crop 

yield (Goswami et al. 2017; Obour et al. 2017). Tejada and Gonzalez (2003) has 

suggested that the significant increase in grain yield after compost application would 

be attributed to the increase in soil organic matter. However, there is lack of direct link 

between the soil properties improved by compost application and the cropping yield. In 

the present study, a significant increase in cumulative sugarcane yield over a 4 years 

cropping cycle, has been observed in the CP treatment compared with other treatments 
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(Table 4.5). In addition, there was a significant correlation between the cumulative 

sugarcane yield and the soil labile organic C and N pools in the 0-25 cm and 0-60 cm 

soil depths (Fig. 2). This has clearly indicated that the increased labile C and N pools 

from the slow decomposition of subsoil-applied compost play a vital role in the 

sugarcane productivity. Biederbeck et al. (1994) and Ghimire et al. (2017) has also 

suggested that soil labile pools play a vital role in maintaining soil sustainable fertility. 

Chen et al. (2004) confirmed that soil labile organic C and N pools, as measured by hot 

water extraction, were biologically active and highly related to soil microbial activities. 

In this study, the correlation analysis also showed that soil hot water extractable organic 

C and N pools were significantly and positively related to soil MBC, MBN, CO2 

respiration, enzyme activities and concentrations of NH4
+-N and NO3

--N (Table 4.4), 

but negatively related to qCO2 values (Table 4.4). These findings indicated that 

increased labile organic C and N pools, improved soil microbial growth and activity as 

well as N cycling and alleviated the soil stress condition. Therefore, the labile organic 

C and N derived from the decomposition of compost enhanced soil microbial activity 

and nutrient cycling and then provided a healthy subsoil zone for sugarcane growth, 

leading to an increase in the sugarcane yield. This study has also indicated that soil 

labile C and N pools can be considered as a reliable indicator of soil sustainable fertility 

as well as sugarcane yield performance. 

4.5 Conclusions 

It is strongly demonstrated that the subsoil application of compost increased inputs of 
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labile organic C and N (HWEOC, HWETN) at the application depth (10-25 cm), but 

did not affect total soil C and N contents. On the other hand, the subsoil compost 

application also increased concentration of mineral N, microbial biomass and activity 

and overall enzyme activity at the 10-25 cm soil depth. The HWEOC and HWETN 

pools were highly related to the cumulative sugarcane yield during the 4 year cropping 

cycle. This confirmed that subsoil application of compost increased the supply of 

organic C and N for microbial community, enhanced nutrient cycling processes, 

improved soil health for sugarcane growth and thus increased sugarcane productivity. 

The subsoil application of gypsum did not improve soil conditions, while the subsoil 

application of chemical fertilizer resulted in soil acidification, leading to a reduction in 

sugarcane growth and yield. Further work should focus on the shifts in the microbial 

community composition and key functional genes involved in C and N cycling, for 

better understanding of mechanisms for microbial regulation of C and nutrient 

dynamics in the sugarcane cropping system. 
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Chapter 5 Summary, conclusions and recommendations for future 

work 

5.1 Summary 

Sugarcane has recently drawn a significant attention towards its N use efficiency and 

potential environmental risks associated with this intensive cropping system. There is 

an increasing concern about potential losses of soil C and nutrients from sugarcane 

fields and their environmental impacts on adjacent watersheds, especially in the 

catchments of Great Barrier Reef. Liming and trash blanket cover had been widely used 

as common soil management practices in intensive cropping regions such as southeast 

Australia where suffered from soil acidity and severe soil C and N loss. Liming is able 

to reduce soil acidity and increase soil mineral N availability for plant uptake. It may 

also affect soil MBN content by improving soil environment for microbial activities. 

The presence of trash blanket cover in sugarcane fields would play an important role in 

nutrient cycling processes, as well as protecting the soil from erosion, increasing soil 

moisture and providing weed control. Despite the existence of some studies on the 

beneficial effects of liming and trash blanket management practices on soil fertility, the 

mechanistic understanding of the processes regulating the effect of these amendments 

on sugarcane soil properties still largely unknown. 

 

Previous investigations have suggested that the application of composted amendments 

to cropping systems may significantly increase soil organic matter content and nutrient 
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(e.g. N) availability for plant growth. The application of compost has been considered 

as an efficient way to improve soil physical, chemical and biological properties.  

 

However, the effects of compost on soil properties may vary by the compost chemical 

composition and its application method as well as soil and vegetation type. Although 

few studies reported the relationship between the nutrients cycling in soil and field 

management practices, but the scientific knowledge regarding the beneficial effects of 

compost amendment on soil chemical and biological properties in Australian sugarcane 

cropping system is still remain unclear. Therefore, this study is designed to take a 

further step to fulfil the knowledge gap regarding the effect of liming practice and 

subsoil compost amendment on soil N dynamics and bioavailability, microbial activity 

and soil fertility in a long-term subtropical sugarcane cropping system. The results of 

two experimental chapters are summarised below: 

The information collected from liming study have demonstrated that both liming and 

trash blanket placement affected soil N dynamics and associated soil microbial 

properties. Liming-induced increase in soil pH, microbial growth and immobilization, 

together with the absence of trash blanket, contributed to lower concentrations of labile 

organic matter pools and mineral N (NH4
+-N) in the most recent liming treatment 

(14ML), compared with the CK and 26ML treatments. Liming increased soil MBC and 

MBN, particularly in the presence of the trash blanket (26ML treatment), but decreased 

soil respiration and qCO2, showing the acidic stress has been relieved in the liming 

treatments. Soil pH is shown to be the most important single factor governing soil 
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enzyme activities, with an overall decrease in all enzyme activities in response to liming. 

Assessing the effect of subsoil application of compost on soil fertility and sugarcane 

yield indicated that the subsoil application of compost increased inputs of labile organic 

C and N (HWEOC, HWETN) at the soil application depth (10-25 cm) in sugarcane 

fields, but did not affect soil total C and N contents. The HWEOC and HWETN pools 

were highly related to the cumulative sugarcane yield during the 4 year cropping cycle. 

This confirmed that subsoil application of compost increased the supply of organic C 

and N for microbial community, enhanced nutrient cycling processes, improved soil 

health for sugarcane growth and thus increased sugar productivity. 

5.2 Conclusions 

The major conclusions of this study are as follows: 

1) The dynamics of labile N pools, in the liming experiment, was regulated by the 

interaction of the improvement in soil pH through liming practice and the increase in 

soil total N content after placement of trash blanket on soil surface. 

2) The liming amendments significantly increased soil MBC and MBN contents by 

improving soil condition for microbial growth. The higher qCO2 in the control 

treatment than liming treatments, also indicate that more organic C was used for 

microbial activity instead of being converted into microbial biomass under acidic stress 

in the control treatment. 

3) Soil pH value was the most important single factor governing soil enzyme activities 

after liming practice, with an overall decrease in all enzyme (phosphatase, β-
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glucosidase and chitinase) activities in response to liming. 

4) Subsoil application of compost increased soil pH at the amendment depth, compared 

with control treatment. This may indicate the compost potential for regulating soil pH 

at highly acidic soils like sugarcane fields. 

5) Subsoil application of compost significantly increased concentrations of HWEOC 

and HWETN at the application layer. This result indicated that the compost amendment 

might have not changed the total quality of soil organic matter, but altered labile organic 

C and N pools. 

6) The significant increase observed in cumulative sugarcane yield, after compost 

amended as well as the significant correlation between the cumulative sugarcane yield 

and the soil labile organic C and N pools in the soil profile, indicated that the increased 

labile C and N pools from the slow decomposition of subsoil-applied compost play a 

vital role in the sugarcane productivity. 

5.3 Future work 

This work has greatly improved understanding of the effects of liming practice and 

compost amendment on soil N dynamics and bioavailability, microbial activity and soil 

fertility in sugarcane cropping systems. However further detailed studies are required 

to confirm and extend the findings of this study to other environmental conditions. 

Improved understanding of the mechanisms and key factors regulating soil fertility after 

liming and compost amendment will help to establish the best management practices in 

the sugarcane cropping systems. There is a particular need for future investigation in 
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the following important areas: 

 Further study is warranted to investigate the shifts in soil microbial community 

composition and the diversity and abundance of N-associated functional genes 

in response to agriculture managements in sugarcane fields. 

 Long-term monitoring of the dynamics of soil labile C and N as well as soil 

microbial activities after compost amendment may provide valuable 

information regarding soil fertility and nutrients bioavailability for plant uptake. 

 Further work also required to increase the understanding of microbial 

mechanisms involved in soil C and N transformations after long-term and 

repeated application of compost to sugarcane cropping systems. 

 Further study can also aim to increase the knowledge of the differentiation of 

multiple pathways of nitrogen losses in sugarcane cropping system. 
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