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Abstract 

Autotrophic nitrification can be performed by either ammonia oxidising bacteria (AOB) or 

ammonia oxidising archaea (AOA). The nitrification inhibitor 3,4-dimethlypyrazole 

phosphate (DMPP) can be used to suppress AOB nitrifier activity to mitigate potential 

leaching and denitrification N losses incurred as a result of nitrification. Much of the research 

regarding DMPP efficacy is based on European and United States soil and farming systems 

that are very different to Australian conditions. The practice of dry sowing in response to 

variable autumn break rainfall and the implementation of crop-pasture rotations to preserve 

organic carbon (OC) is widespread in south eastern Australian agriculture. In addition, 

widespread pH stratification within the topsoil is a common issue. The impact of these 

conditions on the effectiveness of DMPP to inhibit nitrification was investigated by a series 

of incubation experiments and validated in the field.  

The application of DMPP in conjunction with four different NH4
+-based fertilisers occurred 

in an incubation trial to soils with moisture contents equivalent to dry sowing and post-

seasonal break sowing, Measurements of soil mineral N (NH4
+ and NO3

-) and urea 

concentrations indicated the ability of DMPP to suppress the oxidation of NH4
+ for all 

fertiliser types. However, fertilisers applied onto dry soil incurred increased net 

immobilisation of applied N in response to wetting.  

The effects of management was investigated by comparing cropping and pasture phases on 

DMPP efficacy. These were investigated in an incubation trial where fertiliser and DMPP 

was applied to soils of two different moisture contents, dry sowing and post-seasonal break 

sowing. Increased nitrification rates of fertilisers when dry-sown amplified the inhibitory 

effects of DMPP. Net immobilisation of mineral N occurred at week 1 for dry sown soils 

whilst a priming effect that increased mineralisation occurred simultaneously for N treated 

soils with moisture contents equivalent of sowing after a post seasonal break. Management 

practices affected DMPP behaviour with greater inhibition efficiency occurring in cropped 

soils compared to pastures, although the efficacy of DMPP declined regardless of the 

management practice as soil acidity increased. Soil pH also influenced nitrifier abundance 

with increased AOB amoA gene copies recorded in relatively neutral soils and higher AOA 

amoA gene abundance in acidic soils. A shift to archaeal nitrification in acidic soils 
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potentially contributed to poor DMPP inhibition. 

The effects of pH on DMPP efficacy were further investigated in an incubation trial that used 

a pH stratified soil to examine DMPP efficacy and nitrifier distribution in stratified layers, 

and the consequential effects of ameliorating soil acidity by lime application. AOB were 

concentrated in the surface (0-2 cm) layer and their abundance decreased with depth, with 

detection in the 8–10 cm layer only occurring upon amelioration of soil acidity with lime 

application. By contrast, AOA abundance was highest in the 4–8 cm layers. Liming increased 

AOB abundance below 2 cm and significantly improved the inhibition efficiency of DMPP, 

which demonstrates the benefits of amending an acidic soil with lime before DMPP 

application.   

A field trial was conducted to verify laboratory results in a field situation in addition to 

testing the effect of surface applied or incorporated lime on the inhibitory efficiency of 

DMPP. Surface applied lime exacerbated pH stratification and as a result, applied DMPP did 

not inhibit nitrification. DMPP was only effective when lime was incorporated, possibly due 

to a shift from archaeal to bacterial nitrification which can be inhibited by DMPP.  

This thesis shows that cropping and pasture rotations can alter the nitrification inhibition 

efficacy of DMPP. In neutral soils, DMPP will inhibit more effectively on cropped soils 

rather than pasture soils, although the effect of management is reduced as soil acidity 

increases. DMPP inhibited nitrification regardless of the soil moisture at application or NH4
+ 

fertiliser used, however increased nitrification rates of fertilisers applied in dry sowing 

scenarios enhanced the benefits of DMPP application. Increasing the soil pH with lime 

addition significantly improved the efficacy of DMPP by shifting nitrification from AOA to 

AOB. Therefore, it is recommended that lime application be used to ameliorate soil acidity 

before DMPP is used a method to inhibit nitrification and improve nitrogen use efficiency.  
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Chapter one: Introduction 

Over 2.5 million tonnes of ammonium (NH4
+) and urea based fertilisers are applied annually 

in Australian agriculture systems (ABARES, 2018) to assist in the production of high quality 

and high yielding crops. Applied nitrogen (N) fertilisers are subject to a range of soil 

chemical and biological processes that can reduce nitrogen use efficiency (NUE), cause 

environmental impacts and incur financial losses to growers which can elevate the cost of 

produce to the consumer. The manufacturing and use of N fertilisers produces detrimental 

greenhouse gases including carbon dioxoide (CO2) and nitrous oxide (N2O), which has a 

global warming potential 298 time higher than carbon dioxide (Dalal et al., 2003). The 

agricultural industry is one of the highest contributors of N2O emissions (Farquharson, 2016), 

and is also identified as the dominant source of nitrate (NO3
-) leaching into waterways (Di 

and Cameron, 2002). The contamination of ground and surface waters has deleterious effects 

on water quality which can result in NO3
- poisoning of people and livestock (Stadler et al., 

2012), and cause algal blooms which can render water unusable for consumption and kill 

aquatic life (Huang et al., 2017). It is critical to implement and invest in farming techniques 

that reduce the environmental impact of N use.  

The use of N fertilisers can also be costly to producers, with the initial cost of fertiliser in 

addition to delivery, labour and mechanical costs associated with application. Some N 

fertilisers can be applied at rates in excess of 400 kg N ha-1 depending on the crop type and 

seasonal forecasts (Macdonald et al., 2018). With an expected plant fertiliser assimilation of 

between 44% and 50%, the financial losses associated with applying N can be substantial for 

many producers (Chen et al., 2008, Angus & Grace, 2017). The application and use of N is 

arguably one of the most inefficient systems in agricultural production.  

Once NH4
+

-containing fertilisers are applied to the soil, they are subject to the biological 

process of nitrification where NH4
+ is oxidised to NO3

-. Nitrification is the preceding reaction 

in a pathway of N losses where NO3
- can be lost via leaching or be denitrified to form N2O, 

dinitrogen gas (N2) and nitric oxide (NO) (Li et al., 2008). Controlling and manipulating the 

rate of nitrification by using inhibitors like 3,4-dimethylpyrazole phosphate (DMPP) will 

suppress the activity of the nitrifying microbes and minimise N losses (Zerulla et al., 2001). 

The use of slow-release products like nitrification inhibitors are recommended by the 

Intergovernmental Panel on Climate Change (IPCC) to regulate the supply of N to plants and 
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reduce the environmental impacts of N fertiliser use (IPCC, 2014). It is important to establish 

how soil conditions and management practices common to south-eastern Australian broad-

acre agriculture may impact DMPP behaviour. This will provide producers increased 

knowledge of how to successfully implement the inhibitor as a tool to improve NUE through 

effective and targeted use of N, whilst decreasing the environmental implications of N 

fertiliser use. 

Therefore, this thesis will examine how management practices and soil conditions common to 

south-eastern Australian agricultural systems including dry sowing, crop-pasture rotations 

and pH stratification affect DMPP efficacy.   

 

1.1 Scope of research  

 

1.1.1 Aim 

 

The aim of this thesis was to determine how management practices including crop-pasture 

rotations and dry sowing, and soil properties including soil pH and stratified soils, affect 

mineral N dynamics and the efficacy of the nitrification inhibitor 3,4-dimethylpyrazole 

phosphate (DMPP). This was done in order to understand the conditions in which DMPP is 

most effective at inhibiting nitrification so that NUE can be improved for Australian 

producers. 

 

1.1.2 Objectives 

 

The objectives of this research were to determine, in the context of Australian broad-acre 

farming systems;  

1. The efficacy of DMPP with different NH4
+

-based fertilisers. 

2. The influence of soil moisture at the time of DMPP application on inhibitor efficacy 

and mineral N dynamics. 

3. The effect of changes to soil physicochemical properties induced by rotational 

management systems on DMPP efficacy and nitrifier abundance.  

4. The influence of pH stratification and lime application on DMPP efficacy and nitrifier 

abundance.  
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1.1.3 Thesis outline 

This thesis is comprised of a synopsis of the literature that explores nitrification and the 

nitrification inhibitor DMPP, followed by four experimental chapters. Three soil incubation 

trials and a field trial were conducted where a compilation of the key findings are presented 

in the General Discussion and conclusions drawn.   
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Chapter two: A review of the factors that affect nitrification and the nitrification 

inhibitor 3,4-dimethylpyrazole phosphate (DMPP) 

 

2.1 Nitrogen cycle  

 

Nitrogen (N) is imperative to the growth of agricultural plants and can substantially improve 

productivity by enhancing both the quantity and quality of produce. Soil nitrogen can exist in 

many mineral or organic forms, although NH4
+ and NO3

- are the major ionic forms that plants 

actively absorb (Glass et al., 1999, Haynes, 1986). While the majority (>98%) of soil N is 

incorporated in soil organic matter (SOM), the mineral N fraction is composed largely of 

NH4
+-N and NO3

- -N and represents a minor and usually transitory fraction of the total N pool 

(less than 2%). Consequently, only a small fraction of soil N is plant available. As the ability 

to fix atmospheric nitrogen at levels sufficient for adequate plant function is primarily limited 

to legumes (Dent and Cocking, 2017), the remaining plant N requirements for non-

leguminous plants that are grown to produce high quality yielding products are satiated by the 

application of synthetic N fertilisers. Over 2.5 million tons of NH4
+-based fertilisers were 

used in Australian agricultural systems in the 2016–17 season (ABARES, 2018). When N 

fertilisers are applied to the soil, they are subject to a range of chemical and biological 

transformations known as the nitrogen cycle. This complex and dynamic system plays an 

imperative role in agricultural systems with the fate of soil N intertwined into a plethora of 

processes.  These are summarised in Figure 2.1and will be discussed below. 
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Figure 2.1: The soil nitrogen cycle including microbial transformations (mineralisation and 

immobilisation, nitrification, heterotrophic nitrification, nitrifier denitrification, denitrification, 

dissimilatory nitrate reduction to ammonium (DNRA), nitrogen fixation and urea hydrolysis) and 

abiotic reactions (volatilisation and leaching).  

 

2.1.1 Biological nitrogen transformations 

 

2.1.1.1 Immobilisation and mineralisation  

 

 

The majority of organic N additions in an agricultural system are in the form of freshly 

decomposing organic matter e.g. leaf litter, stubble, roots and animal waste. Catabolism is the 

biological breakdown of large molecules into smaller, often more water soluble molecules 

(Haynes, 1986).  Mineral NH4
+ can be released via the catabolism of organic N (R-CH(NH)2) 

through a microbial process called mineralisation (equation 1) (Conyers et al., 1995). The 
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counter reaction of mineralisation is immobilisation (Equation 1) in which mineral NH4
+ is 

transformed back into organic N (R-CH(NH)2). These two reactions can occur concurrently 

but in different magnitudes, with the dominant process identified with the prefix “net” where 

R is organic groups (equation adapted from Conyers et al, 1995).  

 

Equation 1  𝑹 − 𝑪𝑯(𝑵𝑯)𝟐 − 𝑹 + 
𝟏

𝟐
𝑶𝟐

            
↔  𝑹 − 𝑪𝑶 − 𝑹 +𝑵𝑯𝟒

+ + 𝑶𝑯− 

 

A strong correlation exists between total soil N, OC and mineralisation rates as total carbon 

(C) and N pools provide the substrate for mineralisation (Brackin et al., 2019). Rates of 

mineralisation vary seasonally (Allen et al., 2005) and factors like temperature and moisture 

affect the rate of mineralisation (Leirós et al., 1999). Mineralisation rates increase with soil 

moisture (Leirós et al., 1999, Haynes, 1986) with the optimum soil moisture content for soil 

N transformations being equivalent to field capacity (Rodrigo et al., 1997), although reports 

exist of mineralisation occurring at wilting point (Myers et al., 1982). Alternating wetting and 

drying of soils also affects mineralisation dynamics with the cumulative N mineralised 

significantly decreasing with repeated dry-wet cycles (Mikha et al., 2005). Flushes of 

mineralisation occurred as soils were wet, but decreased at a greater rate when soils dried.   

Increased mineralisation will occur at elevated temperatures (30 ˚C) compared to cooler 

temperatures (12 ˚C) regardless of soils being intrinsically rich or poor in N (Carbutt et al., 

2013). Rates of NH4
+ production were also significantly lower at 0–5 ˚C compared to 

temperatures at 15–25 ˚C (Xu et al., 2014). Higher temperatures generally increase 

mineralisation rates exponentially until the biological optimum for the microorganism is 

reached. Haynes (1986) found that the combined effect of temperature and moisture have 

greater influence than temperature alone, which is validated by modelling scenarios 

performed by Leirós et al. (1999) and Rodrigo et al. (1997).  

The equilibrium between the mineralisation and immobilisation of nutrients is highly 

dependent on a range of factors. Net mineralisation of SOM will occur at C:N <10 with net 

immobilisation occurring as more C is present (C:N>10) (Haynes, 1986), although reports of 

mineralisation occurring at C:N ratios between 11 and 12 in grasslands (Accoe et al., 2004) 

and up to 21 in coniferous forests (Gan et al., 2020) has been reported. The addition of 

amendments such as urea (Qiu et al., 2016) or biogas sludge (Hoa et al., 2004) can increase 

mineralisation rates, whilst immobilisation of N can cause plant growth limitations due to a 
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decrease in the availability of soil N to plants (Azam, 2002). Varying ratios of C, N and P 

also drive microbial immobilisation-mineralisation N dynamics (Qiu et al., 2008), and the 

composition of lignin and cellulose in the fraction of OC present (labile and recalcitrant 

respectively) can also affect mineralisation rates (Rovira and Vallejo, 2002, Haynes, 1986).  

Mineralisation of SOM can contribute up to 130 kg N ha-1 yr-1 (Matus and Rodríguez, 1994) 

and these additions of mineral N are often underestimated in N budgets (Brackin et al., 2019). 

Accelerated decomposition of SOM can occur with the addition of external sources of 

mineral N, such as fertilisers. This is known as a priming effect and occurs shortly after the 

addition of fertilisers (Agrella et al., 2003) causing a short term turnover of SOM (Kuzyakov 

et al., 2000), particularly in high OC soils (Chen et al., 2014a). In a clay loam soil (0–30 cm 

and bulk density 1.5 g/cm3), the equivalent of more than 270 kg NH4
+ ha-1 was released from 

SOM within 7 days after the addition of 20 kg N ha-1 of mineral N fertiliser (Agrella et al., 

2003). Control treatments where no fertiliser was added contributed approximately 90 kg 

NH4
+ ha-1 after the 7 day period. This priming effect is a result of moisture and fertiliser 

addition stimulating the mineralisation of dead microbial biomass that died due to 

desiccation, releasing NH4
+ from microbial cells.  

Although previous studies indicate that mineralisation is insensitive to pH changes (Kemmitt 

et al., 2006), some research has shown stimulation of mineralisation in limed soils, which was 

attributed to increased solubility of organic matter under alkaline conditions (Curtin et al., 

1998).  Furthermore, mineralisation from labile OC was found to be more sensitive to pH 

changes from 4.6 to 8.2 than recalcitrant fractions (Zhao et al., 2018).  

 

2.1.1.2 Nitrification 

 

Nitrification is the biological oxidation of NH4
+ to NO3

- via NO2
-. The range of microbes 

capable of oxidising NH4
+ is small despite the extensive physiological and phylogenetic 

diversity of soil microorganisms (Kleineidam et al., 2011). Nitrification is generally mediated 

by the activity of chemoautotrophic NH4
+ oxidising bacteria (AOB) or archaea (AOA) 

(Taylor et al., 2012). Nitrification is largely influenced by external factors including substrate 

availability (Norman and Barrett, 2014, Jia and Conrad, 2009), pH (Nicol et al., 2008), 

moisture content and aeration (Malhi and McGill, 1982) and temperature (Liu et al., 2015c). 

Autotrophic nitrification is an acidifying process with a net production of two hydrogen ions 

per unit of NH4
+ oxidised.  
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Autotrophic bacteria and heterotrophs were traditionally considered the dominant 

contributors to NH4
+ oxidation (Hofman and Lees, 1953, Castignetti and Hollocher, 1982). 

The relatively recent discovery of autotrophic archaeal nitrification in marine environments 

(Francis et al., 2005, Konneke et al., 2005) and then in agricultural soils (Leininger et al., 

2006) has greatly benefited the understanding of nitrification. However, much remains 

unknown about these prokaryotes. For the purpose of this review, nitrification will be 

examined more extensively in Section 2.2.  

 

2.1.1.3 Denitrification and DNRA 

 

There are numerous microbial reduction pathways in which N can transformed and lost from 

the soil system. Heterotrophic denitrification is the stepwise reduction of NO3
- to nitrite (NO2

-

), to NO, to N2O and eventually N2 (Shaw et al., 2006). Nitrate serves as an electron acceptor 

for many microbial metabolic processes such as waterlogged soils or anoxic conditions 

(Bowles et al., 2012). Some of these by-products of the reduction of NO3
- are deleterious to 

the environment, particularly the potent greenhouse gas N2O (Chen and Strous, 2013). The 

process of denitrification consists of four reactions catalysed by the following enzymes and 

genetic markers; nitrate reductase (narG and napA), nitrite reductase (nirK and nirS), nitric 

oxide reductase (norB) and nitrous oxide reductase (nosZ) (Pajares and Bohannan, 2016). 

Some organisms contain all required enzymes to perform complete denitrification, whilst the 

end product for some is N2O due to the lack of nosZ (Philippot et al., 2011). Anaerobic 

conditions are the principal driver for denitrification and can account for significant losses of 

N from soil systems as it is returned to the atmosphere (Butterbach-Bahl et al., 2013). Whilst 

this form of denitrification is traditionally thought to be the dominant form in which soil N 

was lost through microbial processes as gaseous N, knowledge of other microbial routes is 

continuing to develop.  

Ammonia-oxidising bacteria (AOB) are responsible for the first step in the aerobic process of 

nitrification in which NH4
+ is oxidised to NO3

-. They have also been found to generate N2O 

in a process called nitrifier denitrification. Shaw et al. (2006) found N2O production in all 

nine cultures of AOB tested which suggests that the ability of AOB to denitrify could be a 

universal trait. The aerobic production of N2O via nitrifier denitrification generally increased 

with higher soil water content, temperature and NH4
+ concentrations (Farquharson, 2016). 

The mechanism of nitrifier denitrification has not been systematically identified (Shaw et al., 
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2006) although two proposed routes have been highlighted. The first follows the traditional 

heterotrophic pathway in which NO2
- is reduced to NO and N2O (Arp and Stein, 2003) and 

the second relates to the enzyme hydroxylamine oxidoreductase (HAO) which has been 

identified as mediating the oxidation of hydroxylamine to N2O instead of NO2
- (Hooper and 

Terry, 1979). Nitrifier denitrification has been identified as a greater contributor to N2O 

emissions in drier soils than other non-nitrifying denitrifers, whilst non-nitrifying denitrifers 

were the dominate producers of N2O in soils of higher moisture content (Webster and 

Hopkins, 1996).  

Unlike denitrification and nitrifier denitrification where the end-product is gaseous N2, 

dissimilatory nitrate reduction to ammonium (DNRA) is a microbial NO3
- reduction pathway 

in which NH4
+ is the product. This reaction typically occurs in anaerobic conditions such as 

sludge or sediments (Kraft et al., 2014, Bernard et al., 2015, Rajta et al., 2020) and thus is 

irrelevant to the purpose of this thesis and will not be further explored. 

An alternative anaerobic process also used in wastewater treatments is anaerobic ammonium 

oxidation (anammox) (Chamchoi et al., 2008). This requires no aeration or additional C 

sources, using NH4
+ as the pure energy source. This N transformation pathway is more 

prevalent in marine systems than agricultural soils (Dalsgaard et al., 2005), and thus will not 

be further addressed.  

 

2.1.1.4 Nitrogen fixation  

 

Biological reduction of N2 into ammonia (NH3) is mediated by the enzyme nitrogenase 

(Berman-Frank et al., 2003) and is performed by diazatrophs (nitrogen fixers). The gene nifH 

encodes the subunit for the enzyme nitrogenase which is found in a range of prokaryotes and 

is irreversibly inhibited by reactive oxygen species and molecular oxygen (Pajares and 

Bohannan, 2016). Many diazotrophic organisms exist symbiotically or in association with 

plants or legumes whilst others are free-living in soil (Unkovich and Baldock, 2008). 

Complex symbiotic relationships between legumes and nitrogen fixing bacteria are 

characterised by large net transfers of biologically fixed nitrogen to the host plant and C to 

the microorganism (Haynes, 1986). The plant offers protection from atmospheric oxygen to 

nitrogen fixing microorganisms.  Free living diazotrophs are less efficient at N fixation, 

producing 0–15 kg N ha-1 compared to symbiotic diazotrophs that can produce 50–250 kg N 

ha-1 (Peoples et al., 2001), although inputs of nitrogen fertilisers will reduce nodulation and 
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N2 fixation rates (Afza et al., 1987).  

 

2.1.1.5 Urea hydrolysis  

 

The microbial hydrolysis of urea is a two-step hydrolysing reaction that occurs to synthetic 

(fertiliser) or organic (stock urine) urea. The alkalising process is catalysed by the enzyme 

urease and typically is complete within two days of urea application to the soil (Dawar et al., 

2011). A temporary increase in pH as the hydrolysis of ammonium carbonate occurs 

(Equation 3) can drive losses of N via chemical volatilisation. Urease is ubiquitously found in 

topsoils and thus urea hydrolysis will occur once urea components are in contact with soil 

(Tabatabai and Bremner, 1972). Urea hydrolysis in Equation 2 and 3 has been adapted from 

Sigurdarson et al., 2018.  

Equation 2    (𝑵𝑯𝟐)𝟐𝑪𝑶 + 𝟐𝑯𝟐𝑶
𝒖𝒓𝒆𝒂𝒔𝒆
→    (𝑵𝑯𝟒)𝟐 𝑪𝑶𝟑    

Equation 3   (𝑵𝑯𝟒) 𝑪𝟐
 𝑶𝟑 + 𝟒𝑯𝟐𝑶

              
↔   𝟐𝑵𝑯𝟒

+ + 𝟐𝑶𝑯− +𝑯𝟐𝑶 + 𝑪𝑶𝟐 

 

The use of urease inhibitors can improve the NUE of synthetic urea additions (Dawar et al., 

2011). Inhibitors extend the time available for the urea to be washed into the soil profile by 

water movement, protecting NH4
+ formed during the subsequent hydrolysis from 

volatilisation losses. Further losses can occur when the NH4
+ produced is nitrified to mobile 

NO3
-. 

 

2.1.2 Abiotic losses  

 

2.1.2.1 Volatilisation  

 

 

Volatilisation is the conversion of NH4
+ to gaseous ammonia (NH3) that can lead to loss of N 

from the soil to the atmosphere within the nitrogen cycle. Assorted forms of NH3 and NH4
+ 

co-exist within the soil environment as follows: 

Absorbed NH4
+ ↔ NH4

+ (in solution) ↔ NH3 (in solution) ↔ NH3 (gas in soil) 
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This process is influenced strongly by pH with the equilibrium of NH3 in solution (Equation 

4) existing with a pKa value of 9.25. Acidic soils favour NH4
+ whilst alkaline conditions tend 

to have increased NH3 levels (Norman and Barrett, 2014). Temporary increases in pH 

resulting from urea hydrolysis will enhance the volatilisation process. 

 

Equation 4  𝑵𝑯𝟒 +𝑶𝑯
−
                 
↔    𝑵𝑯𝟑 +𝑯𝟐𝑶 

 

Additional factors including wind speed, moisture content, NH4
+ content and proximity of the 

NH4
+ or NH3 to the soil surface, influence the rate of volatilisation (Haynes, 1986). 

Volatilisation is directly proportional to the urea concentration applied, and inversely 

proportional to the application depth (Overrein and Moe, 1967, Watkins et al., 1972). The use 

of urease inhibitors can decrease volatilisation losses by up to 78% (Soares et al., 2012).  

 

2.1.2.2 Nitrate leaching 

 

 

Leaching is a physical process in which NO3
- moves vertically down the soil profile with 

water flow. Nitrate as a product of nitrification, or from NO3
- fertiliser, is considered 

relatively mobile due to its anionic form that is not attracted to negatively charged clay 

particles. If NO3
- is not assimilated by roots or immobilised by microbes, it is susceptible to 

leaching with the occurrence of rainfall or irrigation. Substantial N losses via NO3
- leaching 

can occur in an array of agricultural systems including dryland cropping (Li et al., 2008), 

pasture systems (Rowlings et al., 2016) and stock production (Minet et al., 2016). The 

nutrient is unavailable for plant use once it is below the root zone which poses a large 

financial loss to producers, as well as deteriorating the quality of ground and surface water by 

causing eutrophication and potential NO3
- poisoning if consumed by livestock or humans 

(Huang et al., 2017). 

Timing fertiliser application to match NO3
- supply with crop demand can decrease leaching 

losses, and the use of nitrification inhibitors can significantly reduce the amount of NO3
- 

leached down a soil profile (Di and Cameron, 2007, Wu et al., 2007). Additionally, NO3
- 

leached from the site of nitrification prevents the neutralisation of acid formed by alkali 
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released during plant NO3
- uptake, at that site (Condon et al., 2005).  

 

2.2 Nitrification  

 

Urea and ammonium phosphate (monoammonium phosphate (MAP) and diammonium 

phosphate (DAP)) are the three most widely applied N-based fertilisers in Australian 

agricultural systems (ABARES, 2018). In 2016–2017, over 1.38 million tons of urea and 1.14 

million tons of NH4
+

-based fertilisers ((NH4)2SO4, anhydrous NH3, MAP and DAP) were 

used by Australian agricultural producers. The average NUE in Australia is estimated to be 

only 44% to 50% (Chen et al., 2008, Angus and Grace, 2017). Improving NUE has 

productivity, profitability and environmental benefits. As nitrification is a process that 

follows the application of urea and NH4
+ fertilisers and is the precursor transformation to the 

major loss pathways of denitrification and leaching of NO3
-, gains in NUE may be created by 

manipulating the rate of nitrification. This can only occur if the drivers of nitrification are 

well understood.  

 

2.2.1 The nitrification process 

 

Autotrophic nitrification is a two-step process whereby reduced nitrogen compounds (NH4
+ 

or NH3) are oxidised via NO2
- to form NO3

-. Each step is carried out by a different group of 

chemoautotrophs; ammonia-oxidising bacteria (AOB) or ammonia-oxidising archaea (AOA), 

and nitrite-oxidising bacteria (NOB). These microorganisms are obligate chemoautotrophs 

that derive electrons as their energy from reduced inorganic compounds (Tortora et al., 2007) 

and use them in oxidative phosphorylation allowing chemoautotrophs to store energy as 

adenosine triphosphate (ATP) which is required for organism growth. Electron transport is 

dependent on the cytochrome system and thus autotrophic nitrifiers require aerobic 

conditions for successful nitrification. The oxidation of either NH4
+ or NO2

- drives the 

synthesis of cell components via the reduction of CO2 in the Calvin Reductive Pentose 

Phosphate Cycle.  

 

2.2.1.1 Ammonium oxidisers  
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The bacterial oxidation of reduced nitrogen compounds is principally accomplished by the 

restricted range of gram-negative AOB bacteria in the Nitrobacteraceae family. Two 

phylogenetically distinct groups of terrestrial AOB genera within Proteobacteria are defined 

(Head et al., 1993, Koops and Pommerening-Röser, 2001). The first group, within the γ 

subclass of Proteobacteria is the species Nitrosococcus oceanus. The second β subdivision 

contains Nitrosomonas spp.,  Nitrosococcus mobilis,  and strains of Nitrosospira, 

Nitrosovibrio and Nitrosolobus (Head et al., 1993). Archaea capable of oxidising NH4
+ are 

placed within Thaumarchaeota. Despite thousands of identified archaeal strains, only four 

soil AOA have been cultivated and directly linked to NH4
+ oxidation (Tourna et al., 2011, 

Jung et al., 2011, Kim et al., 2012, Lehtovirta-Morley et al., 2011). These soil archaea are 

ubiquitous in soil but dominant oligotrophic environments. There is still debate amongst 

researchers about the contributions of nitrifying archaea to agricultural systems, although it is 

becoming clearer that optimal conditions for AOA are different to that of AOB (Norman and 

Barrett, 2014, Ouyang et al., 2016, Prosser and Nicol, 2012). This will be discussed in detail 

in section 2.2.2. 

Literature traditionally refers to individual species when addressing soil nitrification, 

however advances in DNA technology now allow for the broader detection of nitrifiers 

through the quantification of the amoA gene. This gene encodes the enzyme ammonia 

monooxygenase (AMO) which catalyses the first reaction of NH4
+ oxidation. The amoA gene 

is present in both bacteria (Ouyang et al., 2016) and in the relatively recently discovered 

nitrifying Archaea (Leininger et al., 2006). Therefore, the abundance and diversity of 

ammonia oxidisers in a soil environment can be determined by targeting the amoA gene 

which acts as a molecular marker. This allows for a quantitative determination of how 

various environmental and agricultural factors may affect AOA and AOB.   

In the literature, NH4
+ and NH3 are extensively used interchangeably as a substrate source for 

AOB or AOA. The use of either NH4
+ oxidation (Haynes, 1986, Benckiser et al., 2015, 

Gilsanz et al., 2016, Hofman and Lees, 1953) or NH3 oxidation (Head et al., 1993, Hooper et 

al., 1997, Keener et al., 1998, Whittaker et al., 2000) results in the same by-products and 

differs only slightly in hydrogen ion production. Aforementioned in section 2.1.2.1, low pH 

conditions favour the existence of NH4
+, and thus NH4

+ will be used in this review as the 

substrate for oxidation in the nitrification process due to the acidic nature of cropping soils in 

southern Australia.   
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In the nitrification process the microbial oxidation of NH4
+ to NO2

- is the first, and often rate 

limiting step (Marcos et al., 2016). A quantitative agreement between oxygen consumption 

and NO2
- formation exists, with NH4

+ depletion virtually stoichiometric to NO2
- generation 

(Hofman and Lees, 1953, Keener et al., 1998). The initial metabolism of NH4
+ is catalysed by 

the key enzyme ammonia monooxygenase enzyme (AMO) via the intermediate 

hydroxylamine (NH2OH) (Keener et al., 1998).  Targeting the amoA gene identifies the 

occurrence of the first step of NH4
+ oxidation (Marcos et al., 2016). Equation 5 shows the 

initial stage of NH4
+ oxidation.  

Equation 5   𝑵𝑯𝟒
+ + 𝑶𝟐 + 𝟐𝒆

− +𝑯+
− 𝑨𝑴𝑶
→  𝑵𝑯𝟐𝑶𝑯 +𝑯𝟐𝑶 

It was traditionally believed that hydroxylamine was further oxidised to NO2
- by the enzyme 

hydroxylamine oxidoreductase (HAO) (Whittaker et al., 2000), although recent findings 

indcate that hydroxylamine is oxidised to NO where NO is further oxidised to NO2
- 

potentially by the enzyme NO oxidoreductase (NOO) (Equation 6). As electrons are removed 

from hydroxylamine by HAO, two of these return to the AMO reaction (Whittaker et al., 

2000). Equation 6 adapted from Caranto et al., 2017 and Lancaster et al., 2018.  

Equation 6  𝑵𝑯𝟐𝑶𝑯
𝑯𝑨𝑶
→  𝑵𝑶 + 𝟑𝑯+ + 𝟑𝒆−

𝑵𝑶𝑶 
→   𝑵𝑶𝟐

− + 𝒆− 

If anaerobic or anoxic conditions prevail at this stage of oxidation, the production of N2O 

(Gilsanz et al., 2016), NO (Tortoso and Hutchinson, 1990) or N2 (Whittaker et al., 2000) can 

occur instead of NO3
-. Of these gases, N2O is a detrimental greenhouse gas, with a reported 

global warming potential 300 times greater than carbon dioxide (Butterbach-Bahl et al., 

2013). Both N2O and NO contribute to the concentration of atmospheric ozone (Tortoso and 

Hutchinson, 1990).  

Equation 7  𝑵𝑶𝟐
− +𝑯𝟐𝑶

𝑵𝑶𝑹
→  𝑵𝑶𝟑

− + 𝟐𝑯+ + 𝟐𝒆− 

The final step of nitrification is the oxidation of NO2
- to NO3

- (Equation 7). This is performed 

by nitrite oxidising bacteria, which can be detected through the functional marker of the nxrB 

gene that encodes the enzyme nitrite oxidoreductase (NOR) (Pester et al., 2014).  

 

2.2.1.2 Other forms of nitrification 
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Nitrification is not limited to autotrophs and can be performed by heterotrophs. A large range 

of bacteria and fungi have the ability to oxidise either inorganic or organic sources (De Boer 

and Kowalchuk, 2001). Unlike autotrophs, the heterotrophic process is not considered energy 

generating and is alternatively proposed to be a sink for reducing equivalents. Some 

heterotrophic bacteria have been identified as being capable of oxidising reduced N and 

performing denitrification (Chen et al., 2012, Zhang et al., 2011). Many heterotrophs are also 

capable of producing gaseous products including N2, N2O, NO2 and NO (Tortoso and 

Hutchinson, 1990). Heterotrophic nitrification is prevalent in acidic (pHw <5.3) soil 

conditions and is positively correlated with soil C:N ratios, soil OC stocks and precipitation 

(Chen et al., 2015b). Heterotrophic nitrification has been recorded in some acidic Australian 

soils and accounted for up to 19% of total nitrification in two acidic  (pHw 4.8–5.3) pasture 

soils (Islam et al., 2007), whilst up to 88% of nitrification was heterotrophic in an acidic dairy 

pasture soil with high OC (9.3%) concentrations (Liu et al., 2015b).  

An organism capable of wholly completing the oxidation of NH4
+ to NO3

- was discovered by 

van Kessel et al. (2015). Research into complete ammonia oxidisers (comammox) is in the 

early stages, although the required enzymes to oxidise NH4
+ completely through to NO3

- have 

been found in two Nitrospira species. Both species contain slightly altered AMO enzymes 

compared to the AOB or AOA amoA enzymes. The isolation of the first pure comammox 

bacterium Nitrospira inopinata was only recently achieved (Kits et al., 2017) and a high 

substrate affinity and slow growth in both oligotrophic and dynamic habitats suggests its 

potential contribution to nitrification in a range of conditions. This new metabolic discovery 

may uncover many alternative pathways to nitrification in an agricultural setting, although 

recent research found comammox prevalent in low dissolved oxygen environments (Roots et 

al., 2019).  

Whilst heterotrophic and comammox nitrification have the potential to contribute to 

summative N transformations in soil environments, autotrophic nitrification performed by 

bacteria and archaea often dominates the oxidative process of nitrification in most aerobic 

agricultural soils (Chen et al., 2015b, Islam et al., 2007, Faeflen et al., 2016). Hetertrophic 

nitrification is also unffacted by commonly used nitrification inhibitors (Liu et al., 2015c). 

Thus, autotrophic nitrification involving aerobic bacteria and archaea will be the focus of this 

review.  

 



18 
 

2.2.2 Factors effecting nitrification 

 

As nitrification is predominantly mediated by a narrow range of autotrophic bacteria or 

archaea (Kuypers et al., 2018), the process of NH4
+ oxidation is strongly influenced by 

external factors including temperature (Auyeung et al., 2015), moisture (Placella & 

Firestone., 2013) and pH (Che et al., 2015). The nitrification response to regulatory factors 

varies within different soil systems due to the diversity of nitrifiers. The prominent regulatory 

factors will be discussed below and will be based upon physical, chemical and environmental 

factors.  

 

2.2.2.1 Substrate  

 

The oxidation of NH4
+ is the major energy source for AOB and AOA. Substrate affinity and 

nitrification response varies between the nitrifiers, with a niche specialisation for substrate 

source and concentration separating the two. The Km (Michaelis constant) values of a 

microorganism indicates the substrate concentration required to achieve half the maximum 

reaction velocity (Vmax) for nitrification (Equation 5) and a low Km value indicates that the 

enzyme has a strong affinity to the substrate, hence requiring less substrate to achieve half 

Vmax. The much lower Km (0.0036–0.019 µM NH4
+) for AOA using artificial fresh water 

medium and basal mineral medium respectively (Jung et al., 2011, Martens-Habbena et al., 

2009) than AOB in soil slurries (6–11 µM NH4
+) (Koper et al., 2010) means AOA can nitrify 

in NH4
+ poor soils, but also lack the responsiveness to N fertiliser additions that AOB exhibit 

(Adair and Schwartz, 2011, Offre et al., 2009). Norman and Barrett (2014) found that high 

substrate levels actually inhibited AOA growth. The high affinity of AOA to NH4
+ compared 

to AOB is highlighted by Verhamme et al. (2011) where AOA growth was detected at a 

range of substrate concentrations (native soil, 20 µg NH4
+-N g-1 and 200 µg NH4

+-N g-1) 

whilst AOB was only detected at the highest substrate concentration (200 µg NH4
+-N g-1). 

AOB have a positive nitrification response to substrate additions (Ouyang et al., 2016) with 

inputs of mineral NH4
+ or urea increasing AOB population and nitrification rates (Okano et 

al., 2004, Jia and Conrad, 2009, Taylor et al., 2012). Jia and Conrad (2009) proposed that 

ammonium oxidation alone does not support the growth of AOA and for this reason, they are 

not autotrophic, but heterotrophic or mixotrophic in soil environments.  
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The addition of inorganic fertilisers is linked to increased AOB populations (Pratscher et al., 

2011, Shen et al., 2008) and bacteria have been shown to functionally dominate nitrification 

in agricultural soils, despite AOA having a higher gene abundance (Jia and Conrad, 2009). 

Similar results were found by Ouyang et al. (2016) where AOB responded to inorganic 

fertiliser addition but AOA population abundance always outweighed AOB. They argued that 

AOA population fluctuations over the four-year field trial were not a result of either NH4
+ or 

organic N fertiliser additions. The long-term addition of NH4
+ fertiliser over 10 years resulted 

in significantly higher AOB populations compared to soils that were unfertilised (Okano et 

al., 2004). By contrast, AOA growth has proven unresponsive to weekly additions to NH4
+ 

(Pratscher et al., 2011). The preference of AOA to organic N additions has been suggested. In 

a long term fertilisation trial, 44 years of inorganic fertiliser (NPK based) additions resulted 

in higher AOB populations, whereas AOA gene abundance was significantly higher where 

applications of organic N (cattle slurry) occurred (Zhou et al., 2015). A similar response to 

mineralisable organic N additions (Levičnik-Höfferle et al., 2012) suggests AOA may have a 

close relationship with organisms capable of mineralising OC. The implications of substrate 

preference could be significant when investigating microbial dynamics in crop-pasture 

rotations systems where N additions could vary between inorganic and organic N additions.  

Whilst NH4
+ is the primary substrate for nitrification, other soil nutrients can influence 

nitrification rates. Norman and Barrett (2014) discovered a significant effect of potassium 

and phosphorus on AOB with increased growth and nitrification rates. AOA had a marginal 

response to nutrient addition. In contrast, a field trial in Australia found that liming increased 

nitrification rates whilst phosphorus application had no effect on nitrification (Islam et al., 

2006). Much of the research regarding phosphorus effects on nitrifiers has been conducted is 

in anaerobic environments where products such as pig slurry are undergoing bio remediation 

to remove phosphorus (Vanotti et al., 2003).   

 

2.2.2.2 Soil pH  

 

Soil pH is a fundamental determinant of the abundance and diversity of nitrifying organisms 

present in a profile as changes in soil pH influence the concentration, chemical form and 

consequential availability of substrates (Nicol et al., 2008). Nitrification was traditionally 

thought to be minimal in acidic environments, although the discovery of soil nitrifying AOA 

in acidic soils has changed this thinking. Strong evidence suggests acidic soils limit AOB 
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populations but not AOA (Yao et al., 2011a, Gubry-Rangin et al., 2010) which have been 

detected in a wide range of soil pH (Yao et al., 2011a). The relationship between AOA 

phenology and pH was examined by Gubry-Rangin et al. (2011) who characterised AOA into 

three distinct groups: acidic (pH <5), acido-neutral (5≤ pH <7) and alkaline (pH >7). Results 

indicate the diversity and evolution based adaptions of AOA to a range of soil pH conditions. 

Alternatively, the preference and optimal growth of AOB are limited to neutral and alkaline 

soils (Jia and Conrad, 2009).  

There has been developing evidence supporting the belief of the dominant role of AOA over 

AOB in acidic soils. Abundant growth of AOA, but not AOB, occurred in two acidic Scottish 

agricultural soils (method of pH not specified- pHns) of 4.5 and 6.0 (Gubry-Rangin et al., 

2010). Inhibitory effects on AOB growth as a result of soil acidity are reported (Yao et al., 

2011a) whilst AOA were responsible for nitrification in soils ranging from pHw 3.9–6.3. This 

is further supported by Zhang et al. (2012) who found dominance of AOA in strongly acidic 

soils (pHKCl 3.3– 3.9) whilst Nicol et al. (2008) recorded declining archaeal counts with an 

increase in pHw from 4.9–7.5. Concurrently, AOB populations were greatest in a soil pHw of 

6.9. In three Australian agricultural soils, AOA population was greatest in the acidic soil 

(pHw 4.6) compared to neutral and alkaline soils (pHw 7.0 and 8.0 respectively) (Liu et al., 

2015a). 

The low levels of AOB detected in acidic soils can be attributed to the form and availability 

of substrate. Low pH soil instigates the strong ionization of NH3 to NH4
+

. Ammonia can 

passively diffuse across the AOB cell membrane whilst NH4
+ requires active transport 

(Burton and Prosser, 2001). In a low pH environment where NH4
+ ions are prevalent, 

insufficient energy from AOB to actively transport NH4
+ hinders their ability to oxidise. AOB 

are unable to maintain a sufficient intracellular pH when NH4
+ is the sole substrate, 

consequently limiting the supply of AMO and rescinding their capability to oxidise (de Boer 

and Laanbroek, 1989). Due to the ionisation equilibrium discussed in section 2.1.2.1, high 

concentrations of soil NH4
+ do not necessarily equate to high NH3 concentrations. In five 

acidic soils (pHKCl <4.5), the available substrate for nitrification was below the Km threshold 

for AOB (>1 µM neutral pH), yet there was sufficient substrate for AOA as they were 

detected actively nitrifying in all acidic soils (Zhang et al., 2012). This is supported by Che et 

al. (2015) who observed an increase in nitrification upon addition of NH4
+ fertiliser and lime 

(CaCO3) to an acidic soil. It was argued that liming alone was insufficient to increase 

nitrification rates, however, Nugroho et al. (2007) proposed that AOB population and 
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nitrification rates in acidic soils (pHKCl 2.8–3.8) increased with liming, rather than NH4
+ 

amendments.  

Whilst some evidence exists of a niche range of AOB that can oxidise in acidic conditions 

(Stephen et al., 1996, Kowalchuk et al., 2000), it is commonly reported that neutral soils are 

conducive to bacterial nitrification and growth. A neutral (pHw 6.9– 7.0) agricultural soil in 

Germany displayed a dominance of nitrification by AOB, despite a numerically higher 

presence of amoA archaeal genes present (Jia and Conrad, 2009). A range of studies have 

demonstrated the responsiveness of AOB to increasing pH by amending acidic soils with 

lime. Nugroho et al. (2007) detected liming amendments (pHKCl increase from 2.8 to 4) 

increased nitrification rates and the growth of AOB. The manipulation soil pH by lime in 

conjunction with fertiliser addition on a Chinese forest soil increased soil pH and AOB amoA 

gene abundance (Che et al., 2015). It is common practice in Australian agricultural systems 

for producers to ameliorate soil acidity with the addition of lime. This could have 

implications on the nitrifying community that exists within these soils, affecting nitrification 

rates and potential N losses. Findings by Islam et al. (2006) demonstrated increasing 

nitrification rates when lime was applied to acidic pasture sites in Victoria, Australia. 

 

2.2.2.3 Moisture and aeration 

 

Autotrophic nitrification is an aerobic process. As soil moisture occupies the same soil pore 

space as oxygen, the two environmental factors are irrevocably linked when discussing 

nitrification. Optimal soil moisture content for nitrification exists between -10 and -33 kPa 

(Haynes, 1986), whilst saturated soils (0 kPa) has an absence (Malhi and McGill, 1982) or 

very slow rate of nitrification due to a lack of oxygen (Dubey, 1968, Linn and Doran, 1984). 

Appreciable levels of nitrification can still occur at permanent wilting point (-1500 kPa), 

although at significantly lower rates than soils at field capacity (Malhi and McGill, 1982). 

Stark and Firestone (1995) independently manipulated the soil moisture content and NH4
+ 

availability with adverse physiological effects on nitrifiers occurring at low water potentials 

(-600 kPa) but no effects of substrate limitation. The presence of NH4
+ substrate in drought 

induced conditions indicated that nitrification was minimal and nitrifiers are sensitive to 

desiccation (Hartmann et al., 2013). 

Moisture effects on nitrification are dependent on soil type, organic matter content, pore size 

distribution and bulk density (Cheng et al., 2012). To account for these factors in nitrification 
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models,  moisture content is described in various ways and include water filled pore space 

(WFPS) and water film thickness modelled from water potential (Norton and Ouyang, 2019). 

This allows for the effects of soil texture to be considered when determining nitrification 

rates. A generalised model showing the effects of WFPS on nitrification rates demonstrates 

that coarse textured soils have increased nitrification rates at lower WFPS compared to fine 

or volcanic soils (Parton et al., 2001).  

The addition of moisture minimises substrate starvation by facilitating the diffusion of NH4
+ 

(Placella and Firestone, 2013) whilst concurrently stimulating high levels of mineralisation 

(Mikha et al., 2005). Whilst moisture addition stimulates nitrifier growth, the rapid increase 

in water potential can also provide a greater physiological stress to microbes than what they 

would experience as a soil dries out. The response of nitrifying communities to additions of 

moisture to soils with very low water potentials (-38000 kPa) is documented by Placella and 

Firestone (2013). Ammonium oxidisers responded rapidly to water additions with an 

observed increase in amoA transcripts within one hour of soil wet-up. The growth of AOA 

was highly varied, although amoA genes were detected within nine hours post wet-up. 

Alternatively, a delayed response can occur up to one week after soil wet up (Fisk et al., 

2015). Marcos et al. (2016) found adaptive capabilities of AOB in response to differing soil 

moisture contents centred on wet and dry season changes. The rapid ability of microbes to 

respond to changes in soil moisture highlighted the adaptability of nitrifying organisms. 

Fluctuations in rainfall and seasonal changes have the potential to affect the rates of 

nitrification occurring in Australian broad-acre agricultural systems.  

 

2.2.2.4 Temperature  

 

Temperature is an important environmental factor that will control the rate at which NH4
+ is 

oxidised. Nitrification rates increase linearly as temperature rises from 5 ˚C to 20 ˚C 

according to the Arrhenius equation (Russell et al., 2002) with some reports stating the rate 

constants for nitrification will increase as temperatures exceeds 28 ˚C (Gilmour, 1984). 

Studies indicate the optimal temperature range for nitrification is between 25 ˚C and 35 ˚C 

(Stark, 1996, Liu et al., 2015d, Russell et al., 2002), although reports of  30 ˚C terminating 

nitrification has been recorded (Malhi and McGill., 1982). Nitrification was detected in a 

semi-arid soil from Western Australia at similar rates at both 20  ˚C and 40 ˚C, indicating the 

ability of soil nitrifiers to oxidise NH4
+ throughout summer conditions (Fisk et al., 2015). A 
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trial examining the effects of warming temperatures determined AOA abundance 

substantially decreased in a period of increased temperature (+ 4 ˚C), however temporal 

variation makes it difficult to understand the overall response of nitrifiers to climatic 

temperature increases (Auyeung et al., 2015). The adaptability of soil nitrifiers to high 

temperatures was highlighted in a trial which examined a non-chemical method of soil 

disinfection called soil solarisation (Ihara et al., 2014). Vinyl plastic was used to elevate soil 

temperatures to 45 ˚C for either one or seven days. When soils were later incubated at 30 ˚C, 

soils exposed to soil solarisation for one day had much lower nitrification rates than 

treatments exposed for more than seven days. It is postulated that the initial soil solarisation 

treatment induced a shift in microbial populations towards a presence of high temperature 

favouring nitrifiers. Russell et al. (2002) found decreasing temperatures from 20 ˚C to 5 ˚C in 

a Western Australian soil reduced nitrification rates. An accumulation of NO2
- at 12 ˚C is 

indicative of the sensitivity of NOB to temperature declines. Decreasing soil temperatures 

can shift nitrification from autotrophic to heterotrophic organisms.  Increased heterotrophic 

nitrification occurred in an acidic cropping soil from Victoria, Australia below 15 ˚C, 

however autotrophic nitrification dominated at 25 ˚C and 30 ˚C.  

2.3 Inhibition of nitrification   

 

Various techniques can be implemented to slow the rate of NH4
+ oxidation and mitigate the 

negative processes resultant of nitrification including NO3
- leaching and denitrification, 

whilst maximising NUE. Banding fertiliser involves the placement of NH4
+ fertilisers in a 

narrow band near the plant seed which can cause a significant reduction in microbial biomass 

(Angus et al., 2014). The high NH4
+ concentration within the band limits microbial activity 

for up to five weeks, providing a slow release nitrogen option. Improved plant yields of up to 

16% and reduced fertiliser losses of up to 40% can occur when urea is banded below the seed 

or as mid row banding (Wallace et al., 2019). Whilst banding fertilisers can improve NUE, 

banding can incur substantial plant damage due to NH4
+ toxicity (Gerendás et al., 1997) with 

complete plant mortality occurring at rates of 70 kg N ha-1(Mason, 1985). The use of 

specialised equipment is required (Wallace et al., 2019) and banding contributes to 

subsurface acidity (Moodie et al., 2006).  

Another form of delaying nitrification activity is the use of fertiliser coatings which include 

sulphur coated urea (Mason, 1985). The prolonged release of N from coated fertilisers can 

increase grain yield compared to fertilisers without coatings (Liu et al., 2018), however these 
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treatments can be costly and only physically protect the fertiliser without inhibiting the 

nitrifiers. They also cannot be used with organic fertilisers like animal waste or compost 

(Akiyama et al., 2010).  

A more specific from of controlling nitrification is the use of synthetic nitrification inhibitors. 

Unlike banding and fertiliser coating, inhibitors directly target the microbes responsible for 

oxidising NH4
+. Synthetic nitrification inhibitors slow down the rate of nitrification by 

inhibiting the biochemical reactions involved in NH4
+ oxidation by nitrifying microbes. This 

decreases the rate at which leachable NO3
- and gaseous by-products are produced, improving 

NUE by better matching crop demand to supply of N-nutrients. NI use has been reported in 

broad-acre crops (Parkin and Hatfield, 2010, Li et al., 2008), horticulture (Chen et al., 2015a, 

Chaves et al., 2006) and pasture production (Di and Cameron, 2011, Minet et al., 2016), 

although use in south-eastern cropping systems in Australia is not common. There are 

hundreds of known nitrification inhibitors, however three commonly used inhibitors in 

commercial agricultural include 3,4-dimethylpyrazole phosphate (DMPP), dicyandiamide 

(DCD) and nitrapyrin (2-chloro-6-trichloromethyl pyridine). 

 

2.3.1 Nitrification inhibitor mechanisms 

 

In section 2.2.1.1, the biochemistry of NH4
+ oxidation was discussed. In order to understand 

the mechanisms and mode of action for NIs, further detail regarding the enzymology process 

is presented in the following sections. The two dominant enzymes responsible for the first 

nitrification step, AMO and HAO, are targeted for supressing nitrification activity.  

 

2.3.1.1 Ammonium Monooxygenase pathway  

 

The AMO enzyme is responsible for oxidising NH4
+ to the intermediate hydroxylamine and 

exists in two forms. The first form of AMO resides in the membrane of AOB (Hooper et al., 

1997) and the second AMO complex contains soluble copper and iron and subsists in the 

cytoplasm (Gilch et al., 2010, Gilch et al., 2009). Both contribute to the oxidation process. 

Previous literature reported AMO existing purely as a membrane form (Hooper et al., 1997, 

Arp et al., 2002) however, Gilch et al. (2009) observed an almost equal existence between 

membrane and soluble AMO forms. The soluble AMO requires copper as a cofactor to 
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catalyse the oxidation of NH4
+ to hydroxylamine (Ensign et al., 1993, Gilch et al., 2009). 

Different inhibitors can interrupt the AMO oxidation process via different mechanisms: 

1. Mechanism-based inhibitors oxidise substrates to form deleterious substrates. It is an 

irreversible process in which the inhibitor binds to the active site of the enzyme, 

forming a complex that is usually highly reactive (Nelson and Cox, 2008). 

2. Direct binding with AMO through competitive and non-competitive inhibition, as 

well as metal chelators (Park and Ely, 2008, Ensign et al., 1993). Binding inhibitors 

target this multiplicity of alternative substrates via the process of competitive or non-

competitive inhibition. Competitive inhibitors compete with NH4
+ substrate for the 

active site on the enzyme (Nelson and Cox, 2008). In the instance of AMO being 

completely inhibited, NH4
+ would be unable to bind with the enzyme. 

3. Non-specific AMO inhibitors affect the oxidation of NH4
+ as a whole (Hooper and 

Terry, 1973).  A range of compounds including 2,4-dinitrophenol and 

cyanidephenylhydrazone are effective uncouplers of the oxidative phosphorylation 

process, inhibiting proton pumping and electron transport. 

 

2.3.1.2 Hydroxylamine Oxidoreductase pathway 

 

Traditionally it was believed that the enzyme hydroxylamine oxidoreductase (HAO) 

catalysed the hydrolysis of hydroxylamine to NO2
- (Subbarao et al., 2006). Recent literature 

has indicated alternative pathways in which HAO hydrolyses hydroxylamine to NO before 

the further oxidation by NOO to NO2
- (Caranto et al., 2017, Lancaster et al., 2018). HAO 

contains a heme that actively oxidises to the ferric form in the presence of O2 or H2O2 

(Subbarao et al., 2006). This reaction is irreversible and destroys the activity of the HAO 

enzyme.  

 

2.3.2 Agriculturally important inhibitors 

 

Over 64 proposed inhibitors of nitrification have been identified (Subbarao et al., 2006), yet 

only three exist that are prominent in the role of repressing nitrification in a soil agricultural 

system.  
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2.3.2.1 Nitrapyrin 

 

Nitrapyrin was developed by Dow Chemical Company as a nitrogen stabiliser. Nitrapyrin 

readily dissolves in organic solvents, although has a relatively low solubility in water 

(Bremner et al., 1978). The high vapour pressure means this inhibitor must be incorporated 

into the topsoil to prevent volatilisation (Hendrickson and Keeney, 1979a) and not applied as 

a coating for broadcast fertilisers. The effectiveness of nitrapyrin is regulated by the rate at 

which it is hydrolysed. Temperature has a substantial effect on hydrolysis rate, with minimal 

inhibitor hydrolysis occurring at 4 ˚C (Hendrickson and Keeney, 1979b) which makes it a 

suitable inhibitor for use in Northern America where soil temperatures freeze over winter. 

Commonly used in the Midwest Corn Belt of Northern America and applied in conjunction 

with autumn applications of injected anhydrous ammonia, nitrapyrin can decrease 

nitrification rates and minimise NO3
- leaching (Randall et al., 2003, Randall and Vetsch, 

2005), decrease emissions of the greenhouse gas N2O and improve corn yield (Parkin and 

Hatfield, 2010). However, inhibitor sorption is a major factor decreasing efficiency 

(Hendrickson and Keeney, 1979a) with soil exhibiting a buffering effect on nitrapyrin 

(Powell and Prosser, 1986).  

 

2.3.2.2 DCD 

 

The ability of dicyandiamide (DCD) to inhibit nitrification was first discovered in the early 

1900s (Abdel-Sabour et al., 1990). DCD inhibits the AMO enzyme by interfering with the 

transport of electrons in the cytochromes of AMO (Chaves et al., 2006). Unlike nitrapyrin, 

DCD is water soluble and has a relatively low volatility. DCD is highly mobile within soil 

which poses a major limitation to its use, particularly in high rainfall areas where leaching is 

an issue (Abdel-Sabour et al., 1990, Zerulla et al., 2001). DCD has successfully been used to 

slow nitrification (Chen et al., 2015a, Ouyang et al., 2016, Zacherl and Amberger, 1990) and 

reduce N2O emissions (Gilsanz et al., 2016), and has even been added to supplementary cattle 

feed to inhibit the nitrification of urine patches (Minet et al., 2016). Large application rates of 

DCD (Table 2.1) must be applied to successfully inhibit nitrification compared to other 

inhibitors (Zerulla et al., 2001). 
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Table 2.1: Inhibiting effect of DMPP compared to DCD as a percentage (residual NH4
+ -N, relative 

to 8.7 mg NH4
+ -N in liquid pig manure). WAT= Weeks after treatment. From Zerulla et al. (2001). 

WAT  DMPP (kg ha-1)  DCD (kg ha-1) 

  0 0.385 0.77 0.96  0 5 10 12.5 

0  100 100 100 100  100 100 100 100 

1  68 93 100 100  68 79 83 93 

2  1 39 73 76  3 18 37 47 

3  0 0 54 52  0 0 18 22 

4  0 0 15 32  0 0 0 0 

5  0 0 4 16  0 0 0 0 

 

As DCD is slowly degraded in a soil environment it forms guanyl urea, guanidine and urea 

which subsequently contributes to the inorganic NH4
+ concentration (Schwarzer and 

Haselwandter, 1991, Hauser and Haselwandter, 1990). The breakdown was proposed as 

chemical decomposition (Rajbanshi et al., 1992) but biological enzymatic degradation 

through microbial activity is the accepted method of breakdown (Hauser and Haselwandter, 

1990, Schwarzer and Haselwandter, 1991). Whilst this degradation can be considered as an 

addition of N to the soil system, DCD residues have been detected in dairy milk products 

after DCD application to pasture (Chen et al., 2014b). Marsden et al. (2015) determined that 

plant roots acquired the inhibitor which has a chemical structure similar to the naturally 

occurring guanidine. Voluntary suspension of the use of DCD occurred in New Zealand after 

this incident (MPI, 2013). Despite being used in agriculture for many years, DCD use is 

decreasing as new inhibitors with greater efficiency are introduced. 

 

2.3.2.3 DMPP 

 

Developed by BASF, this inhibitor 3,4-dimethylpyrazole phosphate is a highly specific 

heterocyclic N compound. It is postulated that DMPP indiscriminately binds to the membrane 

proteins of AMO (Chaves et al., 2006) or causes the chelation of copper which is a co-factor 

of AMO (Ruser & Shultz., 2015). DMPP is very effective at low rates with a recommended 

concentration of 0.39 µg g-1 of soil (Azam et al., 2001). Nitrification was inhibited in field 

conditions over a period of 4–10 weeks at an application rate of 0.5–1.5 kg DMPP ha-1 

(Zerulla et al., 2001) which is less than one tenth of the rate of DCD required to inhibit 
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nitrification (Table 2.1). This was supported by Chaves et al. (2006) who found that a rate of 

DMPP (1.5 kg DMPP ha-1) inhibited nitrification of crop residues under optimal conditions 

for at least 95 days, whilst comparatively, DCD (15 kg DCD ha-1) ceased nitrification after 50 

days. A number of laboratory and field trials have proved DMPP more effective than DCD in 

inhibiting nitrification and leading to higher retention of NH4
+ (Chen et al., 2015a, Gilsanz et 

al., 2016, Tindaon et al., 2012), decreased NO3
- leaching (Li et al., 2008) and minimising 

N2O gaseous emissions (Benckiser et al., 2013, Akiyama et al., 2010, Liu et al., 2013). A 

summary of the agronomic effects of DMPP are shown in Table 2.2 with examples of 

increased yield in cropping, pasture and horticultural crops.   
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Table 2.2: Some examples of agronomic effects of DMPP on different crop types. 

Crop type Location Fertiliser 

used 

with 

DMPP 

Agronomic effect Reference  

Cereal crops 

(wheat, rice) and 

grain maize  

 

Germany NH4CO3 

and urea  

Increased grain yield Pasda et al. 

(2001) 

Horticultural crops Germany NH4CO3 

and urea 

Increased biomass Pasda et al. 

(2001) 

 

Wheat- maize 

rotation 

China Urea 8.6–9.7% increase in 

aboveground biomass and 

yield  

 

Liu et al. 

(2013) 

Pasture  Australia Urea  80% dry mater increase  

 

Rowlings 

et al. 

(2016) 

Grain sorghum Australia  Urea  Grain yield increase at higher 

N rates (120 + kg N ha-1), no 

yield improvement at low N 

 

Lester et al. 

(2016) 

Wheat  Australia Urea  No yield or protein effect 

 

Duncan et 

al. (2017) 

Pasture  Australia Urea No yield or protein effect Dougherty 

et al. 

(2016) 

Wheat Australia Urea No yield improvements  Wallace et 

al. (2018) 

Meta-analysis Global   Increased NUE but not crop 

productivity 

Abalos et 

al. (2014) 

 

In addition to yield gains, no phytotoxic effects have been reported with DMPP use 

(Macadam et al., 2003). Zerulla et al. (2001) conducted a comparison between DMPP and 

DCD on lettuce where an application eight times the recommended rate produced phytotoxic 

damage for DCD but not for DMPP treated plants. Some studies that perform meta-analysis 

on the yield benefits of DMPP indicate that DMPP do not provide agronomic gains but 

instead allow reduced rates of applied N required to achieve the same yield gains as fertiliser 

applied at a higher rate without DMPP (Abalos et al., 2014, Rose et al., 2018). DMPP is 
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suitable for use in agricultural crops (Zerulla et al., 2001) and could potentially provide an 

agronomic tool for improving crop productivity in Australian agriculture.   

DMPP can be coated on granulated NH4
+-based fertiliser and incorporated in the soil (Azam 

et al., 2001, Barth et al., 2008, Zerulla et al., 2001), applied as a liquid formulation (Di and 

Cameron, 2011) or alternatively injected with anhydrous ammonia (AA) (Schwenke, & 

McPherson., 2018). Mineral NH4
+-based fertilisers coated with DMPP contain 1% active 

ingredient, and as the granule dissolves, NH4
+ and inhibitor are more evenly distributed 

through the topsoil (Zerulla et al., 2001). Similar to DCD, the persistence and effectiveness of 

DMPP is dependent on field conditions. In varying moisture (18 and 24%) and temperature 

conditions (4, 15 and 25oC), Azam et al. (2001) ascertained the majority of DMPP (> 80%) 

remained within the 0–5 mm region of original application. Barth et al. (2008) found DMPP 

had increased efficacy in a granular form at a higher soil matric potential (-5.8 kPa) with 

small concentrations (< 1 mg kg-1) of the inhibitor detected after 30 days of experimentation. 

Soils with low organic matter and clay contents improve the efficiency of DMPP as 

adsorption to the soil clay fraction is decreased (Barth et al., 2008, Barth et al., 2001). AOB 

have been found to be more sensitive to DMPP than AOA with increased suppression of 

nitrification activity (Gong et al., 2013, Chen et al., 2015a, Kleineidam et al., 2011). DMPP 

also has no deleterious effects on other soil microorganisms (Tindaon et al., 2012, Kong et 

al., 2016) but is ineffective against heterotrophic nitrification due to DMPP targeting the 

AMO enzyme found in autotrophs (Li et al., 2008, Keener and Arp, 1994, Vannelli and 

Hooper, 1992). 

Table 2.3: Summary of the properties of some commonly used agricultural nitrification inhibitors 

(adapted from Subbarao et al. (2006)). 

Inhibitor Mode of action Relative 

volatility 

Solubility in water (g L-1) 

and relative soil mobility 

Mode of 

application 

Nitrapyrin Alternative 

substrate and 

binding inhibitor 

High 0.04 (at 20 ˚C) 

Low mobility 

Applied in 

conjunction with 

AA and NH4
+ 

fertilisers 

 

DCD Uncertain- 

bacteriostatic 

effect 

 

Low  23.0 (at 13 ˚C) 

High mobility 

Combine with 

nitrogen fertiliser  

 

DMPP Binding inhibitor Low 46.0 (at 20 ˚C pH 7) * 

Low mobility 

Combine with  

nitrogen fertiliser 

and AA 

*Zerulla et al. (2001) 
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DMPP use has increased over the past decade due to its low comparative volatility and 

mobility (Table 2.3), and with its ability to be applied in conjunction with fertilisers 

commonly used in Australian cropping, makes it possible to use in Australian agriculture.  

 

2.3.3 DMPP use in Australian agriculture 

 

Australian agricultural soils in the south-eastern cropping region can be highly weathered, 

have acidic topsoils and low OM contents. It is important to understand how these factors 

may affect DMPP efficacy to enable a more comprehensive understanding of the efficiency 

of DMPP if used in these cropping regions of Australia.  

 

2.3.3.1 Soil moisture and dry sowing 

 

Soil moisture can affect DMPP efficacy, with improved inhibition shown at 40– 60% WFPS 

and decreased efficacy at 60% WFPS (Chen et al., 2010). Increased moisture contents can 

promote inhibitor movement (Azam et al., 2001). Doran et al. (2018) detected movement of 

DMPP when soil was spray irrigated daily for 12 weeks. Samples at week 12 showed DMPP 

had leached 1.5–2 cm from the zone of application under normal application rates and 2.5 cm 

away under double application rates. Despite this, DMPP is considered relatively immobile 

compared to other inhibitors, such as DCD.  

Soil moisture also effects the nitrifying organisms that DMPP targets. Microbial activity is 

low in dry soils due to substrate limitation (soil water potentials > -600 kPa) and 

physiological stresses (soil water potentials < 600 kPa) (Stark and Firestone, 1995). A lack of 

soil moisture hinders NH4
+ diffusion from fertiliser placement which restricts substrate access 

to nitrifiers. The addition of water eliminates substrate diffusional limitation and stimulates 

the rapid growth of AOB within an hour of moisture addition, and up to nine hours for AOA 

(Placella and Firestone, 2013), resulting in increased nitrification rates (Szukics et al., 2010). 

Water addition can also provide additional substrate for nitrifiers by causing pulses in 

mineralisation (Bustamante et al., 2012). The application of mineral N fertilisers can further 

stimulate positive catabolism of organic matter and release high amounts of NH4
+ into the 

soil system through the priming effect (Agrella et al., 2003). The rapid fluctuations in 
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nitrifying populations in response to moisture addition may affect DMPP efficacy if the 

inhibitor is applied to a dry soil that is subsequently wet-up. This is particularly relevant to 

broad-acre farming in southern Australia where dry sowing is a common management 

practice.  

The adoption of dry sowing where seed and fertilisers are sown concurrently into soils of 

sub-optimal moisture allows seeds to wait in dormancy for the autumn seasonal rainfall break 

(Fletcher et al., 2015). A changing climate has made this autumn break more variable (Anwar 

et al., 2015) and in recent years, the required rainfall for crop establishment has occurred later 

than average. There has been an 11% decline in rainfall in the April – October (growing 

season equivalent) period since the late 1990s across south eastern regions of Australia 

(CSIRO and BOM, 2018). Whilst dry sowing allows for large areas of farmland to be ready 

for germination when rainfall occurs, there are risks involved including poor crop 

establishment, false breaks and weed threats. Any NH4
+-based fertiliser that is dry sown can 

be subject to increased nitrification rates and microbial activity that occurs due to the 

stimulation of soil microbial activity upon rainfall.  

To avoid such fluctuations in laboratory soil microbial research, soils are wet up and 

incubated for a period ranging from 24 hours (Yang et al., 2013) to 3 weeks (Liu et al., 

2015a) to allow for microbial equilibration before treatment application. Whilst this 

technique is common place in soil microbial literature (Di and Cameron, 2011, Liu et al., 

2015a, Chen et al., 2015a, Kong et al., 2016), it does not reflect the circumstances of dry 

sowing in the field. There is an absence of literature comparing the application of fertilisers 

and DMPP onto soils with moistures equivalent to dry sowing and post seasonal break 

sowing. The effect of moisture addition and potential changes in microbial activity is 

unknown on the inhibitory efficacy of DMPP and must be explored to maximise the inhibitor 

efficiency in Australian conditions. 

 

2.3.3.2 Organic carbon and rotational farming 

 

Physical soil properties including soil texture and organic matter content can influence the 

efficacy and determine the movement of DMPP. Sorption of inhibitors to soil colloids (Azam 

et al., 2001, Powell and Prosser, 1986) or enhanced inhibitor decomposition as a result of 

promoted microbial activity with high OC contents (Puttanna et al., 1999) can decrease 
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efficiency. Soils with greater sand contents have shown improved inhibition compared to clay 

soils (Barth et al., 2008) and Barth et al. (2001) determined inorganic soil constituents had a 

markedly strong influence on the soil-adsorption behaviour of DMPP, particularly the clay 

fractions. The positive electrostatic charge of DMPP means adsorption to negatively charged 

soil mineral components, like clay, can reduce its efficacy. First order kinetics indicate that 

the rapid degradation of DMPP applied to the topsoil mean losses are independent of 

application rates (Doran et al., 2018). Understanding the influence of OC content on DMPP 

efficacy is pertinent to Australian agricultural systems where OC is a primary factor 

determining many management decisions.  

The intense weathering of Australian soils means OC contents are concentrated in the surface 

soil layers where organic deposits regularly occur, and decline with soil depth which creates a 

stratified profile (Young et al., 2002). The majority of microbial activity is consequentially 

confined to the topsoil due to OC availability. It is common for rotational cropped soils to 

average between 1.52–2.64% OC (Conyers et al., 2012), however this can be as low as 0.05% 

(Mallee) and as high as 5.46% (Victorian Volcanic Plains) (Robertson et al., 2016). The high 

cultivation rates of historic farming practices accelerated the breakdown of soil OC and 

promoted the removal of topsoil via wind and water erosion (Thomas et al., 2007). The 

implementation and development of herbicides removed the necessity to cultivate soil for 

weed control and resulted in the consequential expansion of conservation tillage farming 

(Kirkegaard et al., 2012).  The use of narrow tines, disc seeders and the abandonment of pre-

sowing soil preparation reduces soil mixing and allows for the preservation of OC levels and 

soil structural stability (Busari et al., 2015). Whilst conservation tillage is common practice, 

the continuous cropping of soils with no fallow or pasture phases is still causing a steady 

decline in OC contents (Chan et al., 2011). Some continuously cropped Australian soils have 

recorded OC contents as low as 0.28% (Robertson et al., 2016) and erosion via soil and wind 

are a continuous threat to soil degradation.  

To mitigate OC degradation in cropping systems, the introduction of a pasture phase between 

cropping phases is used to accumulate OC with the perpetual addition of biomass (Chan et 

al., 2011). This is known as a crop-pasture rotational system where soil physicochemical 

properties can be altered between cropping and pasture rotations where each phase typically 

lasts 4–5 years. Pasture soils often record higher OC contents due to continual plant biomass 

deposition (Robertson et al., 2016) and lower pH due to actively N2 fixing pasture legumes 

exuding H+ (Tang and Rengel, 2003), product removal (Ridley et al., 1990) and urine return 



34 
 

(Condon et al., 2020b). Cropping phases also contribute to acidification via the nitrification 

of applied fertilisers and removal of alkaline produce (grain and biomass) (Dolling and 

Porter, 1994). Lime application at the end of a pasture phase is used to ameliorate soil acidity 

which further contributes to changes in soil properties between rotations. The benefits of 

crop-pasture rotations are well known and evidence suggests pasture management phases 

affect soil microbial community structure and bacteria involved in N-cycling processes 

(Wakelin et al., 2009). However, the effects of management-induced changes to soil 

properties from crop-pasture rotations on DMPP efficacy and autotrophic nitrifying 

organisms is unknown.  

Whilst it is difficult to define the optimal environment for AOA an AOB due to the vast 

diversity of soil physicochemical properties that can influence nitrification, common soil 

factors have been identified as strongly influencing nitrifier abundance. These soil factors can 

be influenced by rotational management practices. Abundant NH4
+ substrate levels, like those 

found in a N fertilised cropping phase, promote the growth of AOB whilst the community 

composition of AOA remain relatively unaffected by substrate increases (Ai et al., 2013, 

Shen et al., 2008, Wang et al., 2009, Ouyang et al., 2016, Verhamme et al., 2011). High 

inputs of mineral N have actually been shown to hinder AOA growth (Norman and Barrett, 

2014) whilst a positive correlation between OC additions and AOA abundance has been 

found to exist (Ai et al., 2013, Zhou et al., 2015). Evidence of increased AOA growth in the 

rhizosphere due to the continuous input of liable root exudates (Ai et al., 2013) indicates that 

AOA may prefer the pasture phase of a rotational cropping system. Nitrifier abundance is 

also affected by soil pH, with AOA having a niche specialisation for nitrification in acidic 

environments (Zhang et al., 2012) whilst AOB nitrification dominates neutral soils (Che et 

al., 2015). If OC content and pH can be altered by changing management practices, and these 

soil physicochemical properties influence the distribution and abundance of nitrifiers, will 

changing management practices in rotational farming systems influence the abundance of 

AOB or AOA? 

Some studies have addressed land use and nitrifier abundance using broad definitions of 

agricultural management (Table 2.4). Whilst these studies demonstrate that nitrifier response 

has the capacity to change in response to land management, they fail to address land use in 

the context of rotational farming systems and in the presence of DMPP.  
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Table 2.4: The microbial response to different land management practices in Australian soils.   

Land use location Microbial response  Reference  

Managed (crop or 

pasture) vs remnant 

vegetation 

Victoria, Australia Increased amoA 

abundance in 

managed soils 

Hayden et al. (2010) 

Agricultural soils vs 

adjacent native 

vegetation 

Eastern Australia Increased amoA 

abundance in 

agricultural soils 

 

Colloff et al. (2008) 

Pasture, cropping and 

native vegetation 

South and Western 

Australia  

AOB has significant 

correlation with land 

use 

 

O'Sullivan et al. 

(2013) 

Continuous cropping 

rotations 

NSW, Australia Increased microbial 

biomass in 

continuously cropped 

soils  

 

Gupta (2010) 

Different pastures 

(annual vs perennial) 

and liming 

techniques 

 

NSW, Australia Increased AOB 

amoA with limed 

pastures  

Wakelin et al. (2009) 

Sugarcane and 

legume rotations 

QLD, Australia Decreased AOB and 

AOA with legume 

rotation  

Paungfoo-Lonhienne 

et al. (2017) 

 

DMPP efficacy may be influenced if nitrifier populations change in response to differing 

rotational management practices. While DMPP effectively inhibits AOB nitrification (Chen 

et al., 2015a, Kleineidam et al., 2011, Gong et al., 2013, Li et al., 2008, Yang et al., 2013), 

there is mounting evidence that the inhibitor is ineffective against AOA nitrification (Table 

2.5). Numerous studies have found that while DMPP was effective at decreasing AOB amoA 

gene abundance, its suppression of AOA amoA genes was poor (Kleineidam et al., 2011, 

Chen et al., 2015a, Gong et al., 2013). The knowledge gap pertaining to how management 

induced changes in soil physicochemical properties affects nitrification and nitrifier 

abundance could have implications when applying DMPP in crop-pasture rotations.  
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Pasture management phases have higher OC contents that increases the risk of sorption of 

DMPP onto soil colloids or OC (Barth et al., 2001), and the reduced ability of DMPP to 

inhibit AOA nitrification (Duncan et al., 2017) that dominate nitrification in acidic soils (Liu 

et al., 2015a) indicates that DMPP may have diminished inhibitory qualities when applied to 

pasture soils. Whilst evidence of successful DMPP inhibition on pasture soils exists 

(Rowlings et al., 2016, Di and Cameron, 2011, Liu et al., 2015a), these soils did not focus on 

crop-pasture rotations that included a cropping phase. One trial found poor DMPP inhibition 

on an Australian pasture (pHw 5.5) compared to a cropping and horticultural soil (Shi et al., 

2016b), however the soils compared were from different locations across Australia. To 

effectively determine if management induced changes in soil physicochemical properties can 

influence nitrifier abundance and DMPP efficacy, soils of the same type that are within the 

two different phases of rotational cropping must be compared.   

 

2.3.3.3 Soil pH and stratification  

 

Chemical properties including soil pH will affect the stability of an inhibitor whilst also 

altering the population of target nitrifying organisms present. DMPP has reduced efficacy in 

acidic soils (Liu et al., 2015a). The inhibitor has proved more effective in neutral and alkaline 

soils (Shi et al., 2016b) and it is postulated that the inefficiency of DMPP in acidic soils is 

due to AOA dominating nitrification (Liu et al., 2015a) of which DMPP has minimal 

inhibitory effect (Di and Cameron, 2011).  

Studies on three Australian agricultural soils determined the effectiveness of DMPP on 

inhibiting AOA and AOB varied with soil pH (Liu et al., 2015a). The application of DMPP 

significantly decreased AOA population across the three different soil pH (acidic, neutral and 

alkaline with pHw 4.6, 7.0 and 8.0 respectively) with the neutral soil displaying the greatest 

inhibition. AOB populations were unaffected in the acidic soil and it was postulated that 

AOA was responsible for nitrification in these low pH soils.  
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Table 2.5: Examples of the effect DMPP has on AOA and AOB amoA gene abundance in soils of 

varying pH across different countries.  

Nitrifier  Effect on amoA Soil pH Country Reference  

AOA Some reduction  4.6 w Australia Liu, 2015 

AOA No effect  4.8–5.9 ns Australia Duncan, 2017 

AOA No effect  5 KCl Denmark  Duan, 2017 

AOA No effect  5.4–6.1 w NZ Di & Cameron, 2011 

AOA No effect  5.44–5.65 w Australia Shi, 2016 

AOA No effect  5.5 CaCl2 Germany Kleineidam, 2011 

AOA No effect  6.1–7.3 w China  Gong, 2013 

AOA No effect  6.9 n.s China Chen, 2015 

AOA Reduced 7 w Australia Liu, 2015 

AOA Some reduction  8 w Australia Liu, 2015 

AOB No effect  4.6 w Australia Liu, 2015 

AOB Reduced 4.8–5.9 n.s Australia Duncan, 2017 

AOB Reduced 5 KCl Denmark  Duan, 2017 

AOB Reduced  5.4–6.1 w NZ Di & Cameron, 2011 

AOB No effect  5.44–5.65 w Australia Shi, 2016 

AOB Reduced 5.5 CaCl2 Germany Kleineidam, 2011 

AOB Reduced 6.1–7.3 w China Gong, 2013 

AOB Reduction 6.28–7.96 w Australia Shi, 2016 

AOB Reduced  6.78  n.s China  Li, 2008 

AOB Reduced  6.9 n.s China Chen, 2015 

AOB Reduced 7 w Australia Liu, 2015 

AOB Some reduction  8 w Australia Liu, 2015 

N.S Inhibited 5.6–6.5 w NZ Di & Cameron, 2012 

N.S Inhibited  8.3 w Australia Chen, 2010 
a AOA ammonium oxidising archaea  
b AOB ammonium oxidising bacteria 
c
 N.S not specified  

 

Table 2.5 shows that a large majority of the soils in which DMPP does not have an inhibitory 

effect are acidic. As discussed in section 2.2.2.2, soil pH can shift the dominant nitrifier 

between AOA to AOB, potentially due to substrate availability (Zhang et al., 2012). AOA are 

efficient nitrifiers with a high substrate affinity and can tolerate acidic conditions were 

substrate is limiting (Hu et al., 2013). Whilst this niche specialisation allows them to 

dominant nitrification in hostile soil conditions where soils are acidic with low substrate 

concentrations, it also means DMPP is generally ineffective in acidic soils. This has 
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implications for implementing the use of DMPP to improve NUE in southern Australian 

agricultural cropping regions.  

 

Whilst the practice of conservation tillage farming discussed in section 2.3.3.2 has improved 

many soil properties including OC content, hydraulic conductivity and water storage (Busari 

et al., 2015), soil acidification has been exacerbated by the implementation of conservation 

tillage (Scott et al., 2017). Acidification of agricultural soils is enhanced by a range of 

processes including the removal of alkaline produce, and the nitrification NH4
+

-based 

fertilisers (Xu et al., 2002, Dolling and Porter, 1994). Surface applications of lime are applied 

to ameliorate soil acidity, however lime is relatively insoluble and will only increase the pH 

of soil in direct contact (Scott et al., 2017). The most effective way to amend an acidic or 

stratified soil is to incorporate lime to depth with mechanical implements including disc 

offsets, scarifier and mouldboard plough (Reynolds and Parker, 2018). However, the practice 

of lime incorporation does not follow the same principles of conservation tillage which has 

increased pH stratification across agricultural regions of Australia (Scott et al., 2017, Burns et 

al., 2017, Evans et al., 1998, Paul et al., 2001, Condon et al., 2020a). The soil surface in 

contact with broadcast lime has a high pH underlain with acidic sub-surface layers. The 

effects of pH stratification and soil acidity on plant systems including seed germination 

(Dolling et al., 1991), plant development (Tang et al., 2003) and legume nodulation (Burns et 

al., 2017) have been well reported. However, the examination of how pH stratification may 

affect nitrifiers and DMPP efficacy has not been explored in the same detail.  

The niche pH of nitrifiers where AOA have been detected nitrifying in soils with pHw 3.81 

(Yao et al., 2011a) and AOB dominating neutral conditions (Prosser and Nicol, 2012) 

suggests that nitrification in a pH stratified soil could shift between AOA or AOB as pH 

changes with depth. Assuming one particular nitrifier controls nitrification in the topsoil may 

be misrepresentative. An Australian trial on an acidic stratified pasture soil indicated that 

nitrification decreased as the depth of soil increased (Young et al., 2002) and a second trial 

demonstrated a correlation with nitrification and pH in acidic subsurface layers (Young et al., 

1995). Whilst these studies prove that pH stratification can affect nitrification, they did not 

examine the distribution abundance of AOA or AOB or how stratification may affect DMPP. 

Understandably, at the time of publication archaea had not yet been discovered as a 

contributor to nitrification. Work investigating the distribution of amoA genes copies is 

limited, and has only been performed on bulk soil using large depth increments which do not 
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illustrate pH stratification common in Australian soils. Banning et al. (2015) concluded that 

gross nitrification rates decreased with depth where AOB were most abundant in the surface 

(0–10 cm) compared to the sub soil (10–90cm) and vice versa for AOA. This is supported by 

Wang et al. (2014) who found AOB populations declined sharply with increasing soil depth 

(20 cm increments) and decreasing AOB numbers resulted in high AOA to AOB ratios at 

depths of 40–70 cm (Leininger et al., 2006). Whilst these studies highlight the sensitivity of 

nitrifiers to pH and depth, they lack the detail relevant to agricultural systems that focus on 

seed and fertiliser placements within the top 10 cm of soil. If a pH change within a stratified 

soil can cause a shift between AOB and AOA, this may also change the effectiveness of 

DMPP. The ineffectiveness of DMPP on AOA nitrification may prove that inhibitor 

application in certain Australian agricultural systems could be redundant and uneconomical. 

There is a lack of research that examines the effect of pH stratification on nitrification, 

nitrifier abundance and the response of DMPP under these pH stratified conditions. A 

detailed examination on the distribution of nitrifiers within the topsoil is required to 

understand how to improve NUE through DMPP application. 

Effective incorporation of lime will amend pH stratification and create a relatively consistent 

pH increase for the depth of amelioration (Conyers and Scott, 1989). There is minimal 

research that combines the effects of lime amelioration with nitrifier abundance, particularly 

in regards to nitrifier distribution with depth and pH stratified soils. There is also no research 

that investigates the effects of lime application on DMPP efficacy. Literature investigating 

lime application indicates increased nitrification in response to raising the pH. Repeated lime 

applications continued to increase nitrification rates in an acidic Australian pasture soil (Islam 

et al., 2006) and the response of AOB but not AOA to lime applications is a common finding 

(Zhao et al., 2018, Banning et al., 2015, Nugroho et al., 2007). Liming also caused a 

synergistic effect where enhanced mineralisation resulted in greater substrate availability for 

nitrification and the promotion of AOB (Zhao et al., 2018). One trial examined the behaviour 

of a range of inhibitors (not DMPP) on a limed soil and found decreased inhibitor efficiency 

due to increased microbial activity (Puttanna et al., 1999). Regardless, a large literature gap 

exists comparing the behaviour of DMPP on acidic soils to lime ameliorated soils. If the 

application of lime can shift the dominant nitrifier from AOA to AOB which is the target 

organism for DMPP, then liming may improve the efficacy of the inhibitor. A direct 

comparison between a soil in its native stratified state and then amended with lime is required 

to outline how pH amelioration may cause changes in nitrifier abundance and/or DMPP 
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efficacy.   

 

2.4 Conclusion  

 

DMPP is an effective nitrification inhibitor that can be used to mitigate the negative 

environmental impacts of N fertilisers and improve crop yield. The effectiveness of DMPP is 

influenced by soil conditions that include soil moisture, OC contents and soil pH. These soil 

properties are influenced by agricultural management systems including moisture conditions 

at sowing, rotational farming and liming to ameliorate soil acidity.  

The recommendation and adoption of DMPP as a tool to improve NUE in agricultural 

systems needs to be examined in detail, specific to factors relevant and common to mixed 

farming enterprises in south-eastern Australia. Research is required to determine the effect of 

these management factors on mineral N dynamics, nitrifiers and the consequential 

effectiveness of DMPP.  

 

2.5 Research questions  

 

To evaluate how soil conditions relevant to south-eastern Australian mixed farming 

agricultural systems affects mineral N dynamics and DMPP efficacy, this research asks the 

following questions:  

Research question 1: Is DMPP efficacy affected when it is used with different NH4
+-based 

fertilisers on an Australian soil?  

 Does changing the N fertiliser type influence the inhibitor effectiveness of 

DMPP? 

 Does potential losses from urea based fertilisers affect DMPP inhibitory qualities? 

Research question 2: Will the application of DMPP onto soil of different moisture contents 

that are the equivalent of dry sowing and post seasonal break sowing affect mineral N 

dynamics and consequentially DMPP efficacy? 

 What is the effect of simultaneous water and fertiliser addition to a dry soil on 

nitrification activity? 



41 
 

 Does the pre-incubation period stipulated in literature change the behaviour of 

DMPP? 

Research question 3: Is DMPP inhibition affected by changes to soil physicochemical 

properties induced by rotational farming management practices? 

 Does the higher OC content in pasture soils reduce the efficacy of DMPP 

compared to cropping soils with lower OC content? 

  Will acidic pasture soils decrease DMPP effectiveness due to the dominance of 

AOA nitrification? 

Research question 4: Does the inhibitory efficiency of DMPP change with different layers of 

a pH stratified soil, and does the application of lime improve DMPP efficacy?  

 What is the influence of pH stratification on the distribution of nitrifier 

abundance with increasing depth? 

 If nitrifier abundance changes with depth, what is the effect of DMPP 

inhibition on the stratified layers of soil with changing nitrifier populations? 

 Will liming an acidic pH stratified soil affect DMPP inhibition? 

 

2.6 Soil selection 

 

Three soil locations were selected for sampling from south-western Victoria and southern 

NSW, Australia; Westmere Victoria (-37o 41’ S, 142o 54’ E), Inverleigh Victoria (-38o 05’ S, 

143o 56’ E) and Thuddungra NSW (-34o 06’ S, 148o 06’ E). All three locations (Figure 2.2) 

had soils currently in a rotational cropping-pasture phase and were representative of soils 

found across the broad-acre cropping region of eastern Australia. Production at these soil 

locations is dependent on autumn rainfall breaks for successful plant germination and crop 

establishment (Pearce and Miller, 2020).  
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Figure 2.2: Rotational farming areas across southern Australia that are influenced by autumn 

seasonal break rainfall events. This included the three soil locations of which soil was collected from 

for experiments in this thesis. Adapted from Pearce and Miller (2020).    
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Chapter three: The effect of soil moisture at application on the behaviour of four 

nitrogen fertilisers in the presence of 3,4-dimethylpyrazole phosphate 

 

3.1 Introduction 

 

The nitrification inhibitor DMPP is used to slow nitrification rates and consequently mitigate 

N losses from NO3
- leaching and gaseous emissions associated with denitrification (Yang et 

al., 2016). DMPP can be used with a range of N-fertilisers include urea (Rowlings et al., 

2016), ammonium sulphate (Tindaon et al., 2012) and ammonium-sulphate-nitrate 

(Kleineidam et al., 2011). Through the inhibition of nitrification, mineral N is maintained in 

the form of NH4
+ for longer which potentially increases nitrogen use efficiency and plant 

availability of applied fertilisers.  

In incubation studies examining DMPP effectiveness, it is common for DMPP and N 

fertiliser to be applied to a soil that has already been pre-moistened and incubated (Liu et al., 

2015a, Kong et al., 2016, Yang et al., 2013). This is done to achieve equilibration in soil 

microbial processes before treatments are applied. The application of water to dry soil 

stimulates microbial processes including mineralisation, immobilisation and nitrification (Yu 

and Ehrenfeld, 2009). This often results in flushes of N and C soon after water application 

(Mikha et al., 2005). Whilst applying DMPP and N fertilisers to a moistened soil in an 

experimental situation eliminates microbial fluctuations, it does not reflect the increasingly 

common field practice of sowing into dry soil.  

Climate change has increased the variability of rainfall events that are required at the start of 

the growing season for crops to successfully germinate (Pook et al., 2009). Nitrogen 

fertilisers and DMPP that are generally applied at the time of sowing are consequently 

exposed to potentially dry soil conditions. Additionally, urea containing fertilisers must 

undergo urea hydrolysis before the DMPP can effectively inhibit nitrification. Nitrogen losses 

associated with urea hydrolysis are widely reported in literature (Gioacchini et al., 2002) with 

volatilisation losses reaching up to 40% of applied N lost (Rowlings et al., 2016). These 

losses can be reduced by the addition of rain water or irrigation (Dawar et al., 2011). 

However, there is a lack of research that examines if the application of DMPP with fertilisers 

in a dry-sowing scenario will affect the inhibitors ability to suppress nitrification. The 

purpose of this experiment is to quantify the mineral N recovery rates to determine if the 
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inhibitory performance of DMPP is effected by various agricultural nitrogen fertilisers under 

two different soil moisture conditions. It is expected that decreased mineral N recoveries will 

occur for fertilisers containing urea and for dry incubated soils that will rapidly experience 

microbial flushes upon moisture addition. 

 

3.2 Materials and methods  

 

Soil was collected from the surface (0– 10 cm) of a brown Sodosol pasture at Westmere, 

Victoria (-37o41’S, 142o54’E).  Soil was mixed for homogenisation, air dried and sieved (< 2 

mm). The Westmere soil was a sandy loam, pH 5.07 (CaCl2), OC 2.28%, mineral N 0.17% 

and cation exchange capacity (CEC) 10.30 cmol(+) kg-1 as determined by methods in 

Rayment and Lyons (2011). For detailed soil analysis results and methodology regarding the 

determination of soil physicochemical properties and mineral N and urea concentration 

please refer to Table 4.6 and Chapter 4.3 respectively.  

Two soil moisture treatments were applied; soil samples were moistened gravimetrically to a 

weight equivalent to -85 kPa (wet) or were left in an air-dried state (dry). This was equivalent 

to 27±1% and 3±0.2% gravimetric moisture content respectively. Soil moisture content at -85 

kPa water potential was determined using a pressure plate (Richards and Fireman, 1943). The 

experiment was conducted using 250 mL sterile plastic containers of 63 mm internal diameter 

to which 100 g of air dry-soil was added. Pre-incubation treatments were then applied to 

these soils where wet incubated soils were moistened to mass of the water potential of -85 

kPa and dry incubated soils were kept air-dried and did not receive any water during the pre-

incubation stage. Both treatments were incubated at 20 ˚C in the dark for a week before 

treatment application. 

Four fertiliser treatments were applied in a liquid form from working standards; urea, urea 

ammonium nitrate (UAN), ammonium nitrate (NH4NO3) and ammonium sulphate 

((NH4)2SO4).  Nitrogen was applied at an equivalent rate of 30 kg N ha-1 (equivalent to 94 mg 

kg-1) with and without DMPP applied at 0.5 kg DMPP ha-1. A control of deionised water was 

also used. Treatment application used 5 mL of working standards and were injected mid-

depth into the pot in a circular motion to simulate sowing. Dry incubation treatments were 

wet gravimetrically to a weight equivalent of -85 kPa after treatment application. Soil 

containers were incubated for a week after treatment application at 20 ˚C and container lids 
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were loosely screwed on to allow for air exchange. Containers were aerated twice by 

removing the lid for 3 minutes. Watering to weight occurred twice weekly where appropriate 

to maintain the correct soil moisture content. 

Destructive sampling and extraction from soil occurred immediately after treatment 

application at day 0 and again on day 7. Day seven was selected as the termination point of 

the experiment to capture the effect of the initial moisture conditions on short term N 

transformations. Sampled containers were mixed thoroughly and then soil was collected from 

each sample for mineral N and gravimetric water content. The concentration of NH4
+ and 

NO3
- was tested using 20 g of soil extracted in 100 mL of 1 M KCl-PMA shaken end-over-

end for one hour with a subsequent settling period of 30 minutes. The supernatant was 

filtered through Whatman 42 filter paper and analysed colourimetrically using an automated 

SEAL AQ2 discrete analyser. Urea analysis was performed using the method described by 

Mulvaney and Bremner (1979). The incubation trial was conducted in a randomised block 

design with three replicates and results are reported as treatment minus control. Statistical 

analysis was performed using R (version 3.4.2). The effect and interaction of fertiliser x 

incubation x inhibitor on mineral N was examined using multi-way ANOVA. Results 

reported as statistically significant were done so at the 95% confidence interval.  

 

3.3 Results 

 

At sampling time zero there was no significant difference between fertiliser type, inhibitor 

use or incubation method. Due to the different nitrogen components of the various fertilisers 

the concentrations of NH4
+ and NO3

- were significantly different between fertilisers. Samples 

at day 7 showed a significant difference between wet and dry treatments (Figure 3.1). Except 

for (NH4)2SO4, all fertiliser treatments that were wet prior to application had significantly 

higher total mineral N concentrations at day 7 than their dry-incubated counterparts. The 

application of DMPP effectively inhibited nitrification for all fertilisers and maintained 

mineral N in the form of NH4
+ at a significantly higher concentration than fertilisers without 

DMPP. When DMPP was not used, the NH4
+ concentrations decreased whilst the NO3

- 

concentrations increased. DMPP had no effect on the overall cumulative concentration of 

mineral N from fertilisers. Urea containing fertilisers underwent urea hydrolysis after 

application to the soil at day 0 and no urea was detected after a week of incubation. For wet 
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soil treatments, mineral N of the urea treatments were significantly lower at day 7 than the 

other fertilisers used. Alternatively, in dry incubated conditions both urea and UAN had 

significantly lower mineral N concentrations.  

 

Figure 3.1: Mineral N (sum of NH4
+, NO3

- and urea) concentrations of four different fertilisers (urea, 

UAN, NH4NO3 and (NH4)2SO4) with and without DMPP in both wet (W- solid columns) and dry (D-

hashed columns) pre-incubated soils at sampling day 0 and 7. LSD indicates a two-way interaction 

between N treatments and incubation (p< 0.05) and n.s.= no significance. Error bars represent the 

standard error of the mean.  
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3.4 Discussion  

 

Mineral N concentrations were significantly higher when fertilisers and DMPP were applied 

to a wet soil compared to if they were applied to a dry soil (Figure 3.1). When a soil is 

moistened from a rainfall or irrigation event, changes in microbial dynamics ensue. A flush of 

C and N mineralisation occurs (Mikha et al., 2005) and nitrifying organisms increase in 

population. Many of these microbial changes occur within a week of addition of soil moisture 

(Iovieno and Baath, 2008). In this experiment, the soils that were pre-moistened had a week 

to equilibrate changes in microbial dynamics before fertilisers and DMPP were applied. This 

is equivalent to a seasonal break rainfall event occurring on dry soil a week before sowing. 

An equilibrium in microbial processes had already been achieved before the nitrogen 

fertilisers and DMPP was applied at sowing. A large proportion of soil microorganisms 

would be operating at full capacity by the time N was added and thus the inhibitor would 

have maximal effect at inhibiting the nitrification of NH4
+. For the dry soil, these microbial 

changes would have occurred simultaneously when fertiliser, DMPP and water was added. 

Fluctuations in microbial populations are occurring at the same time that DMPP is attempting 

to inhibit the oxidation of N fertiliser. Large losses of applied N fertiliser can also occur via 

immobilisation of N after the addition of rainfall (Rowlings et al., 2016). These changing 

microbial dynamics potentially contributed to the decreased recovery of mineral N applied to 

dry soils. Results indicate that decreased losses of mineral N occur when fertiliser and DMPP 

are applied onto moistened soil compared to dry soil. For maximised N availability to plants, 

applying fertilisers and DMPP to moistened soil will increase efficiency.  

In dry incubated soil, fertilisers containing urea had lower mineral N concentrations than the 

NH4
+-based fertilisers. For urea to become plant available it must first undergo the process of 

urea hydrolysis. This microbial reaction is catalysed by the enzyme urease and produces 

hydroxyl ions that increase the soil pH (Angus et al., 2014). This temporary increase in pH 

can promote NH4
+ volatilisation where N is lost as NH3 to the atmosphere. A 28–37% loss of 

urea due to volatilisation was recorded by Soares et al. (2012) with a peak in N loss observed 

on the third sampling day. In field conditions, Rowlings et al. (2016) found that up to 40% of 

applied urea was lost throughout the growing season when applied to an Australian pasture 

with some losses attributed to volatilisation. This supports the findings established in this trial 

where significant losses of more than 20% in mineral N for wet and dry urea and dry UAN 

occurred, compared to other fertilisers at sampling day 7 (Figure 3.1). It is postulated that 
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volatilisation losses occurred for these urea containing fertilisers which resulted in decreased 

recoveries of mineral N. The urea treatment had greater losses as there was a higher 

concentration of urea present than in the UAN fertiliser.   

Whilst applying N fertilisers to a moistened or dry soil appeared to affect the recovery of 

mineral N, soil moisture conditions did not affect the inhibition efficiency of DMPP. In both 

soil conditions the inhibitor supressed the activity of nitrifying organisms and maintained a 

large portion of mineral N as NH4
+. This successful inhibition of nitrification by DMPP 

occurred across all four fertiliser types. By maintaining mineral N as NH4
+, the risk of N 

losses like NO3
- leaching and denitrification is decreased. The use of DMPP has been found 

to improve nitrogen use efficiency is a range of cropping and pasture situations when used in 

conjunction with N fertilisers (Rowlings et al., 2016).  

 

3.5 Conclusion  

 

The greatest difference to pre-incubation occurred for UAN where fertilisers that were 

applied to dry soil had decreased mineral N concentrations compared to fertilisers applied to 

moistened soils. It is proposed that moistened soils had equilibrated microbial activity and 

hence treatment application occurred on soil that had relatively stable microbial activity. It is 

probable that the dry soils experienced flushes of microbial changes simultaneously with the 

application of N fertilisers and water. For this reason, UAN was chosen as the fertiliser for 

more detailed incubation studies described in the following chapters.  
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Chapter four: Nitrification inhibition efficacy of 3,4-dimethypyrazole phosphate is 

sensitive to management on neutral but not acidic soils 

 

Chapter 3 demonstrated that DMPP effectively inhibited nitrification regardless of the 

nitrogen fertiliser applied. Additionally, fertilisers applied to dry soils recorded decreased 

mineral N concentrations over the seven day incubation which was attributed to fluctuations 

in microbial dynamics.  

The results from Chapter 3 highlight the need for further investigation of the effects of soil 

moisture at the time of fertiliser and inhibitor application. This is done in this chapter within 

the context of differing agricultural rotational practices.  

Chapter four is written in paper format and has been submitted to the CSIRO publishing 

Journal of Soil Research titled “Nitrification inhibition efficacy of 3,4-dimethylpyrazole 

phosphate is sensitive to management on neutral but not acidic soils” for review. Minor 

changes have been made to the text, figures and tables to ensure units and terminology are 

consistent throughout the thesis.  
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4.1 Abstract 

 

The nitrification inhibitor DMPP is used to suppress the oxidation of applied nitrogen 

fertilisers. The effectiveness of DMPP inhibition is dependent on a range of soil factors 

including pH and soil OC content.  This incubation study identified the effect of agricultural 

management practices and soil moisture content at the time of nitrification inhibitor 

application on the efficiency of DMPP and the resulting mineral N processes. Soils were 

collected from three sites. At each site, soil was collected from two paddocks with contrasting 

management, cropping or pasture. Treatments were applied to moist (-80 kPa) or air dried 

soil to simulate sowing into soil with moisture equivalents of post seasonal break or dry 

sowing. Urea ammonium nitrate (UAN) was applied with and without DMPP to all soils. The 

concentration of soil mineral N and DMPP, and amoA gene abundance of AOA and AOB 

was measured weekly for four weeks. At all sites, pasture soils had higher OC content and 

lower pH compared to cropped soils. DMPP successfully inhibited nitrification in all soils, 

although decreased inhibitory effectiveness was observed in pasture soils compared to 

cropped soils. Decreased DMPP inhibition was also observed in soil locations that were 

acidic, regardless of management practice. Lower AOB amoA gene copy numbers occurred 

in acidic soils, and DMPP decreased the AOB population, whilst AOA amoA gene copy 

numbers were unaffected by DMPP use. Increased nitrification rates occurred when fertiliser 

was applied to a dry incubated soil. DMPP effectively inhibited nitrification in neutral pH 

soil conditions regardless of application onto wet or dry soil, although DMPP had greater 

inhibition efficiency in acidic soils when it was applied to a dry soil rather than wet. 

Variations in mineral N dynamics for dry and wet incubated treatments at week 1 were 

attributed to immobilisation and mineralisation respectively. Despite these fluctuations, 

DMPP supressed nitrification and maintained N in the form of NH4
+ for the duration of the 

experiment. This study shows that pasture management decreases soil pH and increases OC 

content that can reduce the efficacy of DMPP. This observation was significant at soil 

locations that had relatively neutral pH, however as the pH of soils decrease, the effect of 

management is reduced. DMPP efficacy was improved on acidic soils by application onto dry 

soils. When using DMPP in an Australian agricultural broad-acre setting, knowledge of soil 

properties including soil pH will determine if application of DMPP is suitable for use before 

or after a seasonal break rainfall event.  
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4.2 Introduction 

 

The biological oxidation of NH4
+ is performed by ubiquitous soil microorganisms called 

nitrifiers. Aerobic chemoautotrophic AOB and AOA oxidise NH4
+ to the intermediate 

hydroxylamine using the enzyme AMO (Prosser and Nicol, 2012). Any NH4
+-based 

nitrogenous fertilisers that are applied to the soil are subject to the nitrification process, but 

their loss via NO3
- leaching and denitrification can be mitigated with the use of nitrification 

inhibitors which can suppress the formation of NO3
-. Inhibitors slow the metabolism of NH4

+ 

by targeting the AMO enzyme (Gilch et al., 2009). The nitrification inhibitor DMPP has 

proven successful at supressing nitrification in a range of soil types, climates and crop types 

by increasing yields and improving grain quality (Pasda et al., 2001). In Australia and New 

Zealand, DMPP use has become increasingly common to improve NUE in horticultural crops 

(Shi et al., 2016b), pastures (Gilsanz et al., 2016, Rowlings et al., 2016), cereals (Jamali et al., 

2016), grain sorghum (Lester et al., 2016) and sugarcane production (Wang et al., 2016).  

Whilst DMPP has proved effective at inhibiting nitrification on a range of soils (Liu et al., 

2015a), its efficiency can be altered by the type of nitrifier present in the soil biota (Shi et al., 

2016b, Shi et al., 2016a).  

 

AOA appear impervious to DMPP use (Liu et al., 2015a, Duncan et al., 2017) whilst AOB 

are successfully inhibited by DMPP (Di and Cameron, 2011). Although the DMPP mode of 

action on different nitrifiers is indistinct, current hypotheses postulate differences in archaeal 

and bacterial cell biochemistry enable AOA to resist inhibitory effects of DMPP (Kleineidam 

et al., 2011). Soil physical and chemical properties can influence the type and abundance of 

nitrifiers that are present in the soil. AOB respond positively to high NH4
+ substrate 

concentrations (Ouyang et al., 2016) with adequate soil moisture (5–15% soil water content 

w/w) (Marcos et al., 2016), and whilst they have been detected in acidic soils (pHw 5.65) at 

low abundances, they dominate neutral (pHw 7.19) soil conditions (Shi et al., 2016a). 

Alternatively, AOA are predominantly the active nitrifiers in acidic soil conditions and can 

withstand low substrate levels (Verhamme et al., 2011). Evidence of the niche specialisation 

of AOA to nitrify in acidic soils is developing. Nitrification was subjugated by AOA in two 
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acidic agricultural Scottish soils with pH (method not specified) 4.5 and 6 (Gubry-Rangin et 

al., 2010) and have even been recorded in soils with a pHKCl as low as 3.3–3.9 (Zhang et al., 

2012). In acidic Australian soils, AOA were found in greater abundance than AOB (Liu et al., 

2015a). Increasing the soil pH has actually shown to cause a decline in archaeal counts (Nicol 

et al., 2008) whilst AOB respond oppositely with a decrease in pH negatively affecting AOB 

population numbers (Yao et al., 2011a). Agricultural management practices such as crop-

pasture rotations can alter soil physio-chemical properties like pH and OC content. With 

these soil properties directly impacting the nitrifying population, it is possible that differing 

management practices may influence the effectiveness of DMPP. Some research has 

indicated that microbial populations can respond to changes in soil properties induced by 

management practices (Gupta, 2010), however, a detailed exploration on how management 

practices may affect AOA and AOB populations is required. 

Soil bio-chemical components are not the only impeding factor influencing DMPP efficacy. 

Sorption of DMPP to soil colloids occurs in soils that have high concentrations of clay and 

OM. Barth et al. (2008) found DMPP effectively supressed nitrification in sandier soils with 

low OC contents, particularly under conditions of high moisture content. The input and 

maintenance of soil OC levels is influenced by crop-pasture rotations including plant type, 

permanency of the crop and tillage practices. The heterotrophic catabolism of OC is 

promoted through increased tillage (Gupta et al., 1994) and thus an undisturbed pasture is 

likely to have higher OC levels than a continuously cropped soil. Despite the shift in 

Australian agricultural practices to promote OC conservation in cropped soils via the 

implementation of minimum tillage, pasture management phases are still typically used to 

restore OC levels of cropped soils (Chan et al., 2011). The management of pastures can also 

influence OC content (Orgill et al., 2018). The increased concentration of OC in pasture soils 

may reduce the effectiveness of DMPP by physical binding of the inhibitor to OC. Another 

practice that is becoming increasingly commonly in Australian dryland agriculture is dry 

sowing. Late seasonal rainfall breaks mean that producers must sow crops into conditions of 

low soil moisture in the anticipation of a rainfall event post sowing (Fletcher et al., 2015).  

The wetting up of a dry soil will affect biological activity and may stimulate flushes in 

mineralisation (Mikha et al., 2005) that increase mineral N concentration (Paul et al., 2001) 

and enhance nitrification (Marcos et al., 2016). Growth in AOB populations can occur as 

little as one hour after water addition whilst AOA response is more delayed (9 hours) 

(Placella and Firestone, 2013). For this reason, it is common in soil microbial literature to 
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report an equilibrium period in the methodology where soils are moistened before treatments 

are applied (Di and Cameron, 2011, Liu et al., 2015a, Chen et al., 2015a). This reduces the 

risk of microbial flushes interfering with treatment effects. Whilst this is appropriate in some 

experiments, it does not reflect the in-field situations of temperate Australia where sowing is 

now often performed in sub-optimal soil moisture (Pook et al., 2009). Despite the extensive 

reporting of microbial responses to wet and dry cycles (Iovieno and Baath, 2008, Jedidi et al., 

1996, Mikha et al., 2005), limited studies exist that examine the behaviour of DMPP when 

applied to soils of differing moisture contents. DMPP is an effective tool in mitigating N 

losses (Akiyama et al., 2010), but the consequences of applying N fertiliser in conjunction 

with DMPP to different soil conditions must be understood to maximise N use efficiency.  

The following work aims to explore the effects of crop-pasture rotations and soil moisture 

content at sowing on microbial mineral N processes in the presence of DMPP. It is 

hypothesised that management induced changes to physicochemical properties and nitrifying 

communities of soils will affect the influence of DMPP on soil mineral N. Additionally, 

application of DMPP to dry soils will result in different fluxes of N than application to moist 

soil and this may affect DMPP efficacy.  

 

4.3 Method 

 

An incubation trial was conducted in a randomised block design with three replicates. 

Treatments included urea ammonium nitrate (UAN) without or with DMPP (treatments 

referred to as UAN or DMPP respectively) applied to soils previously incubated in either wet 

or dry conditions. Untreated controls were also included for both wet and dry pre-incubated 

soils. Soils used were collected from three sites in Eastern Australia; Westmere Victoria (-

37o41’S, 142o54’E), Inverleigh Victoria (-38o05’S, 143o56’E) and Thuddungra NSW (-34o06’ 

S, 148o06’ E). At each location, soil was collected from neighbouring paddocks sharing the 

same soil type but having different management histories; these being crop or pasture for a 

minimum of four years.  

 

4.3.1 Soil collection and physicochemical analysis  

 

Soil from paddocks at each site was randomly collected from a 20 m2 area using a 10 cm core 
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to accumulate approximately 30 kg of soil. Soil was mixed for homogenisation, air dried and 

sieved through a 2 mm sieve. Soil pH was determined using the extracting solutions of water 

and CaCl2 in a 1:5 soil- water suspension (Rayment and Lyons, 2011) using a Satorius 

benchtop probe and meter. Electrical conductivity was measured using a 1:5 soil-water 

suspension and Satorius benchtop conductivity probe. Exchangeable cations (Ca2+, K+, Mg2+ 

and Na+) were extracted with 1 M ammonium acetate and analysed using Atomic Absorption 

Spectroscopy and exchangeable aluminium was extracted with 1 M potassium chloride 

(Rayment and Lyons, 2011). Cation exchange capacity was calculated by the sum of cations. 

Soil phosphorus was determined as Colwell P using a 1:100 soil-extractant (0.5 M NaHCO3). 

A Leco CNS analyser measured soil total C, N and sulphur. The initial physical and chemical 

properties of sampled soils were measured using multiple samples of homogenised soil and 

are reported in Table 4.1. 

 

4.3.2 Incubation treatments 

 

Two pre-incubation moisture contents where applied to soils; wet or dry incubation. These 

reflected conditions similar to sowing N fertilisers in soils with adequate soil moisture (wet) 

or prior to an adequate seasonal break (dry). Soil moisture contents for the wet treatments 

were determined from duplicate samples using a pressure plate apparatus set at -85 kPa water 

potential (Richards and Fireman, 1943). The water potential of -85 kPa, which was equivalent 

to 20–25% gravimetric moisture content and was used to represent wet soil, minimised the 

formation of anaerobic microsites and ensured soil moisture did not limit microbial activity. 

Dry incubated soils had a moisture content equivalent to 2–3%.  

The experiment was conducted using 250 mL sterile plastic containers of 63 mm internal 

diameter to which 100 g of air dry-soil was added. Pre-incubation treatments were then 

applied to these soils where wet incubated soils were moistened to mass of the water potential 

of -85 kPa and dry incubated soils were kept air-dried and did not receive any water during 

the pre-incubation stage. Soil containers were pre-incubated at 20 ˚C in the dark for a week 

prior to N fertiliser and DMPP treatment addition. 

 

4.3.3 N and inhibitor treatments  

 

Application of the nitrogen and inhibitor treatments occurred to soils from both management 
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practices of cropping and pasture, and all soils types for both wet and dry pre-incubated 

samples. A control of deionised water without nitrogen or inhibitor was also used. Nitrogen 

as urea ammonium nitrate (UAN) was applied at a rate of 30 kg ha-1 (93.8 kg UAN ha-1) 

based on surface area. To half the soils, DMPP as Vizura was added at the recommend rate of 

0.5 kg DMPP ha-1 (3.5 kg Vizura ha-1).  

These treatments were applied using solution of UAN at 32% N and specific gravity of 1.32, 

and Vizura (DMPP) with a specific gravity of 1.23 g/cm3.  A working standards using 11.69 

g of UAN solution with deionised water added to 2 L was created. The UAN + DMPP 

standard was created by adding 11.69 g of UAN and 0.44 g of Vizura, made to 2 L with 

deionised water. Standards were inverted for mixing before application. Treatment 

application used 5 mL of either UAN or UAN+DMPP working standards which is equivalent 

to 64.3 mg kg-1of NH4
+, 102.3 mg kg-1of urea and 64.3 mg of NO3

- kg-1 for applied UAN, 

plus an additional 1.6 mg kg-1 DMPP for UAN + DMPP treatments. The control used 5 mL of 

deionised water and all treatments were applied mid-depth to the pot using a pipette in a 

circular motion to simulate a sowing scenario.  

Upon treatment application, the dry incubated soils were then wet up to a weight equivalent 

of -85 kPa water potential. After treatments were applied, all containers were kept incubated 

at 20 ˚C with container lids loosely screwed on. Containers were aerated twice weekly by 

removing the lid for 3 minutes. Watering to weight occurred twice weekly where appropriate 

to maintain the correct soil moisture content. 

 

4.3.4 Soil sampling and analysis 

 

Destructive sampling was performed on weeks 0, 1, 2, 3 and 4 following application of N and 

DMPP. At sampling, soil within the sample container was mixed thoroughly and then soil 

was subsampled from each vessel for analyses of DNA, mineral N, DMPP and gravimetric 

water content. Extraction for mineral N, urea and DMPP concentrations occurred 

immediately after sampling.  

 

4.3.5 Mineral N and urea 

 

The concentration of NH4
+ and NO3

- were analysed from 20 g of soil extracted in 100 mL 1 

M KCl shaken end-over-end for one hour with a subsequent settling period of 30 minutes. 
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The supernatant was filtered through Whatman 42 filter paper and analysed colorimetrically 

using an automated SEAL AQ2 discrete analyser. Nitrate and nitrite concentrations were not 

separated by analysis and thus reported NO3
- concentrations are representative of the sum of 

both soil NO3
- and nitrite. Standard soils and blanks were regularly used throughout analysis 

to monitor quality control. 

Extraction for urea analysis occurred at week 0 upon treatment application and then again at 

week 1. Sampling for urea analysis occurred immediately after treatment application using 

the method adapted from Mulvaney and Bremner (1979). Approximately 20 g of soil was 

added to 100 mL of 1 M KCl containing 10 𝜇g of phenylmercuric acetate (PMA) mL-1 before 

shaking end over end for one hour with a following settling process for 30 minutes post 

shaking. Extracts were collected by filtering the solution with a Whatman No 42 filter paper. 

Colour reagents (diacetyl monoxime, thiosemicarbazide and sulfuric/ phosphoric acid 

reagent) and calibration standards were prepared as described by Mulvaney and Bremner 

(1979). A 1 mL aliquot of filtered sample extract was made to 10 mL using the KCl-PMA 

solution before adding the colour reagent and incubating in a water bath for 30 minutes at 85 

oC ± 0.5 oC. Upon removal, extracts were cooled under running water for 10 minutes. 

Contents were made to 50 mL before being analysed colorimetrically at 527 nm using a 

Thermo Scientific UV-visible spectrophotometer. Gravimetric moisture content was 

determined using approximately 30 g of moist soil dried at 105 oC for 24 hours and the result 

used to report all mineral N, urea analysis and gene abundance results on an oven-dry soil 

basis.  

 

4.3.6 DMPP analysis  

 

All plastic tubing used in the extraction process was coated with Coatasil™ before use to 

improve repellence of organic chemicals. A sample of 7±1 g of soil was weighed accurately 

into a 50 mL centrifuge tube before being spiked with 50 µl of internal standard (5-methyl-

1H-pyrazole) and extracted with 15 ml of acetonitrile. Samples were shaken end-over-end 

(30 min) and then centrifuged (1000 x g for 5 min) to allow the supernatant to be collected. A 

further 15 mL of acetonitrile was added to the sediment to extract the remaining DMPP and 

the extracts combined in a clean tube. Approximately 5 g of Agilent Technologies Bond elut 

MgSO4 was added to each tube and shaken to dry the extract before centrifuging (2100 x g 

for 5 min). The supernatant was evaporated under nitrogen and resuspended in methanol 
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(1000 µl). Samples were analysed for DMPP concentration using liquid chromatography- 

tandem mass spectrometry according to the parameters outlined by Doran et al. (2018).   

 

4.3.7 Real-time semi quantitative PCR of AOA and AOB amoA genes 

 

Total nucleic acids were extracted from each management and incubation treatment for all 

soil locations using a pooled sample of the replicates for each treatment for weeks 0, 1 and 4.  

Soil DNA was extracted from 0.25 g of wet soil that was previously stored at –80 ˚C using a 

Qiagen DNeasy soil extraction kit as per the manufacturer’s instructions. Extracted DNA was 

stored at -80 ˚C until PCR analysis. Gene amoA copy numbers per gram of dry soil for AOA 

and AOB were determined using the primers amoA-1F and amoA-2R (Rotthauwe et al., 

1997) for AOB amoA and Arch-amoAF and Arch-amoAR (Francis et al., 2005) for AOA 

amoA. A Nanodrop ND-1000 spectrophotometer was used to quantify DNA concentration 

prior to amplification.  

Standard curves were produced using a 1/10 dilution series of a DNA sample using arbitrary 

assigned concentrations for semi-quantitative analysis. Standards were generated using a 

Myra liquid handling system (Bio Molecular Systems). Standards, samples and no template 

controls (NTC) were all amplified in triplicate for each primer set. Real-time polymerase 

chain reaction (PCR) was performed on a Mic qPCR cycler (Bio Molecular Systems) with 

amplification settings of an initial denaturation for 5 minutes at 95 ˚C followed by 40 cycles 

of 95 ˚C for 5 seconds, 60 ˚C for 30 seconds and 72 ˚C for 45 seconds. This was followed by 

a conditioning period of 95 ˚C for 19 seconds and melt cycle from 72–95 ˚C with temperature 

increasing 0.3 ˚C per second. The assay for AOA and AOB amoA gene abundance analysis 

was the same. The 20 µl reaction for AOA contained 6 µl of molecular grade water, 10 µl of 

2X Perfecta SYBR Green FastMix mastermix, 1 µl of each primer (0.5 µM) and 2 µl of DNA 

template. The AOB 20 µl reaction contained 5.6 µl of molecular grade water, 10 µl of 2X 

Perfecta SYBR Green FastMix mastermix (Quantabio), 1.2 µl (0.6 µM) of each primer and 2 

µl of DNA template. Samples were analysed against the standard curve using micPCR 

v2.8.13 software.  

 

4.3.8 Statistical Analysis  

 

Statistical analysis was performed using R (version 3.4.2) (R-development-Core-Team, 
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2020). The effect and interaction of sampling time, DMPP treatment and incubation on 

mineral N was examined using multi-way ANOVA for each management per soil location. 

The control mineral N concentration was deducted from UAN and DMPP treatments before 

analysis to remove the mineral N of the background, untreated soil. Apparent recovery of 

applied N is calculated as the sum of NH4
+, urea and NO3

- divided by the applied nitrogen 

and reported as a percentage. A two-way ANOVA was used to examine the effect and 

interaction of soils from each location and management using the percentage of mineral N 

existing as NH4
+ for UAN treatments deducted from the percentage of mineral N existing as 

NH4
+ from DMPP treatments at week 4 sampling.  Gene abundance for AOA and AOB amoA 

was determined using the average of triplicate PCR assays for each DNA sample. Data was 

logarithmically transformed to fit the assumptions for ANOVA for both AOA and AOB 

amoA gene abundance. The effect and interaction of incubation, sampling time and DMPP 

use on gene abundance for each management per site location was examined using multiway 

ANOVA on the transformed data. The effect and interaction of incubation and sampling time 

on DMPP concentrations was examined for each management per soil location. Results 

reported as statistically significant were done so at the 95% confidence interval.  

 

4.4 Results 

 

4.4.1 Soil physical and chemical properties  

 

Soil properties varied across the three locations (Table 4.1). At each location, soil physical 

and chemical properties also differed between cropping and pasture managed soils. Soil pH 

was higher in all three cropped soils, and their corresponding pasture soils generally recorded 

half a pHCa unit lower. TOC was higher in pasture managed soils compared to cropped soils. 
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Table 4.1: Soil physical and chemical properties for cropping and pasture managed soils at three 

different locations.  

 

4.4.2 Mineral N 

 

Urea concentrations recorded at week 0 were not significantly different for all treatments 

(mean 67.5 mg kg-1 ± sd 2.4). Urea analysis at week 1 detected no presence of urea for any 

treatment and thus urea concentrations are not displayed in Figure 4.1.  

 Inverleigh Westmere Thuddungra 

 Cropping pasture Cropping pasture Cropping pasture 

Texture 

Sandy 

loam 

Sandy 

loam 

Sandy 

Loam 

Sandy 

loam 

Clay 

loam 

Clay 

loam 

Soil classification 

Brown 

Sodosol 

Brown 

Sodosol 

Brown 

Sodosol 

Brown 

Sodosol 

Brown 

Sodosol 

Brown 

Sodosol 

Soil pH (1:5 CaCl2) 6.22 5.86 5.66 5.07 5.2 4.7 

Soil pH (1:5 water) 7.46 7.17 6.91 6.75 6.88 6.13 

EC  1:5 water (dS m-1) 0.12 0.08 0.12 0.06 0.16 0.24 

Total organic Carbon (%) 0.95 2.17 1.88 2.28 1.7 2.01 

Total N (%) 0.07 0.17 0.16 0.17 0.14 0.17 

Nitrate-N (mg kg-1) 27.44 21.91 11.86 10.51 43 67 

Ammonium-N (mg kg-1) 4.91 21.25 16.07 5.29 2.1 2.2 

Colwell P (mg kg-1) 51 59 81 44 82 78 

PBI  (PBI-Col) 27 24 57 47 48 42 

Sulphate KCl ( mg kg-1) 3.8 7.1 4.1 16.0 11 14 

CEC  (cmol(+) kg-1) 7.85 8.255 10.26 6.15 6.67 7.37 

Ex Ca (cmol(+) kg-1) 6.50 6.60 8.30 7 4.7 5.3 

Ex K (cmol(+) kg-1) 0.73 0.79 0.71 0.6 1.3 1.3 

Ex Mg (cmol(+) kg-1) 0.51 0.82 1.00 1.3 0.64 0.72 

Ex Na (cmol(+) kg-1) 0.11 0.045 0.25 0.25 0.03 0.05 

Ex Al (cmol(+) kg-1) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 
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Figure 4.1: Mineral N (NH4
+ and NO3

-) concentrations for DMPP (circles) and UAN (squares) for 

wet (white) and dry (black) incubation treatments at each soil location and management type. Error 

bars represent the standard error of the mean. LSD bar indicates a significant interaction between 

time, DMPP and incubation treatments (p <0.05). 
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The use of DMPP treatments in wet and dry incubated soils over time effected NH4
+ 

concentrations. A three way interaction between time, DMPP treatments and wet and dry 

incubation occurred for all soils except the Westmere cropped and Thuddungra pasture soils 

(Figure 4.1). Week 1 recorded the highest NH4
+ concentrations for all treatments followed by 

a decline in NH4
+ as nitrification occurred. The rate at which concentrations declined was 

dependent on DMPP treatment, incubation and time. This also varied between site locations 

and managements regimes.  

Inverleigh cropped NH4
+ concentrations for DMPP treatments were significantly higher than 

UAN treatments after week 2 (Figure 4.1). At week 4, dry incubated DMPP recorded the 

highest NH4
+ concentration followed by wet incubated DMPP, whilst wet and dry incubated 

UAN treatments were lowest. The Inverleigh pasture soils wet incubated DMPP maintained 

the highest NH4
+ concentrations after week 1. Dry incubated DMPP was significantly lower 

than wet incubated UAN by the completion of the experiment. Dry incubated UAN recorded 

the lowest NH4
+ concentration with complete oxidation occurring by week 3.  

The Westmere pasture dry incubated DMPP maintained the highest NH4
+ concentration and 

was significantly higher than dry incubated UAN in that soil after week 1 (Figure 4.1). Wet 

incubated DMPP also maintained significantly higher NH4
+ concentrations than wet UAN.  

Thuddungra cropped dry DMPP recorded the highest NH4
+ concentration at week 4 followed 

by wet incubated DMPP. Both UAN treatments were significantly lower than DMPP 

treatments. Dry incubated UAN recorded the lowest NH4
+ concentration for weeks 3 and 4.  

For locations and managements that did not record a three way interaction (Figure 4.1), any 

significant two way interactions are presented in Table 4.2. The Westmere cropping and 

Thuddungra pasture soils both recorded a two way interaction between DMPP treatments and 

time (Table 4.2) where the use of DMPP maintained significantly higher NH4
+ concentrations 

than UAN treatments. Concentrations were significantly different from week 2 for Westmere 

cropped soils and week 3 for Thuddungra pasture soils.   
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Table 4.2: The two way interaction of treatments (DMPP x time, Incubation x time) on mineral N 

concentrations (NH4
+
 mg kg-1 and NO3

- mg kg-1) for locations and managements displaying 

significant difference. Differing letters for each interaction (across rows) indicate significant 

difference between treatments (Wet and Dry, or UAN and DMPP) and time.  

Location & 

management  

Interaction Mineral N 

form  

Treat

-ment  

Mineral N concentration (mg kg-1) 

Week 0 Week 1 Week 2 Week 3 Week 4 

Inverleigh 

pasture  

Incubation 

x time 

NO3
- Wet 27 ad 48 b 57 be 69 e 99 f 

Dry 42 a 10 cd 44 b 107 fg 116 g 

DMPP x 

time 

NO3
- UAN 36 a 32 a 48 ab 100 c 124 e 

DMPP 33 a 26 a 54 b 76 d 90 cd 

Westmere 

crop 

DMPP x 

time 

NH4
+ UAN 69 abc 66 c 47 d 30 f 14 h 

DMPP 72 b 68 abc 58 e 52 g 30 f 

 Incubation 

x time  

NO3
- Wet 25 a 60 b 33 a 36 a 58 b 

Dry 27 a 5 C 30 a 65 b 98 d 

DMPP x 

time 

NO3
- UAN 27 a 30 a 32 a 66 b 85 c 

DMPP 25 a 35 a 31 a 35 a 72 b 

Westmere 

pasture  

Incubation 

x time 

NO3
- Wet 26 ad 42 be 45 ab 50 ad 42 f 

Dry 33 ab 24 d 59 e 64 e 68 abd 

Thuddungra 

crop  

Incubation 

x time 

NO3
- Wet 32 ac 56 ad 35 ad 39 ad 65 d 

Dry 26 acd 8 b 17 bc 47 ad 69 e 

DMPP x 

time 

NO3
- UAN 30 a 22 a 27 a 51 b 70 d 

DMPP 27 a 25 a 21 a 32 ac 41 cb 

Thuddungra 

pasture  

DMPP x 

time 

NH4
+ UAN 29 a 64 b 50 c 34 a 22 a 

DMPP 30 a 67 b 52 c 49 c 46 c 

 Incubation 

x time 

NO3
- Wet 27 ae 40 b 32 ae 41 e 44 g 

Dry 30 a 8 c 17 d 42 f 67 g 

DMPP x 

time 

NO3
- UAN 31 a 33 a 28 a 55 b 78 c 

DMPP 27 a 31 a 24 a 32 a 56 b 
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The combination of DMPP, incubation and time also created an effect on NO3
- concentrations 

for the Inverleigh cropped soil (Figure 4.1). This was the only soil location and management 

to display the three way interaction. Concentrations of NO3
- generally increased throughout 

the experiment with dry incubated UAN recording the highest at week 4. A significant 

decline in NO3
- concentration occurred at week 1 for dry incubated treatments, whilst a 

significant increase in NO3
- occurred concurrently for wet incubated treatments.  

All other locations and managements recorded an interaction with incubation over time 

(Table 4.2). There was a significant decline in NO3
- concentrations for dry incubated 

treatments at week 1 which coincided with a peak for wet incubated soils where NO3
- 

concentrations were significantly higher. The Thuddungra pasture soil was the only soil to 

have no significant difference between wet and dry incubation at week 4. The Inverleigh 

pasture and both Westmere managements recorded significantly higher NO3
- concentrations 

for dry treatments for weeks 3 and 4, and the Thuddungra cropped for week 4.   

The use of DMPP treatments over time also created an interaction between treatments for 

Inverleigh pasture, Westmere cropping and both Thuddungra managed soils (Table 4.2). NO3
- 

concentrations generally increased over time for both treatments however UAN recorded 

significantly higher NO3
- concentrations at weeks 3 and 4 for all soil locations and 

managements.  
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Figure 4.2: The percentage proportion of NH4
+ to NO3

- for wet (W) and dry (D) UAN and DMPP 

treatments for cropping and pasture managements at three different locations at week 0 (no diagonal 

fill) and week 4 (diagonal fill). Letters (A, B, C, D & E) indicates significance (p <0.05) between 

treatments. 

 

The proportion of mineral N remaining as NH4
+ is an indication of DMPP efficiency. 

Significantly lower NH4
+ proportions occurred for UAN treatments, whilst a higher 

percentage of NH4
+ was maintained in the presence of DMPP (Figure 4.2). Incubation had an 

effect on DMPP efficacy, with the difference in proportions between DMPP and UAN 

treatments for wet and dry incubated soils demonstrating that DMPP was more effective at 
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inhibiting nitrification in dry incubated soils. This was particularly evident in the Westmere 

pasture and Thuddungra cropping and pasture managed soils.  

 

Figure 4.3: The difference in the percentage of mineral N as NH4
+ between UAN and DMPP 

treatments (UAN % NH4
+–DMPP % NH4

+) at week 4 sampling for each management (cropping and 

pasture) at the three soil locations; Inverleigh, Westmere and Thuddungra. LSD represents an 

interaction (p <0.05) between management and location. 

 

 

The effects of management on DMPP efficacy was location dependent (Figure 4.3). DMPP 

was most effective in the Inverleigh cropped soil as evidenced by DMPP maintaining 

significantly higher NH4
+ proportions after four weeks of incubation than the pasture soil. 

Whilst not statistically significant, the Westmere cropped soil also maintained higher NH4
+ 

proportional differences than the pasture soil. Management had no effect on the Thuddungra 

soil, although this pasture recorded significantly higher NH4
+ proportional differences than 

the Inverleigh and Westmere pastures.  

 

4.4.3 Apparent recovery 

 

The combination of DMPP and incubation treatments over time created a three-way 

interaction for the Inverleigh cropped soil (Figure 4.4). The dry incubated treatments 



66 
 

recorded a significant decline in apparent recovery at week 1, with dry UAN recording the 

lowest percentage recovery. UAN wet incubated recorded the highest percentage recovery at 

118% which was significantly higher than wet DMPP and both dry incubated treatments. At 

the completion of the experiment, UAN wet incubated remained significantly higher than 

other treatments with a recovery of 144% followed by wet incubated DMPP at 126% 

apparent recovery. Dry incubated UAN had a significant increase in percentage recovery 

from week 1 resulting in a significantly higher percent recovery (115%) than dry DMPP 

(100%) at week 4.   

 

 

Figure 4.4: Apparent percentage recovery of applied N (%) for DMPP and incubation treatments 

(wet and dry) for Inverleigh crop where LSD indicates significance between time, DMPP and 

incubation treatments (p< 0.05). Apparent percentage recovery of applied N (%) for incubation 

treatments (average of UAN and DMPP) for Inverleigh pasture, Westmere cropping and pasture, and 

Thuddungra cropping and pasture. LSD represents an interaction between incubation and time (p 

<0.05). 
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The remaining soil locations and managements had an interaction between incubation and 

time for apparent recovery (Figure 4.4). For all soils except the Thuddungra pasture, a 

significant decline in dry incubated treatments occurred at week 1. All soils recorded a 

significant increase in percentage recovery for wet incubated treatments at week 1. After the 

decline in dry incubated or peak in wet incubated treatments, apparent recoveries increased 

and decreased, respectively at week 2. Variation between which incubation recorded the 

highest apparent recovery existed across locations and management. Wet incubated recorded 

significantly higher apparent recoveries for the Inverleigh and Thuddungra pastures, whilst 

the remaining locations and managements recorded significantly higher dry incubation 

apparent recoveries at week 4.    

 

4.4.4 DMPP concentration 

 

Incubation treatments had no effect on the concentration of DMPP (Figure 4.5). 

Concentrations between wet and dry incubated soils were recorded as statistically the same. 

Time also had no effect on DMPP concentrations with no significant changes recorded over 

the duration of the study for all soil locations and managements. Concentrations recorded at 

week 4 were statistically the same as those recorded at week 0 when the inhibitor was 

applied. The recovery efficiency of DMPP from soils as reported by Doran et al. (2018) on a 

variety of soils and depths was 107 +/- 9.1%. Compared to the internal standards, this 

indicates a small preferential extraction of DMPP with no significant difference in recovery 

between soil layers. Therefore DMPP concentrations reported in Figure 4.5 are indicative of 

the extracted DMMP concentration.  
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Figure 4.5: DMPP concentration (mg kg-1) for incubation treatments across the duration of the 

experiment at each site and management. Error bars represent the standard error of the mean. 

 

Whilst not statistically tested, it was observed that variations in DMPP concentrations existed 

between soil locations (Figure 4.5). Inverleigh sites appeared to have higher concentrations 

than the Westmere and Thuddungra sites, despite all soils receiving the same initial 

application rate.  

 

4.4.5 AOB and AOA amoA gene abundance  

 

Bacterial amoA gene abundance was affected by the use of DMPP and different incubations 

over time for all cropped soils (Figure 4.6). The use of DMPP significantly lowered AOB 

amoA gene copy numbers after four weeks.  



69 
 

 

Figure 4.6: The log number of AOB and AOA amoA gene copy numbers across three soil locations 

for control (NIL), UAN and DMPP treatments in cropping and pasture managed soils when wet or 

dry pre-incubated. Measured zero values are represented as absent columns. Error bars represent the 

standard error of the mean and LSD represents a significant (p <0.05) interaction between DMPP 

treatments, incubation treatments and time.  
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In the Inverleigh cropped soil, UAN treatments had significantly higher AOB amoA gene 

abundance than DMPP treatments at week 4 in both wet and dry incubated soils (Figure 4.6). 

For both Westmere and Thuddungra cropped soils, AOB amoA gene abundance was highest 

in the UAN dry incubated treatment. The use of DMPP resulted in significantly lower gene 

copy numbers than UAN treatments for both incubations.  

The Inverleigh pasture was the only pasture managed soil that had an interaction between 

DMPP, incubation and time on AOB amoA gene abundance (Figure 4.6). The use of DMPP 

decreased AOB amoA gene abundance in both incubations with significantly lower gene 

copies recorded than UAN treatments.  

A two way interaction between incubation and time existed for the Westmere and 

Thuddungra pastures (Table 4.3). In the Westmere pasture, the interaction meant AOB amoA 

gene abundance was significantly higher for wet incubated treatments, whilst the Thuddungra 

pasture recorded significantly higher gene copies in dry incubated at week 4. A second 

interaction between DMPP and time was also recorded on the Thuddungra pasture (Table 

4.3) where UAN treatments had significantly higher gene abundance at week 4 than NIL and 

DMPP treatments, which were statistically the same.   
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Table 4.3: Log number of AOB and AOA amoA gene abundance (copies g-1 of dry soil) and the 

interaction of incubation or DMPP treatments across time. Letters indicate significance between 

treatments and week.  

Location 

and 

management  

Nitrifier Interaction Treatment Week 0 Week 1 Week 4  

Inverleigh 

crop  

AOA Incubation x 

week 

Wet 

Dry 

6.69 a 7.02 a 6.61 a 

6.33 a 5.04 b 7.12 c 

Westmere 

pasture 

AOB Incubation x 

week 

Wet 6.20 a 4.96 a 5.47 a 

Dry 2.78 bc 3.54 b 2.08 c 

AOA Main effect Week 0.69 a 0.69 a 0.67 b 

Thuddungra 

pasture 

AOB Incubation x 

week  

Wet 

Dry  

6.18 a 5.75 b 5.71 b 

6.04 a 5.72 b 6.10 a 

AOB Week x N 

treat 

NIL 

UAN  

DMPP 

6.03 a 5.80 b 5.62 b 

6.10 a 5.80 b 6.40 c 

6.20 ac 5.60 b 5.70 b 

AOA Incubation x 

week  

Wet 

Dry 

6.00 a 6.18 a 6.17 a 

6.65 b 5.66 c 6.02 a 

AOA Week x N 

treat 

NIL 

UAN 

DMPP 

6.04 a 5.97 a 6.04 a 

6.48 b 5.83 a 6.32 b 

6.46 b 5.95 a 5.93 a 

 

 

For AOA amoA abundance, a three way interaction was present in the Inverleigh pasture, 

Westmere cropped and Thuddungra cropped soils (Figure 4.6). In the Inverleigh pasture, 

control treatments recorded significantly higher AOA amoA gene abundance than UAN and 

DMPP treatments for wet and dry incubations at week 4. The use of DMPP did not decrease 

AOA amoA gene abundance after 4 weeks of experimentation.  

AOA amoA gene abundance declined significantly for dry incubated treatments at week 1 in 

the Westmere cropped soil, although they increased significantly by week 4. Wet incubated 

UAN and control treatments recorded the lowest AOA amoA gene abundance at week 4 and 

DMPP use did not decrease AOA amoA gene copy numbers for either incubations. This was 

also observed in the Thuddungra cropped soil where DMPP did not decrease AOA amoA 
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gene copies. All wet incubated treatments increased significantly in gene abundance from 

week 0 to week 4, however all treatments were statistically the same at week 4.  

The Inverleigh cropped and Thuddungra pasture exhibited an interaction between incubation 

and time on AOA amoA gene copies (Table 4.3).  Inverleigh cropped wet incubated soils had 

a spike in copy numbers at week 1, but decreased by week 4 to record the same gene 

abundance as initial starting numbers. Alternatively the dry incubated soils had a significant 

decline in AOA amoA gene abundance at week 1 with an increase at week 4 to record the 

highest gene abundance. Similar trends were observed in the Thuddungra pasture soil 

although no significant difference existed between dry and wet incubated treatments at week 

4. The application of DMPP treatments also had an interaction with time on the Thuddungra 

pasture soil where after four weeks of treatment application, no difference subsisted between 

DMPP and control treatments whilst UAN copy numbers increased to be significantly higher.  

The Westmere pasture recorded relatively low AOA amoA gene abundance. A main effect of 

time did occur where gene abundance was lowest at week 4.  

 

4.5 Discussion 

 

4.5.1 Soil physical and chemical properties 

 

The soils used in the current study varied in both their pH and OC content (Table 4.1). Soil 

acidification occurs in Australian broad-acre crop-pasture rotations due to addition of N 

fertiliser and various plant and microbial biochemical processes (Scott et al., 2017, Hay and 

Porter, 2006). To mitigate soil acidity, lime is typically applied at the end of a pasture phase 

before a pasture paddock is cropped. All pasture soils in the current study recorded a lower 

pH than their cropping counterparts (Table 4.1), with the most acidic soil recorded in the 

Thuddungra pasture (pHCa 4.7). Thuddungra was the only site that had a perennial 

leguminous pasture included in the crop-pasture rotation. Enhanced acidification rates can 

occur when leguminous pastures exude hydrogen ions from their roots as a result of nitrogen 

fixation (Scott et al., 2017). Whilst legumes can have deleterious effects on soil pH, addition 

of N from atmospheric nitrogen fixation is beneficial. Symbiotic relations between legume 

nodules and nitrogen fixing diazotrophs increase soil N concentrations (Bellenger et al., 

2014). This is evidenced by the high initial NO3
- concentrations in the Thuddungra pasture 
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(Table 4.1). All three pasture soils also recorded higher total organic C concentrations than 

equivalent cropping soils. A higher return of C in pastures occurs from year round 

contributions of OM from the growth of perennial pastures, combined with slower 

decomposition rates due to the absence of tillage (Milne and Haynes, 2004).  The range of 

differing soil properties between sites allowed for the potential to explore the behaviour of 

DMPP in different managed induced soil conditions. 

 

4.5.2 Management practices  

 

DMPP was effective at inhibiting nitrification and maintaining mineral N in the form of NH4
+ 

(Figure 4.1), although the magnitude by which management practices effected the inhibitory 

qualities of DMPP was dependent on site location. DMPP was most effective at inhibiting 

nitrification in the Inverleigh cropped soils, followed by the Westmere cropped soil, whilst 

their pasture counterparts decreased the ability of DMPP to inhibit nitrification (Figure 4.2 

and 4.3). A large difference in OC content between the Inverleigh cropping (0.95%) and 

pasture soil (2.17%) was observed. The differences in Westmere OC contents were not as 

prominent but followed the same trend (Table 4.1). Sorption of inhibitors onto OC can limit 

the effectiveness of nitrification inhibition (Marsden et al., 2016, Azam et al., 2001), 

however, management had no effect on the Thuddungra soil, despite differences in OC also 

existing between cropping and pasture managed soils. It is likely that soil pH was the major 

contributor to poor DMPP efficacy in the Thuddungra soils, which is discussed in detail 

below. DMPP was detectable in all soils after 28 days incubation (Figure 4.5) and thus, 

increased chemical binding of DMPP to soil OC isn’t the leading factor that contributed to 

DMPP inefficiency in pasture soils. DMPP efficacy is affected by soil microbial dynamics 

whose population can change in response to soil physicochemical properties, particularly soil 

pH.  

Mounting evidence indicates the preference of AOA for acidic soils where NH4
+ substrates 

are provided through organic decomposition (Zhou et al., 2015, Norman and Barrett, 2014, 

Liu et al., 2015a). AOB prefer neutral soil conditions (Nicol et al., 2008) where regular 

fertiliser additions (Ouyang et al., 2016) provide conditions of high nutrient and substrate 

(Norman and Barrett, 2014). The pasture soils in this experiment were more acidic than the 

cropping soils, and additions of organic substrate through plant matter decomposition 

occurred continuously throughout the pasture phase (Chan et al., 2011). DMPP is less 
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effective at inhibiting AOA nitrification (Kleineidam et al., 2011) and thus was less effective 

in pasture soils (Figure 4.2) due to the nitrifying population being dominated by AOA. The 

importance of soil pH in determining the efficacy of DMPP is further highlighted by the 

Thuddungra soil, where management had no effect. The highly acidic cropping and pasture 

soils recorded a pHCa of 5.2 and 4.7 respectively. AOA amoA gene copies were abundant in 

Thuddungra cropping and pasture soils, whilst bacterial amoA gene copies were lowest in 

these soils after Westmere pasture (Figure 4.6). Archaea have been found to be the principal 

nitrifiers in soil conditions of pHw 4.7 (Liu et al., 2015a). Alternatively, the Westmere pasture 

recorded minimal AOA despite recording a pHca 5.07. In the current study, DMPP had no 

significant effect on AOA amoA gene copy numbers. Kleineidam et al. (2011) found gene 

abundance of AOA amoA actually increased with DMPP use, but increased population 

numbers did not improve the ability of DMPP to inhibit AOA (Chen et al., 2015a). A 

decreased soil pH that has been incurred from a pasture phase, or alternatively a soil that is 

naturally acidic regardless of management phase, will decrease DMPP efficacy.  

The improved efficacy of DMPP in the Inverleigh and Westmere cropping soils was 

attributed to the relatively neutral pH (Table 4.1) favouring AOB nitrification. Nitrification in 

neutral soils is typically dominated by AOB (Jia and Conrad, 2009) and DMPP effectively 

inhibits bacterial nitrification (Duncan et al., 2017). In the current study, AOB amoA gene 

abundance was highest in the neutral soils (Figure 4.6), and a significant decline in AOB 

amoA gene copy numbers in the relatively neutral soils occurred with the application of 

DMPP. The inhibitory qualities of DMPP on AOB is shown by a decrease in the functional 

AOB amoA gene upon inhibitor application (Chen et al., 2015a, Di and Cameron, 2011). This 

study highlights that DMPP application at soil locations with a relatively neutral pH will 

improve nitrification inhibition in cropped soils over pasture soils (Figure 4.2 and 4.3). Soil 

pH changes induced from pasture phases likely generate changes in microbial populations to 

favour AOA nitrification on which DMPP has little inhibitory effect (Liu et al., 2015a). 

Although as soil acidity increases, the effects of management become redundant and DMPP 

displays poor efficacy regardless of a cropping or pasture phase.  

The proposal that soil microbes change abundance in response to management is not novel. 

The microbial function of decomposers strongly relates to the availability of labile OC 

fractions (Agrella et al., 2003) and pasture rotations promote significantly higher microbial 

biomass populations than cropping rotations (Murphy et al., 2011). Microbial activity is 

sensitive to changes in tillage practices (Gupta et al., 1994) with a decline in the population 
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and activity of N cycling microorganisms after three years of cropping and intensive tillage 

(Gupta, 2010). Converting from stubble burning to either direct drilling or stubble 

incorporation increased soil microbial biomass. There is however, limited research that 

examines specific nitrifier response to cropping-pasture rotations in detail. Hayden et al. 

(2010) determined that the abundance of the target nitrifying amoA gene was significantly 

affected by land use and was found more frequently under agriculturally managed systems 

compared to remnant vegetation. The current study focused on crop and pasture paddocks 

and showed that AOB population numbers alter with changes in soil properties, particularly 

decreases in soil pH as a result of a pasture phase.  

In this experiment, pasture soils generally had higher apparent recoveries of applied N than 

cropped soils (Figure 4.4), of which 2 were wet incubated. A priming effect when N 

fertilisers (both UAN and DMPP treatments) were applied to the pre-wetted pasture soils may 

have stimulated increased mineralisation of labile portions of the OC in the pasture soils. This 

would contribute N to the mineral N pool and consequently increased the percentage 

recovery. Whilst this is the likely cause, an alternative explanation for increased total mineral 

N return is heterotrophic nitrification. Liu et al. (2015b) found that 88% of NO3
- -N produced 

in acidic soils (pHw 4.8) with high organic C contents (9.3%) was attributed to heterotrophs. 

Between 5-17% of nitrification proved to be heterotrophic in two acidic (pHw 4.8–5.3) 

pastures with OC contents ranging between 6.2–6.8% in Victoria, Australia (Islam et al., 

2007). The heterotrophic nitrifiers used organic N and not mineral NH4
+ as a substrate source. 

The pasture soils in this experiment were more acidic with higher TOC contents than cropped 

soils and thus the heterotrophic consumption of OC may have contributed to increased 

mineral N recoveries in pasture soils. 

 

4.5.3 The effect of pre-incubation  

 

Dry incubated UAN had the lowest NH4
+ concentrations in 2 of 3 sites after 4 weeks of 

incubation (Figure 4.2). This was evident through the greater proportion of NH4
+ oxidised to 

NO3
- after 4 weeks which created a greater difference between UAN and DMPP NH4

+ 

concentrations. However, this was not because DMPP efficiency was enhanced by 

application to dry soil, but rather nitrification rates were accelerated in dry incubated 

conditions. A flush in microbial activity can occur when moisture is added to a soil (Iovieno 

and Baath, 2008). Despite long periods of desiccation-induced inactivation, the detection of 
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increased microbial transcripts can occur in as little as one hour after water addition (Placella 

and Firestone, 2013). Moisture addition increases mineralisation rates, providing additional 

substrate for nitrifiers which in turn stimulates nitrification (Saetre and Stark, 2005). In this 

experiment, the oxidation of NH4
+ from added UAN occurred at a faster rate in dry incubated 

soils (Figure 4.2). Generally, dry incubated soils also had the highest abundance of AOB 

amoA gene copies (Figure 4.6). AOA amoA populations were unaffected by incubation, 

except for Inverleigh cropping where the dry incubated control had a significant increase in 

gene copy numbers at week 4.  

To avoid flushes and fluctuations in N and C concentrations upon water addition (Mikha et 

al., 2005), it is common practice to moisten and then pre-incubate soil before treatment 

application (Di and Cameron, 2011, Liu et al., 2015a, Chen et al., 2015a, Kong et al., 2016). 

Incubation time ranges from 24 hr (Yang et al., 2013) up to three weeks (Liu et al., 2015a) to 

allow microbial equilibrium to occur. This standard practice is performed on soils that are 

close to field capacity (Liu et al., 2015a). In this experiment, the wet incubated soils had a 

week to achieve microbial stability before treatments were applied whilst the dry incubated 

soils did not have this equalising period. The equivalent of this incubation period on an 

agricultural scale is the planting a crop a week after soaking rainfall. This experiment 

demonstrates that the application of UAN fertiliser to a dry soil prior to a rainfall event may 

increase the rate of which NH4
+ will be oxidised compared to if it was applied to a soil 

already at field capacity (Figure 4.2). Additionally, this study proved that DMPP will inhibit 

nitrification regardless of the prior soil moisture conditions and fluctuating populations of 

AOB. In fact, the Thuddungra soil had improved DMPP inhibition when UAN and DMPP 

was applied to a dry soil compared to a wet soil (Figure 4.2). The augmented differences 

between UAN and DMPP observed in the dry incubated soils could be attested to the possible 

stimulation and rapid growth of numerous microorganisms at treatment application. The 

importance of understanding the response of DMPP application to soil moisture conditions is 

exacerbated by a changing climate in which the sowing of broad-acre crops in Australia is 

now often performed in soils with less than optimal soil moisture (Pook et al., 2009).  

Other microbial processes were also affected by different incubation conditions. A large 

decline in NO3
- concentrations occurred at week 1 for all soils and treatments that were dry 

incubated (Figure 4.1 & Table 4.2) whilst, wet incubated soils had a sharp rise. This 

coincided with a matching response for apparent recovery of N applied (Figure 4.4). 

Biological immobilisation is the principal consumption mechanism of N in aerobic conditions 
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(Wang et al., 2001). Denitrification and dissimilatory nitrate reduction to ammonium 

(DNRA) can cause the reduction of NO3
- and lead to gaseous losses of N2O, however 

anaerobic conditions are drivers for these processes (Giles et al., 2012). Thus denitrification 

and DNRA are unlikely to contribute to temporary NO3
- losses in this aerobic trial. Previous 

studies have found that the addition of DMPP enhances both clay fixation and immobilisation 

rates due to the promotion of sustained soil NH4
+ (Ma et al., 2015). Guiraud et al. (1992) also 

found inhibitor addition increased immobilisation of N in the NH4
+ form. This study, 

however, found DMPP had no effect on increasing the immobilisation rates of mineral N and 

that dry incubation proved the primary driver in the sharp decline of NO3
- concentrations. 

The addition of moisture to dry incubated soils immediately before treatment application can 

stimulate microbial activity to mineralise available organic N sources (Mikha et al., 2005). 

Increased C sources from amendments favour the immobilisation of NO3
- in preference to 

NH4
+ (Azam et al., 1988) resulting in decreased concentrations of NO3

- at week 1. 

Immobilisation of NO3
- in soils receiving urea application have been reported (Condon et al., 

2004). Remineralisation to NO3
- occurs as the duration of soil incubation increases (Wang et 

al., 2001). It is likely that the simultaneous addition of moisture and N promoted conditions 

favouring the immobilisation of NO3
- in the dry incubated soils.  

Alternatively, an increase in apparent recovery of applied N observed at week 1 for wet 

incubated soils indicates additions of N from within the soil system as a response to N 

addition (Figure 4.4). These higher recoveries exceeded the concentration of nitrogen and 

urea applied, indicating that N was derived from sources other than the applied fertiliser. 

Mineralisation of SOM is a key contributor to mineral N in soil systems and additions of 

nitrogen fertiliser can accelerate the decomposition of organic matter (OM) (Neff et al., 

2002). The stimulation of heterotrophic OM catabolism causes a release of N from organic 

matter and an increase in the concentration of NH4
+. The addition of nitrogenous fertilisers 

lowers the C:N ratio and accelerates the mineralisation of easily decomposable substrates 

(Agrella et al., 2003). This is known as the priming effect (Agrella et al., 2003) where N 

fertiliser additions stimulated the decomposition of OM throughout a 60 day incubation 

period. Similarly, the current study found that side effects of fertiliser addition on pre 

moistened soils is supplementary N derived from OM. The agronomic use of this additional 

N must be accounted for in calculations determining maintenance N rates of applied 

fertilisers. Regardless of applied N being potentially immobilised when applied to dry soils or 

additions of N occurring via mineralisation in wet soils, DMPP effectively slowed the 
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oxidation of NH4
+ in both wet and dry incubated treatments. The use of DMPP with N 

fertilisers applied before or after a seasonal rainfall break will extend the persistence of NH4
+ 

and may reduce the potential reduction in NO3
- losses.  

 

 

4.6 Conclusion 

 

The effects of paddock history and soil moisture at treatment application on the behaviour of 

DMPP were explored using three different agricultural soils. The soils differed in their 

physicochemical properties, with pasture soils consistently more acidic with higher OC 

contents than the cropped soils. These factors affected the behaviour of applied fertilisers and 

DMPP inhibition. DMPP was more effective in soils with relatively neutral pH, regardless of 

inhibitor application on to wet or dry incubated soils. The use of DMPP in a cropping phase, 

particularly on a neutral soil, will allow for the increased persistence of NH4
+ for a longer 

duration than if it is used on a pasture soil. The efficacy of DMPP decreases regardless of the 

management practice in soils that are highly acidic. Acidic soils had higher AOA amoA gene 

abundance and lower DMPP efficiency, whilst AOB amoA gene abundance was highest in 

relatively neutral soils. AOB amoA gene copy numbers decreased in the presence of DMPP 

in all soil locations and managements. AOA amoA gene abundance was unaffected by DMPP 

application.  

Nitrogen applied to dry incubated soils was subject to increased rates of nitrification which 

consequentially resulted in greater differences between UAN and DMPP treatments. Pasture 

soils had increased recoveries of applied N, potentially due to a priming effect stimulating 

mineralisation. Dry incubated treatments experienced an apparent immobilisation of mineral 

NO3
- at week 1, whereas wet incubated treatments observed a peak in NO3

- concentrations. 

The same trend was observed in apparent recovery where a drop and peak for dry and wet 

incubated treatments occurred respectively.  

This study highlights that DMPP inhibition is improved when applied to cropped soils, and 

that the use of DMPP on acidic soils will be more effective if it is applied onto dry soil before 

the seasonal break. Management induced changes in soil conditions including pH and OC 

content will alter the inhibition efficiency of DMPP, and thus the timing of DMPP 
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application, relative to rainfall, must consider the soil conditions to maximise inhibitor 

effectiveness.  
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Chapter five: The distribution of soil nitrifiers and efficacy of 3,4-dimethylpyrazole 

phosphate changes with soil depth and calcium carbonate application 

 

Chapter four provided new insight into soil moisture and mineral N dynamics at sowing, and 

highlighted that management practices affect DMPP efficacy when applied to relatively 

neutral soils. A key finding from Chapter four was the decreased effect of management on 

DMPP efficacy as the soil acidity increased. 

Acidic soils are common across the eastern cropping zone of Australia. They are commonly 

ameliorated with lime and exhibit stratified soil pH in the top 20 cm of soil (Condon et al., 

2020b). This chapter investigates the mechanisms of mineral N dynamics and DMPP 

effectiveness on an acidic stratified soil compared with the soil when lime amended. The 

Thuddungra soil used in Chapter five is from the same location as the Thuddungra cropping 

and pasture soils used in Chapter four that displayed decreased DMPP inhibition.   

Chapter five is written in paper format and has been accepted for publication: 

 

Kaveney, B., Condon, J., Doran, G., Galea, F. & Rigg, J. 2020. The distribution of soil 

nitrifiers and efficacy of 3,4-dimethylpyrazole phosphate changes with soil depth and calcium 

carbonate application. Soil Biology and Biochemistry: 108009. 

 

Minor changes have been made to the text, figures and tables to ensure units and terminology 

are consistent throughout the thesis.  
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5.1 Abstract 

 

The nitrification inhibitor DMPP is used to limit N losses incurred following nitrification of 

applied N fertilisers. Inhibitor efficacy changes with soil conditions including pH and OC 

content, both of which can be stratified down the soil profile. An incubation study was 

conducted using acidic soil that exhibited pH stratification. Soil samples were collected from 

the field in 2 cm depth increments to a depth of 10 cm. Two liming treatments were applied 

to each depth where the pHCa was raised above 6 or left in its initial acidic state. Nitrogen 

treatments (UAN with and without DMPP) were applied to each liming treatment per depth 

and incubated for four weeks. Destructive sampling for mineral N, DMPP concentration and 

pH occurred every week. The abundance of nitrifiers was determined using semi-quantitative 

real-time PCR targeting the amoA gene at weeks 0, 1 and 4. Liming significantly increased 

nitrification rates and bacterial amoA gene abundance. Results showed the top 0–2 cm 

recorded the largest population of bacterial nitrifiers. Changes in pH influenced the 

composition of nitrifiers present in the soil. Bacterial nitrifiers were absent from the 8–10 cm 

soil layer in unlimed soils (pHCa 4.25) but liming caused an increase in gene abundance. 

Archaeal amoA gene abundance was highest in unlimed plots at 4–8 cm depth although 

populations decreased over the incubation period and also with lime application. DMPP 

effectively inhibited nitrification in limed plots, however no significant difference existed 

between UAN and DMPP treatments for unlimed treatments. DMPP successfully decreased 

bacterial amoA gene abundance in all depths that were limed but not in unlimed soils. 

Decreases in inhibitor concentrations occurred within one week in the 0–2 cm layer possibly 

due to bacterial decomposition associated with greater OC concentration at the soil surface. 

This study highlighted that DMPP use is more effective in relatively neutral soils and liming 

will change the abundance and distribution of nitrifiers within the top 10 cm of soil.  

 

Keywords 

DMPP, liming, pH stratification, AOB, AOA, amoA  
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5.2 Introduction 

 

Nitrification is the biological oxidation of NH4
+, via NO2

-, to NO3
- and is performed by a 

group of autotrophic soil nitrifiers called AOB (Ouyang et al., 2016) or AOA (Prosser and 

Nicol, 2012). Whilst nitrification is an important biochemical process, it also has substantial 

environmental risks. Nitrate is at risk of leaching below the root zone and contributing to 

eutrophication if nitrification rates exceed crop demand (Di and Cameron, 2007) or may be 

reduced under anaerobic conditions to form N2O, a significant greenhouse gas (Chen et al., 

2010). The mitigation of these environmental effects can be facilitated by the use of 

nitrification inhibitors which slow the oxidation of applied NH4
+-based fertilisers and NUE in 

plant based agricultural systems. Nitrification inhibitors work by inhibiting the AMO enzyme 

that is responsible for catalysing the initial oxidation of NH4
+ (Benckiser et al., 2013). The 

production of this enzyme is regulated by the gene amoA which is the target gene used to 

quantify the abundance of AOA and AOB (Hayden et al., 2010).  

Use of DMPP in agricultural production systems has increased over the last decade in an 

effort to abate nitrogen losses. Improved NUE has resulted from successful nitrification 

inhibition in a range of crops (Liu et al., 2013) and pastures (Rowlings et al., 2016) without 

affecting non-target organisms (Kong et al., 2016). DMPP has varying effects on target 

nitrifiers and will successfully inhibit AOB nitrification, however DMPP is less effective on 

AOA (Di and Cameron, 2011, Gong et al., 2013, Kleineidam et al., 2011).  

Soil pH is widely reported as a driving influence determining the function of AOB or AOA. 

Relatively neutral soil conditions provide optimal conditions for AOB nitrification (Gong et 

al., 2013, Che et al., 2015) whilst nitrification in acidic soils is dominated by AOA (Zhang et 

al., 2012, Yao et al., 2011a). Gene abundance of AOB decreased in strongly acidic soils (pHw 

<4.5) whilst high levels of AOA were found during active nitrification and formation of NO3
- 

(Zhang et al., 2012). With DMPP having minimal inhibitory effects on AOA, it is therefore 

common to see poor DMPP efficacy in acidic soils (Ouyang et al., 2016). Liu et al. (2015a) 

found that DMPP was less effective at inhibiting nitrification when used in acidic (pHw 4.6) 

than neutral soils (pHw 7.0) This is supported by Shi et al. (2016b) who determined that 

DMPP had a strong inhibitory role when used in soils with a pHw ranging from 6.28- 7.96, 

yet had no inhibitory effect on acidic soils (pHw 5.44 and 5.65). Therefore, the efficacy of 

DMPP is improved when used on neutral soils (Gong et al., 2013, Shi et al., 2016b, Rowlings 

et al., 2016, Liu et al., 2015a). The studies compared native (unamended) pH soils, but as soil 
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acidity negatively impacts agricultural production (Caires et al., 2008), it is common for 

liming to be used to increase (amend) the pH of acidic soils. A pH increase can shift the 

dominant nitrifier from archaeal to bacterial with the application of lime increasing AOB 

amoA gene abundance (Banning et al., 2015, Zhao et al., 2018). However, these studies did 

not investigate DMPP application and how increasing AOB numbers may affect inhibitor 

efficacy, and thus the effectiveness of DMPP in limed soil remains to be determined.  

Lime (CaCO3) has a low solubility and when applied at rates sufficient to remove aluminium 

toxicity (approximately pHCa 5), will commonly not ameliorate soil below the point of 

application (Conyers and Scott, 1989). As a result of adopting minimal tillage practices and 

not incorporating lime to depth (> 5 cm), agricultural soils throughout growing regions of 

Australia commonly exhibit a vertically stratified pH (Scott et al., 2017). Acidity at the depth 

of seed placement can negatively affect germination and crop establishment (Mohebbi and 

Mahler, 1989). Seed and nitrogen placement for broad-acre crops and pastures generally 

occur within the top 10 cm of soil, however, the exact depth is dependent on crop type and 

seed size (Kirby, 1993). Small seeded crops like canola can be planted as shallow as 2.5 cm 

deep (Lamb and Johnson, 2004) whilst larger seeded crops like chickpeas as deep as 10 cm 

(Gan et al., 2003). The placement of N fertiliser and DMPP can be with, or several 

centimetres beside or below the seed placement. The proximity of emerging seedlings to soil 

influenced by the surface application of lime can also affect plant development (Burns et al., 

2017).  

Soil pH stratification, comprised of acidic subsurface layers underlying less acidic soil 

ameliorated by surface liming, also has the potential to influence the nitrifying population and 

their effect on fertiliser N. Some literature exists that examines the effects of pH changes on 

nitrification rates (Yao et al., 2011b, Che et al., 2015) and how AOA and AOB abundance 

changes with depth (Banning et al., 2015). However, these studies focus on relatively large 

incremental depths (e.g. 0– 20 cm, 20–40 cm etc.) that are too large to study the effects of pH 

stratification at seeding or fertiliser placement depths and do not address DMPP use. Organic 

matter (OM) distribution can also be stratified within a profile with high concentrations in the 

top few centimetres (Paul et al., 2001). Sorption of DMPP onto OC and clay fractions has 

also been found to reduce inhibitory qualities of DMPP (Barth et al., 2001).  

The common methods of DMPP application include co-application with a liquid N fertiliser 

in the seed row or as an inhibitor coated fertiliser granule drilled into the soil (Zerulla et al., 
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2001). Placement of N fertiliser into an acidic layer where AOA nitrification may be 

dominate, renders the application of DMPP redundant. However it is unknown how the effect 

of liming will influence the behaviour of DMPP and nitrifying populations in the resulting 

efficacy of DMPP. This study aims to explore if stratification of pH and OC has an effect on 

the inhibitory qualities of DMPP, and if raising the soil pH with addition of lime changes the 

nitrifying population and DMPP efficacy.  

 

5.2 Materials and methods 

 

5.3.1 Site description, sampling and soil properties 

 

Soil was collected from a brown Sodosol clay loam (Isbell, 1996) in Thuddungra, NSW (-34o 

06’ S, 148o 06’ E) that had been in Lucerne pasture for four years. Soil samples were 

collected in 2 cm increments to a total depth of 10 cm using a caesium soil scraper sampler 

(Loughran et al., 2002). Soil sampling did not cross any horizon boundaries. Soil for each 

increment were air-dried, mixed for homogenisation and sieved (2 mm). Soil physical and 

chemical properties were tested for each soil layer and are reported in Table 5.1. Soil pH was 

determined using extraction with aqueous 0.01 M CaCl2 (pHCa) in a 1:5 soil- water 

suspension (Rayment and Lyons, 2011) using a Sartorius benchtop probe and meter. 

Electrical conductivity was measured using a 1:5 soil-water suspension and conductivity 

probe. Exchangeable cations (Ca2+, K+, Mg2+ and Na+) were extracted with 1 M ammonium 

acetate and exchangeable aluminium was extracted with 1 M potassium chloride and 

analysed by Atomic Absorption Spectroscopy. Soil phosphorus was determined by Colwell P 

(Rayment and Lyons, 2011) using a 1:100 soil-extractant (0.5 M NaHCO3). Total soil carbon 

(including carbonates), nitrogen and sulphur were analysed by a Leco CNS analyser.  

 

5.3.2 Treatments and incubation 

 

A laboratory experiment was conducted in a randomised block design with three replications. 

Dried and mixed soil from each sampled layer (100 g) was placed into 250 mL plastic 

containers.  Two main treatments were applied: the presence or absence of lime (lime vs 

unlimed); and inhibitor application where UAN fertiliser was applied with or without DMPP 
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(DMPP vs UAN). An untreated control (no UAN or DMPP) was also included for each lime 

treatment.  

The lime addition required to achieve pH Ca 6 was calculated using pH titration curves 

(adapted from Conyers et al. (1995)) of soil from each layer. Briefly, soil from each depth 

was amended with different ratios of 0.01 M CaCl2 and 0.01 M Ca(OH)2 and shaken for 16 hr 

end-over-end. The pHCa of each soil sample was recorded and the pH buffering capacity for 

each soil depth was estimated from the inverse of the slope created. The liming treatment 

(analytical grade CaCO3, purity >99%, particle size <50 µm) was applied by mixing the 

required amount of lime for each layer in a stepwise dilution method. The lime was first 

mixed with 10% of the soil in each container and this concentrated lime-soil mix was further 

integrated with 50% of the soil before further dilution with the remaining sample. The total 

soil sample was then shaken thoroughly end-over-end to ensure homogenous distribution of 

the lime through the soil sample. Soils were then moistened gravimetrically to a weight 

equivalent to -85 kPa and pre-incubated at 20 ˚C in the dark for a week before DMPP 

treatments were applied. Soil moisture content at -85 kPa water potential was determined 

using a pressure plate (Richards and Fireman, 1943). This moisture content was selected for 

incubations as it creates adequate moisture conditions for microbial activity whilst 

minimising the occurrence of anaerobic microsites within the soil (Malhi and McGill, 1982).  

Nitrogen was applied as urea ammonium nitrate (UAN) at an equivalent rate of 30 kg N ha-1 

(93.8 kg UAN ha-1). Where DMPP was applied, the commercially recommended rate of 0.5 

kg DMPP ha-1 (3.5 kg Vizura ha-1) was used. Working standards were created for both UAN 

and Vizura. The UAN standard used 11.69 g of UAN solution with deionised water added to 

2 L. The UAN + DMPP standard was created by adding 11.69 g of UAN and 0.44 g of 

Vizura, made to 2 L with deionised water. Standards were inverted for mixing before 

application. Treatment application used 5 mL of either UAN or UAN+DMPP working 

standards. This is equivalent to 64.3 mg N kg-1of NH4
+, 102.3 mg N kg-1of urea and 64.3 mg 

of NO3
- N kg-1 for applied UAN, plus an additional 1.6 mg kg-1 DMPP for UAN + DMPP 

treatments. The control used 5 mL of Nano pure water. Treatments were applied mid-depth of 

soil to each container using a pipette in a circular motion.  

Containers were kept incubated at 20 ˚C once treatments were applied with container lids 

loosely screwed on to allow for air exchange. Containers were aerated twice weekly by 

removing the lid for 3 minutes. Watering to weight occurred twice weekly where appropriate 
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to maintain the correct soil moisture content.  

 

5.3.3 Soil analysis 

 

Each sampling week (0, 1, 2, 3 and 4) had designated containers for each soil layer, liming 

and N± DMPP treatment that were destructively sampled. Sampling for week 0 occurred 

immediately after treatment application. Soil within sampled containers was mixed 

thoroughly and then subsampled for mineral N and urea (20 g), DMPP concentration (7 g) 

and gravimetric water content (30 g) analyses. All mineral N, urea and DMPP extractions 

occurred on the day of sampling and analysis results were reported on an oven-dry soil basis. 

A separate subsample (10 g) was stored at – 80 ˚C for DNA analysis.  

 

5.3.4 Mineral N (NH4
+ and NO3

-) 

 

The concentration of NH4
+ and NO3

- was measured using 20 g of soil extracted in 100 mL 1 

M KCl shaken end-over-end for one hour with a subsequent settling period of 30 minutes. 

The supernatant was filtered through Whatman 42 filter paper and analysed colorimetrically 

using an automated SEAL AQ2 discrete analyser. During analysis, NO3
- and nitrite 

concentrations were not separated, and thus reported NO3
- is depictive of the sum of both soil 

NO3
- and nitrite. Standard soils and blanks were used throughout analysis to monitor quality 

control.  

 

5.3.5 Soil pHKCl 

 

The pH of the 1:5 soil:1M KCl supernatant remaining after filtration for mineral N analysis 

for each sample was recorded using a Sartorius benchtop probe and meter.   

 

5.3.6 Urea analysis  

 

Urea concentration of sampled soil immediately following treatment application (week 0) and 

1 week later (week 1) was determined using the method described by Mulvaney and Bremner 

(1979). Approximately 20 g of soil was added to 100 mL of 1 M KCl containing 10 𝜇g of 

phenylmercuric acetate (PMA) mL-1 before shaking end over end for one hour and settling 

for 30 minutes. Extracts were collected by filtering the solution with a Whatman No 42 filter 
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paper. An aliquot of extract was made to 10mL using the KCl-PMA solution before adding a 

colour reagent (diacetyl monoxime, thiosemicarbazide and sulfuric/ phosphoric acid reagent) 

and incubating in a water bath for 30 minutes at 85 ˚C ± 0.5 ˚C. Upon removal, extracts were 

cooled under running water for 10 minutes. Contents were made to 50 mL before being 

analysed colorimetrically at 527 nm using a Thermo Scientific UV-visible 

spectrophotometer.  

 

5.3.7 DMPP analysis  

 

The extraction and analysis of DMPP was determined using the method described by Doran 

et al. (2018). All plastic tubing used in the extraction process was coated with Coatasil™ 

before use to improve repellence of organic chemicals. Approximately 7±1 g of soil was 

accurately weighed into 50 mL centrifuge tubes, spiked with 50 µl of internal standard (5-

methyl-1H-pyrazole) and extracted with 15 ml of acetonitrile. Samples were shaken end-

over-end (30 min) before being centrifuged (1000 x g for 5 min) and the supernatant 

collected. The sediment was extracted with a further 15 mL of acetonitrile and the extracts 

combined in a clean tube. Approximately 5 g of Agilent Technologies Bond elut MgSO4 was 

added to each tube and shaken to dry the extract before centrifuging (2100 x g for 5 min). 

The supernatant was evaporated under nitrogen and resuspended in methanol (1000 µl). 

Samples were analysed for DMPP concentration using liquid chromatography- tandem mass 

spectrometry according to the parameters outlined by Doran et al. (2018).   

 

5.3.8 Real-time semi quantitative PCR of AOA and AOB amoA genes 

 

Total nucleic acids were extracted from each lime and DMPP treatment for all soil depths 

using a pooled sample of the replicates for each treatment for weeks 0, 1 and 4. Soil DNA 

was extracted from 0.25 g of wet soil that was previously stored at – 80 ˚C using a Qiagen 

DNeasy soil extraction kit as per the manufacturer’s instructions. Extracted DNA was stored 

at -80 ˚C until PCR analysis. Gene amoA copy numbers per gram of dry soil for AOA and 

AOB were determined using the primers amoA-1F and amoA-2R (Rotthauwe et al., 1997) for 

AOB amoA, and Arch-amoAF and Arch-amoAR (Francis et al., 2005) for AOA amoA. A 

Nanodrop ND-1000 spectrophotometer was used to quantify DNA concentration prior to 

amplification.  
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Standard curves were produced using a 1/10 dilution series of a DNA sample using arbitrary 

assigned concentrations for semi-quantitative analysis. Standards were generated using a 

Myra liquid handling system (Bio Molecular Systems). Standards, samples and no template 

controls (NTC) were all amplified in triplicate for each primer set. Real-time polymerase 

chain reaction (PCR) was performed on a Mic qPCR cycler (Bio Molecular Systems) with 

amplification settings of an initial denaturation for 5 minutes at 95 ˚C followed by 40 cycles 

of 95 ˚C for 5 seconds, 60 ˚C for 30 seconds and 72 ˚C for 45 seconds. This was followed by 

a conditioning period of 95 ˚C for 19 seconds and melt cycle from 72–95 ˚C with temperature 

increasing 0.3 ˚C per second. The assay for AOA and AOB amoA gene abundance analysis 

was the same. The 20 µl reaction for AOA contained 6 µl of molecular grade water, 10 µl of 

2X Perfecta SYBR Green FastMix mastermix, 1 µl of each primer (0.5 µM) and 2 µl of DNA 

template. The AOB 20 µl reaction contained 5.6 µl of molecular grade water, 10 µl of 2X 

Perfecta SYBR Green FastMix mastermix (Quantabio), 1.2 µl (0.6 µM) of each primer and 2 

µl of DNA template. Samples were analysed against the standard curve using micPCR 

v2.8.13 software. 

 

5.3.9 Statistical analysis  

 

The incubation trial was conducted in a randomised block design with three replicates. 

Mineral N concentrations for DMPP and lime treatments were calculated by deducting the 

control mineral N at all sampling times. Apparent recovery is calculated as the sum of NH4
+, 

urea and NO3
- recovered in soil from each treatment, minus the control mineral N (NH4

+ and 

NO3
-) and urea, divided by the quantity of applied nitrogen and reported as a percentage. The 

proportions of mineral N were calculated by determining the percent of total mineral N 

existing as either NH4
+ or NO3

- for each DMPP and liming treatment. Gene abundance for 

AOA and AOB amoA was determined using the average of triplicate PCR assays for each 

DNA sample.  

Statistical analysis was performed using R (version 3.4.2) (R-development-Core-Team, 

2020). The effect and interaction of liming treatment, sampling time and DMPP use on NH4
+, 

NO3
- and urea concentrations was examined using a multi-way ANOVA for each soil depth. 

The effects and interaction of liming treatment and sampling time were examined on DMPP 

concentrations at each soil depth was examined with two-way ANOVA. For both AOA and 

AOB amoA gene abundance, the effect and interaction of liming treatment, sampling time 
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and DMPP use was examined using multiway ANOVA per soil depth. The abundance of 

amoA gene copy numbers were logarithmically transformed prior to statistical analysis. 

Results reported as significant were done so at P <0.05.   

 

5.3 Results 

 

5.4.1 Soil properties  

 

The values for initial soil properties generally decreased with each 2 cm depth increment 

(Table 5.1), with the exception of exchangeable Al3+, which increased with depth. 

Table 5.1: Soil properties for soil layers of the Thuddungra brown Sodosol (units included in 

brackets). 

 

 

 

  0–2 cm  2–4 cm 4–6 cm  6–8 cm 8–10 cm  

Soil pH (1:5 CaCl2) 5.31 4.54 4.16 4.12 4.25 

pH buffering capacity (meq 

OH 100-1 g) pH-1 
4.16 3.19 2.66 2.28 2.22 

EC  1:5 water (dS m-1) 0.21 0.20 0.11 0.10 0.09 

Organic Carbon (%) 3.1 2.3 1.6 1.2 0.98 

Nitrate-N (mg kg-1) 35.5 18.2 6.5 4.9 4.8 

Ammonium-N ( mg kg-1) 3.11 1.84 0.42 0.02 0.01 

Colwell P ( mg kg-1) 78 54 37 26 18 

Sulphate KCl40 ( mg kg-1) 22 18 14 12 10 

CEC  (cmol(+) kg-1) 8.21 6.34 4.40 4.03 4.00 

Ex Ca (cmol(+) kg-1) 5.3 3.8 2.5 2.3 2.3 

Ex K (cmol(+) kg-1) 2.1 1.8 1.2 0.94 0.79 

Ex Mg (cmol(+) kg-1) 0.72 0.57 0.36 0.37 0.44 

Ex Na (cmol(+) kg-1) 0.09 0.07 0.05 0.04 0.05 

Ex Al (cmol(+) kg-1) <0.10 0.10 0.28 0.36 0.41 
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5.4.2 Mineral N (NH4
+ and NO3

-) 

 

Urea concentrations recorded at week 0 were statistically the same for all treatments (mean 

58.6 ± 2.8 mg kg-1). Urea analysis at week 1 detected an absence of urea for any treatments. 

For this reason, urea concentrations are not reported in Figure 5.1.  

A significant interaction between lime application (plus and minus lime), DMPP treatments 

(UAN plus or minus DMPP) and sampling time existed for NH4
+ concentrations in all depths 

(Figure 5.1). There was no significant difference in NH4
+ concentration between DMPP and 

UAN in the unlimed soils at each sampling time. With the application of lime however, the 

presence of DMPP resulted in significantly higher NH4
+ concentrations than UAN treatments 

in all soil depths. There was a significant decrease in UAN NH4
+ concentration of limed soils 

each sampling after week 1 until UAN NH4
+ was depleted. Complete oxidation of limed 

UAN NH4
+ occurred by the completion of the experiment (4 weeks) for depths ranging 

between 0–6 cm, and for depths 6–8 cm and 8–10 cm there was minimal UAN NH4
+ (14 & 6 

mg kg-1 respectively) recorded at week 4.  

There was also a significant interaction between lime application, DMPP treatments and 

sampling time for NO3
- concentrations in depths 4–6 cm, 6–8 cm and 8–10 cm (Figure 5.1). 

Unlimed soils had no significant difference in NO3
- concentrations between UAN and DMPP 

treatments, yet the concentration of NO3
- was significantly higher for limed UAN than limed 

DMPP for all weeks. A significant peak in NO3
- occurred at week 1 for limed treatments 

below 4 cm deep (Figure 5.1). This resulted in significantly higher NO3
- concentrations 

compared to week 0 and week 2 sampling dates. This peak occurred for both limed DMPP 

and UAN treatments. 
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Figure 5.1: Ammonium and nitrate N concentrations for DMPP (circles) and UAN (squares) limed 

(white) and unlimed (black) treatments at five different depths (0–2 cm, 2–4 cm, 4–6 cm, 6–8 cm and 

8–10 cm). Error bars represent the standard error of the mean. LSD bar represents an interaction 

between DMPP treatment, liming and time (p<0.05). 
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In the 0–2 cm layer, an interaction between liming and DMPP treatment existed with limed 

DMPP recorded significantly lower NO3
- concentrations than limed UAN (Figure 5.2). 

Unlimed DMPP and UAN recorded statistically similar NO3
- concentrations. The 2–4 cm 

layer exhibited an interaction between liming and sampling time with limed soils having 

significantly higher NO3
- concentrations than unlimed soils at weeks 2, 3 and 4. 

 

Figure 5.2: Interaction of liming and DMPP treatments on NO3
- concentrations for depth 0–2 cm and 

the interaction of liming and sampling time on NO3
– concentrations for 2–4 cm depth. LSD indicate 

significance between plotted treatments (p<0.05). 

 

A three way interaction existed between liming, DMPP and sampling time for the apparent 

recoveries for depths 6–8 cm and 8–10 cm (Figure 5.3). A significant peak in apparent 

recovery occurred at week 1 for limed treatments and by the completion of the experiment, 

limed DMPP had significantly higher recoveries than limed UAN and unlimed DMPP 

treatments. In the 4–6 cm layer, a peak in the apparent recovery was also observed at week 1 

where a significant interaction between liming and sampling time occurred with limed soils 

having significantly higher apparent percentage recoveries than unlimed soils (Figure 5.4).  

Alternatively, liming in the 0–4 cm layers caused significantly lower apparent recoveries for 

weeks 1– 3 which was evident through the significant interaction between liming and week 

(Figure 5.4). No significant difference in recoveries existed between liming treatments at 

week 4 for either 0–2 and 2–4 cm layers.    
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Figure 5.3: Apparent recovery of applied N (%) for DMPP and liming treatments for each soil depths 

(0–2 cm, 2–4 cm, 4–6 cm, 6–8 cm and 8–10 cm). Error bars represent the standard error of the mean. 

LSD represents a three way interaction between DMPP, liming and sampling time (p<0.05). 
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Figure 5.4: Interaction between liming and time on the apparent recovery of N applied (%) for depths 

0–2 cm, 2–4 cm and 4–6 cm depth. LSD represents significance between plotted treatments. 

 

 

The treatments that received lime exhibited significantly higher pH than the unlimed 

treatments (Figure 5.5). This was evident as a significant main effect of liming in the 0–4 cm 

layers and an interaction between lime and sampling time for layers from 4 to 10 cm (Figure 

5.5) where there was a significant increase in pH for limed soils at week 1.  
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Figure 5.5: Interaction between liming and sampling time on pHKCl for all depths (0–2 cm, 2–4 cm, 4–

6 cm, 6–8 cm and 8–10 cm). LSD represents significance between plotted treatments (p<0.05).   
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5.4.3 DMPP concentration and efficacy  

 

In all layers at week 0, there was no significant difference in the proportional forms of 

mineral N present between lime or DMPP treatments (Figure 5.6). However, at week 4 a 

significantly lower percent of NH4
+ was present in limed UAN compared to limed DMPP 

treatments. In layers below 4 cm, limed DMPP treatments had the highest percent of 

proportional mineral NH4
+ compared to other treatments by the completion of the 

experiment. No DMPP was detected in the control or UAN soils.  
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Figure 5.6: The proportional mineral N forms (% as NH4
+ or NO3

–) for limed (L) and unlimed (U) 

UAN and DMPP treatments at five different depths (0–2 cm, 2–4 cm, 4–6 cm, 6–8 cm and 8–10 cm) at 

week 0 (no diagonal fill) and week 4 (diagonal fill). Letters (A, B,   C and D)  indicates significance 

between treatments (p<0.05). 
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There was no significant interaction between liming and sampling time on DMPP 

concentrations. Concentrations of DMPP did decrease for all depths over the sampling period 

which was evident by the significant main effect of time (Table 5.2). No significant 

difference existed between liming treatments at each week. A significant decline in DMPP 

was recorded after week 1 for 0–2 cm, and the remaining depths had a significant decline in 

DMPP concentrations after week 2. Concentrations were significantly lower from week 2 

onwards compared to the applied concentrations recorded at week 0 for all depths. DMPP 

recovery efficiency from soil as reported by Doran et al. (2018) for a range of soils and 

depths was 107 +/- 9.%, indicating slight preferential extraction of DMPP compared to the 

internal standard. No significant difference in recovery between the 2 cm soil layers in the top 

10 cm of soil was observed in that study. Thus Table 5.2 concentrations are indicative of the 

extracted DMPP concentration.   

 

Table 5.2: Main effect of time (week) on DMPP concentration (mg kg-1) averaged for limed and 

unlimed treatments at each soil depth. Different letters within each depth (row) indicate significant 

difference between weeks (p<0.05).   

 Week 0 
mg kg-1 

Week 1 
mg kg-1 

Week 2 
mg kg-1 

Week 3 
mg kg-1 

Week 4 
mg kg-1 

0–2 cm 1.11 a 0.47 b 0.38 bc 0.29 c 0.31 c 

2–4 cm 1.14 a 0.77 b 0.58 bc 0.50 c 0.47 c 

4–6 cm 1.29 ab 1.01 b 0.66 c 0.56 c 0.58 c 

6–8 cm 1.34 ab 1.26 b 0.80 c 0.83 c 0.78 c 

8–10 cm 1.44 ab 1.32 b 0.90 c 0.81 c 0.75 c 

 

5.4.4 AOB and AOA abundance 

 

A significant interaction between liming, DMPP treatment and sampling time existed for 

AOB amoA gene abundance in every layer with the exception of 2–4 cm (Figure 5.7), where 

a significant main effect of lime increased AOB amoA gene copies.  Liming caused an 

increase in AOB amoA gene abundance in the layers 4–10 cm compared to unlimed. The 

AOB amoA gene abundance for limed UAN and control treatments increased over the 

duration of the experiment for all depths below 4 cm with significantly more copies at week 4 

than week 0. The use of DMPP in depths below 4 cm caused significantly lower AOB amoA 

gene copy numbers than UAN and control treatments.   
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Unlimed soils also had lower AOB amoA gene copies than limed soils in soil depths below 4 

cm after four weeks of incubation (Figure 5.7). In the 8–10 cm depth, no AOB amoA gene 

copies were detected in any unlimed treatments. However the application of lime meant a 

detection of gene copies occurred for DMPP, UAN and control treatments.  

AOB gene abundance decreased with soil depth and was highest in the 0–2 cm layer. Whilst 

not statistically compared, AOB amoA abundance was more than double the gene abundance 

of AOA amoA in the 0–2 cm and 2–4 cm layers.  

An interaction between lime treatment, DMPP treatment and sampling time also existed for 

AOA amoA gene copies for all depths except the 4–6 cm layer (Figure 5.7), where a 

significant main effect of lime existed; lime decreased AOA amoA gene copy numbers.  

At the 0–2 cm depth, DMPP caused a significantly lower AOA amoA gene abundance in 

limed soils than unlimed soils. All treatments except unlimed UAN recorded significantly 

lower AOA amoA gene abundance at week 4, compared to their respective initial gene 

copies. In the 2–4 cm depth, the presence of DMPP on limed soils caused an increase in gene 

abundance over the experimental duration, whilst DMPP on unlimed soils significantly 

decreased AOA amoA gene copies from initial starting levels.  

Below depths of 6 cm, gene abundance decreased in response to lime application. DMPP and 

control treatments applied to unlimed soils resulted in significantly lower AOA amoA gene 

abundance at week 4, compared to UAN. In the 6–8 cm layer, there was a general trend of 

decreasing AOA amoA gene copies over the duration of the experiment for both limed and 

unlimed soils. AOA amoA gene copies were detected in the 8–10 cm layer, but with high 

levels of variability and error for all treatments.   
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Figure 5.7: The log number of AOB and AOA amoA gene copies for control (NIL), UAN and DMPP 

treatments in both limed and unlimed soils at five different depths  (0–2 cm, 2–4 cm, 4–6 cm, 6–8 cm 

and 8–10 cm). Measured zero values are represented as absent columns. Error bars represent the 

standard error of the mean and LSD indicates significance between liming, DMPP and week. 
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 Discussion 

 

5.5.1 The effect of liming on nitrification 

 

The application of lime resulted in increased nitrification of added N applied in the absence 

of an inhibitor (Figure 5.1). In all limed soil layers, enhanced nitrification rates (Figure 5.6) 

and higher AOB amoA gene abundance were observed (Figure 5.7). AOB have been reported 

to dominate neutral soil conditions while appearing to be poor nitrifiers in acidic conditions 

(Che et al., 2015, Zhang et al., 2012, Yao et al., 2011a). Increases in pH can shift the 

principal nitrifiers from AOA to AOB, with bacterial gene expression appearing more 

affected by these changes (Yao et al., 2011a). Similar increases in nitrification and AOB 

abundance in response to lime application, as seen in the current study, have previously been 

observed. Che et al. (2015) amended an acidic soil (pHw 4.64) with lime to raise the soil pHw 

to 4.91 and found nitrification rates and AOB amoA gene abundance increased with the 

combination of lime and NH4
+ application. Yao et al. (2011b) raised the pH of highly acidic 

soils (pHw 3.53–4.34) to approximately pHw 6, resulting in an increase in nitrification rates 

but did not study AOB and AOA gene abundance. However, unlike the current study, none of 

these studies included the use of DMPP.  

In this trial, the pH of limed treatments was consistently maintained at pHKCl 6 or above 

(Figure 5.5), approximately equivalent to pHw >7. This was approximately 2 pHKCl units 

higher than the unlimed treatments.  The amelioration of acidity, in the presence of optimal 

water content and an input of NH4
+ substrate via inorganic fertiliser addition facilitated 

microbial activity. Increases in AOB amoA gene expression in the presence of lime was 

different to AOA amoA gene copies that tended to decrease from week 0, regardless of liming 

treatments (Figure 5.7). The addition of NH4
+ to layers below 6 cm also significantly 

decreased AOA amoA gene copies indicating that AOA population growth may have be 

inhibited by additions of NH4
+ substrate (Norman and Barrett, 2014, Taylor et al., 2012). 

Lime increased AOA amoA gene copy numbers in the 2–4 cm layer but decreased them in the 

layers below 4 cm. The diversity of archaea across a wide pH range has been reported by 

Gubry-Rangin et al. (2011) where AOA have been grouped into three distinct categories of 

varying pH tolerance: acidic soils, acido-neutral soils and alkaline soils. In the current study, 

the soil used exhibited pH stratification (Table 5.1), and whilst the pH of all layers remained 

acidic, differences between layers may have been enough to alter the diversity of archaea. 
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The application of lime in the 2–4 cm layer (initial pHCa 4.54) potentially affected archaea 

that are adapted to nitrify in an acidic to neutral range. The pH increase did not affect their 

ability to nitrify, and may have even shifted the soil conditions to a pH in which they could 

more effectively oxidise NH4
+. Alternatively, the AOA in depths below 4 cm (pHCa 4.25–

4.12) were potentially adapted to acidic environments and the increase in pH was beyond 

their optimum zone of growth and nitrification. This is supported by other studies where 

increases in pH have inhibited AOA growth (Nicol et al., 2008) as archaea are considered 

better performers in more extreme soil conditions including those of low pH and decreased 

substrate concentrations (Zhang et al., 2012). 

Liming resulted in improved efficacy of DMPP to inhibit nitrification as evidenced by the 

retention of a greater proportion of mineral N in the form of NH4
+ than for the UAN 

treatment (Figure 5.6). The inhibitory qualities of DMPP in limed soils were also highlighted 

by the significant decrease in AOB amoA gene abundance, particularly in layers below 4 cm 

(Figure 5.7). The pH increase in limed soils below 4 cm may have shifted the dominant 

nitrifier from AOA to AOB, which DMPP was effective at inhibiting. In acidic soils, there 

was no significant difference in the proportion of NH4
+ and NO3

- recovered (Figure 5.6), 

which is indicative of a lack of nitrification inhibition. The niche specialisation of AOA in 

acidic soils (Gubry-Rangin et al., 2010) potentially made DMPP applications redundant, as 

DMPP effectively inhibits AOB but not AOA (Kleineidam et al., 2011, Di and Cameron, 

2011, Gong et al., 2013). The use of DMPP on a relatively neutral soil will increase NH4
+ 

availability for a longer period of time and limit losses of nitrogen via NO3
- leaching and 

denitrification.  Increased yield and crop quality have also been reported with DMPP use 

(Pasda et al., 2001). Liu et al. (2015a) made similar observations for DMPP use on three 

alternative Australia agricultural soils with differing pH. They found the inhibitor use made 

minimal difference to mineral N concentrations for the acidic soil (pHw 4.6) whilst DMPP 

was effective at inhibiting nitrification in the neutral (pHw 7) soil. This supports results from 

the current trial where DMPP proved most effective at nitrification inhibition in relatively 

neutral soils. The improved efficacy of DMPP in limed soils has financial and environmental 

implications to producers. Increases in AOB abundance and nitrification rates in response to 

lime application means that applied fertilisers may be oxidised to NO3
- at a greater rate, 

increasing the risk of leaching or denitrification occurring. The current study demonstrates 

that DMPP can be effectively used on limed soils to suppress AOB nitrification, potentially 

mitigating N losses and improving the NUE of applied NH4
+ fertilisers. Alternatively, the use 
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of DMPP to inhibit nitrification on acidic soils where AOA are possibly contributing to 

nitrification, will prove redundant. 

 

5.5.2 The distribution of nitrifiers with depth 

 

The only layer in which nitrification clearly occurred for both unlimed and limed treatments 

was the 0–2 cm layer (Figure 5.1). Beyond this depth, unlimed soils showed minimal 

oxidation of NH4
+ to NO3

- (Figure 5.6). The lack of nitrification observed in the unlimed soils 

below the topsoil is not uncommon. Young et al. (2002) reported that nitrification in 

Australian acidic pasture soils occurred primarily in the surface few centimetres, with 

minimal nitrification observed below 6 cm. Nitrification in acidic soils is typically dominated 

by AOA (Yao et al., 2011a), and despite a higher abundance of AOB in the top 4 cm, studies 

have shown that increased nitrifier abundance does not always result in that nitrifier 

dominance (Ai et al., 2013, Jia and Conrad, 2009, Gong et al., 2013). Whilst the 

concentration of DMPP was lowest in the 0–2 cm layer which was potentially due to 

enhanced microbial degradation or sorption associated with OC concentrations in the surface 

soil (Table 5.1), its presence had little effect on restricting nitrification. DMPP is less 

effective at supressing AOA gene abundance (Liu et al., 2015a) with some studies suggesting 

that DMPP has no inhibitory effect on AOA nitrification (Kleineidam et al., 2011). As DMPP 

targets the AMO enzyme found in autotrophs (McCarty, 1999), the inhibitor also has no 

inhibitory effect on heterotrophs which have been recorded as nitrifying contributors in soils 

of high OC contents and acidic soil conditions (Liu et al., 2015c). Up to 88% of nitrification 

was heterotrophic in an acidic (pHw 4.8) dairy pasture with high OC (9.3%) content in 

Victoria, Australia (Liu et al., 2015b). The soil used in this experiment was collected after a 

pasture phase in which contributions of organic matter to the soil OC fraction were higher 

than a tilled soil (Chan et al., 2011). The highest concentration of native total OC for this trial 

was found in the 0–2 cm (Table 5.1). Whilst heterotrophic nitrification was not measured in 

this study, gene abundance for AOA amoA indicates a significant decrease in copy numbers 

over the duration of the experiment (Figure 5.7), particularly in 0–2 cm and 6–8 cm soil 

layers. A study by Zhou et al. (2015) examined long term additions of nitrogen and 

determined that AOA are more responsive to organic N additions, whilst AOB responded 

significantly to inorganic nitrogen. High levels of NH4
+ substrate addition (Norman and 

Barrett, 2014) and lime addition (Zhao et al., 2018) have been shown to hinder the growth of 

AOA. In this trial, archaeal gene abundance was highest at depths of 4–8 cm, particularly in 
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the unlimed soil which recorded a pHCa between 4.16–4.12 (Table 5.1).  A study examining 

semi-arid Australian agricultural soils found AOA abundance increased with soil depth (10–

90 cm) (Banning et al., 2015). Whilst not examining AOA distribution at the same level of 

incremental depth specificity as this trial, Banning et al. (2015) proved that AOA are 

competitive nitrifiers in conditions of low substrate, high acidity and increased soil depth. 

Liming at depth had negative effects on AOA population. It has been previously been found 

that AOA amoA transcript abundance decreased with increasing soil pH (Nicol et al., 2008) 

with AOA showing adaption to nitrify in niche low pH environments (Yao et al., 2011a). The 

low efficacy of DMPP in all acidic layers and the top 4 cm of limed soils may be caused by 

AOA or heterotrophic organisms dominating nitrification in these layers. 

For limed soils, nitrification occurred rapidly in the 0–2 cm layer in the absence of DMPP 

with complete oxidation of NH4
+ from UAN by week 2 (Figure 5.1). AOB dominate neutral 

soils (Che et al., 2015) with high bacterial activity occurring in the soil surface (Banning et 

al., 2015). The surface 2 cm of soil recorded the highest AOB amoA gene abundance (Figure 

5.7), and thus, the rapid oxidation of NH4
+ in the surface 2 cm was expected. As depth 

increased, bacterial abundance decreased. Nitrification also slowed with depth, with N 

persisting as NH4
+ for a longer period (Figure 5.1). Previous trials that investigated nitrifier 

abundance down a soil profile found AOB numbers decrease with depth (Banning et al., 

2015, Wang et al., 2014). However, these trials focus on relatively large soil increments (0–

10 or 0–20 cm). The current study demonstrated that a 2 cm incremental change in depth can 

significantly affect the population abundance of AOB (Figure 5.7). Gene copy numbers for 

AOB amoA were lowest in the 8–10 cm depth and were only present in the limed soil. The 

effect of decreased aeration availability with increase soil depth was eliminated by the 

incubation of separate layers, and thus all layers of all treatments had the same aeration 

status. Bacterial nitrifiers are responsive to lime applications (Zhao et al., 2018) and the 

addition of inorganic N addition (Ouyang et al., 2016). Soil bacterial populations were 

traditionally believed to concentrate in the topsoil due to substrate access. However, this 

study shows that AOB amoA gene copies increased with liming but not N application (i.e. 

substrate) which indicates that growth is limited by pH and not substrate access associated 

with stratified OM. Even in the absence of substrate addition (control), AOB amoA gene 

copies were still detected in the limed treatments, further strengthening the argument that pH 

was supressing AOB populations in unlimed soils which has implications for agricultural 

management in regards to fertiliser placement. The depth of seeding and fertiliser placement 
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is dependent on a range of factors including seed size (Wilson and Thurling, 1996, Emenky 

and Khalaf, 2010). This trial demonstrates that potentially any mineral N applied within the 

top 10 cm of soil under limed conditions will be subject to nitrification and possible 

consequential N losses. This trial also highlights that DMPP successfully inhibits nitrification 

and improves the persistence of NH4
+-N under limed conditions, regardless of inhibitor 

placement depth.  

 

5.5.3 DMPP degradation 

 

Evidence of decreased DMPP efficacy in the limed 0–2 cm layer was demonstrated by the 

near complete oxidation of DMPP-NH4
+ by week 4 despite DMPP application (Figure 5.6). A 

significant loss in DMPP concentration occurred after one week (Table 5.2). The top 0–2 cm 

had the highest OC% (Table 5.1) and inhibitor sorption to OC or clay fractions can decrease 

the inhibition capacity (Marsden et al., 2016, Shi et al., 2016a). DMPP efficiency improved 

with depth (Figure 5.6) which also coincided with decreasing TOC % contents (Table 5.1). 

The top 0–2 cm also had the highest abundance of AOB amoA gene copies (Figure 5.7). 

Biodegradation of chemicals by nitrifiers has previously been reported. AOB successfully 

degraded halocarbon fumigants (Rasche et al., 1990) and some wastewater pollutants (Roh et 

al., 2009). Considering that the physical properties that enhance inhibitor degradation 

including light, moisture and temperature were keep consistent for all depths, the decreased 

concentrations of DMPP must be due to inhibitor sorption or increased microbial activity in 

the topsoil. Doran et al. (2018) highlights that DMPP loss occurred via first order kinetics, 

although in their study losses cannot be proportioned between degradation, sorption, 

volatilisation or leaching. Whilst studies have recorded the effects of DMPP in soil existing 

months after application (Chaves et al., 2006, Benckiser et al., 2013), the cause of eventual 

inhibitor decline is unclear and often attributed to soil physicochemical effects. Further 

research into microbial decline of DMPP is required to comprehensively understand the 

degradation of the inhibitor.   

 

5.5.4 Peak in applied N 

 

A large peak in both NH4
+ and NO3

- concentrations occurred at week 1 for limed treatments 

below 4 cm (Figure 5.1). This peak was significantly higher for limed treatments with higher 

total N recoveries persisting for the duration of the experiment (Figure 5.3 & 5.4). Apparent 
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recovery accounts for any mineral N that was lost or gained from the system above that of the 

control, and can be used to identify contributions of N from sources additional to 

mineralisation that occurred in control treatments or applied fertiliser. Increased 

mineralisation rates have been recorded in response to liming, providing additional substrate 

for nitrification processes (Zhao et al., 2018). Mineralisation of labile organic matter is 

effected by temperature (Leirós et al., 1999), oxygen availability, moisture content, acidity 

and substrate quantity and quality (Purnomo et al., 2000). Another key determinant of 

mineralisation rate is the priming effect where the addition of inorganic nitrogen stimulates 

mineralisation and increases rates of decomposition. Agrella et al. (2003) conducted a trial 

analysing the effects of N and OC addition to mineralisation rates. Applying inorganic N 

fertiliser stimulated an initial peak from approximately 15 mg kg-1 to 80 mg kg-1 in plant 

available N (NH4
+ and NO3

-) between days 0–7. After the peak at day 7, NH4
+ concentrations 

were lower than starting concentrations (< 5 mg kg-1). Similar trends were observed in the 

current study for depths below 4 cm, where NO3
- concentrations started at approximately 100 

mg kg-1 and peaked at greater than 200 mg kg-1 within the first week. Concentration generally 

returned to initial starting concentrations at week 2.  

Analysis of urea in this trial indicated that complete hydrolysis had occurred by week 1 and 

thus a large addition of NH4
+ was available for the first week of incubation. A priming effect 

may have occurred within the first seven days. It was also noted that the lime amended soil 

had a significant increase in mineral N concentrations at depths below 4 cm whilst the acidic 

soil remained relatively constant. Decomposer bacteria and fungi are inhibited by a soil pHw 

below 4.5 (Rousk et al., 2009) while increased rates of mineralisation have been reported 

after raising the soil pH with Ca(OH)2 (Curtin et al., 1998). It was observed that a 

simultaneous increase in pHKCl of 0.35–0.60 pH units occurred at week 1 for the limed 

treatments (Figure 5.5) below 4 cm. Whilst urea hydrolysis does produce hydroxyl ions (OH-) 

that temporarily raises the soil pH, the subsequent nitrification of urea-NH4
+ will drive the pH 

back down (Condon et al., 2004). In this study, the increase in pH was not observed in 

unlimed treatments despite the application of UAN and subsequent hydrolysis of urea. Thus 

the observed increase in pH must be attributed to net mineralisation which releases OH- to 

increase pH and create NH4
+ ions (Equation 5.1 and 5.2), from Conyers et al. (1995)), thereby 

increasing apparent recovery of N at week 1 for limed treatments.  
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Equation 5.1:   R-CH(NH2)-R + ½O2 R-CO-R +NH3  

Equation 5.2:   NH3 + H2O  NH4
+ + OH-  

 

The magnitude of the pHca increase (0.35-0.60 pHca units) matches measurements of N 

formed (> 100 mg N kg-1) as per the proton model used by Condon et al., 2004. The DMPP 

effectively inhibited the nitrification of the additional substrate, whilst NH4
+ concentrations 

declined for UAN treatments as nitrification occurred. Similar observations were made where 

an inhibitor maintained NH4
+ concentrations in the soil and consequently created a continual 

priming effect (Gioacchini et al., 2002). Soil mineralisation rates and the release of soil 

organic N were thereby enhanced. Evidence of this continual priming effect from inhibitor 

application in the current study can be observed through the significantly higher apparent 

recoveries for limed DMPP treatments at week 4 for depths below 4 cm (Figure 5.3 & 5.4). 

The limed top 4 cm did not observe the same effect, potentially due to previous 

mineralisation of labile portions of OC where the slightly higher native pH provided a more 

suitable environment for decomposer fungi. The extra N cannot be from DMPP degradation 

due to the magnitude of masses involved. If extra N is being produced upon application of 

fertiliser treatments (UAN), it is possible that depletions in labile pools of OC can occur with 

repeated use. This may result in less agronomic benefit if the priming effect cannot be 

sustained with subsequent applications of fertiliser and DMPP.  

 

5.6 Conclusion 

 

This study allowed direct comparison of the effect of lime on the distribution and abundance 

of soil nitrifiers and consequential effectiveness of DMPP as a nitrification inhibitor. The use 

of lime to raise the pH from an acidic to relatively neutral soil improved the effectiveness of 

DMPP. The use of DMPP on limed soils inhibited nitrification at all soil depths and 

significantly maintained the availability of NH4
+ throughout the duration of the experiment. 

Without the inhibitor, NH4
+ was oxidised to NO3

- in limed soil. Nitrification was minimal in 

the unlimed soil and only decreased as soil depth increased, with DMPP having no effect on 

supressing the oxidation of NH4
+. The top 0–2 cm of soil had the greatest abundance of AOB 

with numbers decreasing with depth. Liming increased AOB amoA gene copy numbers but 

decreased AOA numbers. AOB amoA gene copies were only detected in the 8–10 cm layer in 
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limed soils. The highest number of AOA amoA genes was in the 4–8 cm depth with archaeal 

populations decreasing throughout the incubation period. The changes in nitrifying 

population in response to shifts in pH are thought to have altered the efficacy of DMPP. The 

inhibitor concentration was lowest in the topsoil and rapid losses occurred after one week of 

incubation in the top 0–2 cm layer, attributed to either sorption or microbial degradation. A 

peak in recovery of apparent N at week 1 for limed treatments was a potential priming effect 

that stimulated mineralisation of OC and released additional N into the system. Despite this 

increase in additional N, DMPP still effectively inhibited nitrifiers and maintained the 

additional nitrogen in the form of NH4
+ throughout the experiment. Whilst liming acidic soil 

provides broad agronomic benefits, it also encourages nitrification of NH4
+ fertiliser by 

favouring bacterial nitrifiers and thus the benefit of nitrification inhibitors such as DMPP is 

enhanced on limed soils. 
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Chapter six: Incorporating lime to depth significantly improves the inhibition efficacy 

of 3,4-dimethylpyraxole phosphate on an acidic pH stratified pasture 

 

Chapter five reported novel information regarding the influence of pH stratification and 

liming on microbial and mineral N dynamics. Results showed that liming a pH stratified soil 

significantly improved DMPP efficacy and also increased AOB abundance, particularly as 

soil depth of the pH stratified Thuddungra soil increased.  

Chapter six aimed to validate the findings of Chapter five in a field trial on the Thuddungra 

soil. The chapter is written in paper format but has not yet been submitted to a journal. Minor 

changes have been made to the text, figures and tables to ensure units and terminology are 

consistent throughout the thesis.  
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6.1 Abstract 

 

Many Australian agricultural soils are acidic and play host to AOA who are impervious to the 

inhibitory qualities of the nitrification inhibitor DMPP. The application of lime is used to 

ameliorate acidic soils, however no research has been conducted to examine the effects of 

liming on DMPP efficacy. A field experiment was completed on an acidic pasture soil to 

examine the use of DMPP under four different soil liming techniques: no lime (control), 

surface lime (2.5 t ha-1), incorporation to 10 cm with no lime, and lime (2.5 t ha-1) 

incorporated to 10 cm applied. Three nitrogen treatments were applied in a split plot design to 

each liming treatment: control (water), UAN (30 kg N ha-1), and UAN (30 kg N ha-1) plus 

DMPP (0.5 kg DMPP ha-1). Lime incorporated to 10 cm significantly increased soil pH 

throughout the 0-10 cm, whilst surface liming exacerbated the pH stratification. DMPP was 

effective at inhibiting nitrification in the liming incorporated treatments. DMPP persisted in 

the soil for the duration of the experiment with liming treatments having no effect on the 

concentration of DMPP. Further work is required to explore potential relationships between 

moisture stress and pH on nitrifying organisms and DMPP efficacy.  

 

6.2 Introduction 

 

The nitrification inhibitor DMPP is ineffective in acidic soil conditions (Liu et al., 2015a). 

The target organisms for DMPP are ammonia oxidising nitrifiers whose population dynamics 

are influenced by soil pH (Che et al., 2015). AOA dominate nitrification in acidic soils 

(Zhang et al., 2012) whilst AOB prefer relatively neutral soil conditions (Nicol et al., 2008). 

It is well reported in literature that DMPP is effective at inhibiting AOB but is ineffective 

against AOA (Duncan et al., 2017, Gong et al., 2013, Kleineidam et al., 2011). Consequently, 

DMPP is a useful inhibitor at in neutral soils where AOB dominate (Shi et al., 2016b) but has 

shown limited success when used in AOA dominated acidic soils (Liu et al., 2015a).  

South eastern Australian agricultural soils are typically very weathered with acidic topsoils 

(Helyar et al., 1990). Soil acidification is further enhanced by product removal, plant and 

microbial biological processes that occur through production phases and the application of 

NH4
+-based fertilisers (Bolan et al., 1991). Amelioration of soil acidity by the application of 

lime is a common industry practice, however the adoption of minimal tillage has resulted in a 

lack of lime incorporation (Burns et al., 2017). Lime is relatively insoluble and will not 
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percolate through a profile with water movement. Without manual incorporation, the surface 

soil in closest proximity to the lime remains neutral whilst subsurface soil (5–20 cm) remains 

acidic (Scott et al., 2017). This results in pH stratification throughout the soil profile. Whilst 

it is understood that AOA and AOB prefer differing soil pH (Nicol et al., 2008), it is unclear 

if their response to liming induced changes in a pH stratified soil. Previous research has 

examined the effect of lime on nitrifiers with increased nitrification rates observed with lime 

application (Corre et al., 2003, Islam et al., 2006) and the stimulation of AOB growth after 

amelioration of a highly acidic (pHKCl 2.8) soil (Nugroho et al., 2007), however AOA gene 

abundance was not measured in any of these trials. Che et al. (2015) observed that 

nitrification rates did not increase with lime alone but required the addition of nitrogen (N). 

DMPP was not used in these studies and no research has been conducted to investigate how 

liming might change the efficacy of DMPP use. If liming does shift the dominant nitrifier 

population from AOA to AOB, this may affect the inhibitory response of DMPP. This lack of 

evidence regarding DMPP response to liming is particularly prominent for south eastern 

Australian agricultural systems, where soils are often chronically acidic.  

A field experiment was conducted on an acidic pasture soil to determine the effects of 

different liming placement and incorporation treatments on the effectiveness of DMPP. It was 

expected lime incorporated to depth (10 cm) would increase the soil pH and exhibit improved 

DMPP inhibition efficiency.  

 

6.3 Materials and methods 

 

6.3.1 Soil properties  

 

A field experiment was conducted on a brown Sodosol clay loam at Thuddungra, NSW (-34o 

06’ S, 148o 06’ E). The site had been in Lucerne (Medicago sativa) pasture for the past 5 

years and pH stratification was evident within the top 10 cm of soil (pHCa 5.31– 4.25).  Soil 

physical and chemical properties were tested for each soil layer and are reported in the 

previous chapter, Table 5.1. Soil pH was determined with aqueous 0.01 M CaCl2 in a 1:5 

soil- solution suspension (Rayment and Lyons, 2011) using a Sartorius benchtop probe and 

meter. Electrical conductivity was measured using a 1:5 soil-water suspension and 

conductivity probe. Exchangeable cations (Ca2+, K+, Mg2+ and Na+) were extracted with 1 M 
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ammonium acetate and exchangeable aluminium was extracted with 1 M potassium chloride 

and analysed by Atomic Absorption Spectroscopy. Soil phosphorus was determined by 

Colwell P (Rayment and Lyons, 2011) using a 1:100 soil-extractant (0.5 M NaHCO3). Total 

soil carbon (including carbonates), nitrogen and sulphur were analysed by a Leco CNS 

analyser.  

 

6.3.2 Experimental design 

 

The field plot had four different liming treatments applied in a complete randomised block 

design: control where no lime or incorporation occurred (NIL), liming via surface application 

(SL), liming incorporated to 10 cm (LI), and incorporation to 10 cm with no lime (INC). 

Each liming treatment was replicated four times. Liming treatments were applied in July 

2018 at a rate of 2.5 t ha-1 of superfine agricultural lime (neutralising value 98%) using a 

calibrated push spreader, a year before experimentation began. This provided sufficient time 

to allow for lime reaction before experimenting. Incorporation was performed in January 

2019 following a large rainfall event using a two-way disc offset that incorporated to a 10 cm 

depth. 

Each liming treatment had three nitrogen treatments applied in a randomised split plot design. 

The nitrogen subplot treatments were consistent with laboratory incubations and were as 

follows: 0 kg N ha-1 (referred to as control), 30 kg N ha-1 (referred to as UAN) and 30 kg N 

ha-1 + DMPP (referred to as DMPP). Nitrogen was applied as UAN and DMPP was applied 

as ENTEC™ at 0.5 kg DMPP ha-1. UAN + DMPP was applied simultaneously as a pre-

prepared mixed solution. Plot sizes were 10 m X 4 m with 0.5 m between each plot to 

minimise competition effect.  

Sowing occurred in May 2019, although due to technical complications, resowing of the field 

experiment occurred in August 2019. An earlier resowing date was avoided due to reduced 

soil temperatures. Nitrogen solution was applied evenly across a 4 cm deep furrow via 

pipetting. This occurred in conjunction with the sowing of Triticum aestevum (c.v. spitfire) 

wheat that was hand sown across all plots at a rate of 80 kg ha-1 with seed placement also at 4 

cm deep. Single superphosphate was applied concurrently with the seed at a rate of 6.5 kg P 

ha-1 as to not limit phosphorus availability throughout the experiment.  

 

6.3.3 Sampling 
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Two soil cores (0–20 cm) were taken per subplot along a linear meter. Each core was split 

into three segments (0–2.5, 2.5–5 & 5–10 cm) with segments of each layer pooled and mixed 

for analysis. Sampling did not cross any horizon boundary changes. It was initially planned 

that analysis of mineral N would be split into 0–2.5 and 2.5–5 cm segments, although due to 

dry soil conditions causing the topsoil to break apart and mix upon the removal of soil cores, 

it was determined that the two samples be pooled and results reported as 0–5 cm for accuracy 

purposes. It was also planned that core depth would include a 10–20 cm layer, although the 

below average rainfall and limiting subsoil moisture at the field site meant that it was 

impractical to attain soil cores at that depth.  

Soil was analysed for mineral N, DMPP concentrations and soil pH on the same day of 

sampling. Based on results from previous experiments it was determined that soil samples 

were taken at sowing and weekly thereafter for four weeks. Further soil sampling was to be 

determined by the occurrence of significant rainfall events, however the complete lack of 

rainfall for a month after week 4 sampling resulted in termination of the experiment. Plant 

biomass samples were planned to be collected from the crown of the plant at GS 30, anthesis 

and grain yield, and used for analysis of total N but wheat plants died shortly after week 4 

sampling due to moisture and heat stress.  

 

6.3.4 Mineral N and urea concentrations 

 

The concentration of NH4
+ and NO3

- was measured on field moist samples using 20 g of soil 

extracted in 100 mL 1 M KCl shaken end-over-end for one hour with a subsequent settling 

period of 30 minutes. The supernatant was filtered through Whatman 42 filter paper and 

analysed colorimetrically using an automated SEAL AQ2 discrete analyser. During analysis, 

NO3
- and nitrite concentrations were not separated, and thus reported NO3

- is depictive of the 

sum of both soil NO3
- and nitrite. Standard soils and blanks were used throughout analysis to 

monitor quality control. Reported NH4
+ and NO3

- concentrations for each treatment are done 

so minus the control.  

The applied UAN was tested for NH4
+, NO3

- and urea concentrations before sowing. 

Sampling for urea analysis followed the method described by Mulvaney and Bremner (1979). 

Soil samples at week 2 were also tested for urea concentrations to ensure that complete urea 

hydrolysis had occurred. 20 g of soil was added to 100 mL of 1 M KCl containing 10 𝜇g of 
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phenylmercuric acetate (PMA) mL-1 before mixing end over end for one hour, then allowed 

to settle for 30 minutes. Extracts were collected by filtering the solution with a Whatman No 

42 filter paper. Reagents (diacetyl monoxime, thiosemicarbazide and sulfuric/ phosphoric 

acid reagent) and calibration standards were prepared as described by Mulvaney and Bremner 

(1979). An aliquot of extract was made to 10mL using the KCl-PMA solution before adding a 

colour reagent and incubating in a water bath for 30 minutes at 85 ˚C ± 0.5 ˚C. Upon 

removal, extracts were cooled under running water for 10 minutes. Contents were made to 50 

mL before being analysed colorimetrically at 527 nm using a Thermo Scientific UV-visible 

spectrophotometer.  

 

6.3.5 DMPP analysis 

 

Extraction of DMPP occurred via the methodology and parameters outlined by Doran et al. 

(2018). Please refer to Chapter 5.3.7 for a detailed description of the extraction process.  

 

6.3.6 Gravimetric water content and pH 

 

As all mineral N, urea and DMPP analysis results were reported on an oven-dry soil basis the 

gravimetric soil water content was measured on each sampling day. Approximately 40 g of 

soil was weighed (W1) and placed in a tin foil container. Samples were oven dried at 105oC 

for 24 hrs and re-weighed (W2) for determination of gravimetric moisture content. All results 

were reported on an oven dry soil basis. Soil pH was determined using a 1:5 soil- KCl 

solution (Rayment and Lyons, 2011). This extract was the same used for nitrogen 

determination.  

 

6.3.7 Statistical analysis 

 

The field experiment had a complete randomised split plot design with four replicates. 

Mineral N concentrations for UAN and DMPP treatments were calculated by deducting the 

control mineral N. Statistical analysis was performed using R (version 3.4.2) in the platform 

R-commander (R-development-Core-Team, 2020). The effect and interaction of sampling 

time and DMPP use on NH4
+, NO3

- and urea concentrations was examined using a two-way 

ANOVA for each liming treatment. The effects of sampling time were examined on DMPP 

concentrations for each liming treatment was examined using one-way ANOVA. Results 
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reported as significant were done so at P <0.05.   

 

6.4 Results 

 

 

6.4.1 Effect of liming management on DMPP 

 

Nitrification inhibition by DMPP was unsuccessful in all liming treatments except LI (Figure 

6.1). A significant difference between UAN and DMPP existed in the LI treatment as 

evidenced by a main treatment effect where DMPP maintained significantly higher 

concentrations of NH4
+ for the duration of the experiment, than UAN treatments. In the 

absence of DMPP, NO3
- concentrations increased as NH4

+ was oxidised (Figure 6.1). The rate 

of nitrification was calculated by deducting the final NH4
+ concentration from the initial 

NH4
+ concentration and dividing by the weeks of field experiment (Table 6.1). Nitrification 

occurred fastest in LI soils for UAN treatments whilst the use of DMPP in the LI soil slowed 

nitrification.  

 

Table 6.1: Nitrification rates (mg kg-1 of NH4
+ oxidised per week) of UAN and DMPP for four 

different liming treatments (control, incorporation, lime surface and lime incorporation). Different 

letters indicate significance (P < 0.05) between nitrification rates across all treatments.  

 UAN  DMPP  

Nil 0.19 a -9.65 a 

Incorporation -2.18 a 1.78 a 

Lime surface 6.07 a 0.40 a 

Lime incorporation 19.29 b -6.63 a 

 

No significant difference existed between UAN and DMPP treatments for NIL, SL and INC, 

indicating that DMPP did not inhibit the oxidation of NH4
+ for these treatments. Despite the 

presence of DMPP, nitrification was observed for these three liming treatments as evidenced 

by a main effect of time. A significant decrease in NH4
+ and consequent increase in NO3

- 

occurred after week 1 sampling for UAN and DMPP treatments, although nitrification rates 

were low for NIL, SL and INC treatments. Urea concentrations recorded at week 0 were 

statistically the same for all treatments (mean 51.7 ± 3.9 mg kg-1). Urea analysis at week 1 

detected no urea for any treatments indicating urea hydrolysis. For this reason, urea 
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concentrations are not reported in Figure 6.1. Mineral N concentrations are not displayed for 

5–10 cm depth as N treatment plots recorded the same concentrations as control plots. This 

indicates that no nitrate leaching occurred beyond the sowing zone for any liming or N 

treatments.  

 

Figure 6.1: Mineral N concentrations (0-5 cm) at each sampling time for UAN and DMPP applied to 

four different liming management treatments. Error bars represent the standard error of the mean.  
 

 

6.4.2 DMPP concentration  
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Concentrations of DMPP decreased throughout the field trail with a main effect of time 

resulting in significantly lower DMPP concentrations after the week 2 sampling point (Figure 

6.2). Liming treatments had no effect on DMPP concentration despite the recommended 

concentration of DMPP to inhibit nitrification existing in the soil (0.5 mg kg-1) for the 

majority of the experiment. 
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Figure 6.2: Concentration of DMPP (mg kg-1) at 0-5 cm depth for each liming management treatment 

at experimental sampling dates. Error bars represent the standard error of the mean. 
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6.4.3 Soil pH 

 

The pH remained acidic after sowing at week 0 for the NIL and INC treatments (Figure 6.3). 

Incorporating the soil to depth without lime had no effect on the pH of the soil at any soil 

layer. The pH remained constantly acidic throughout the duration of the trail for these two 

management practices. Applying lime to the surface of the soil only increased the pH in the 

top 2.5 cm of soil. Applying lime and incorporating to depth was the only management 

practice that increased the pH subsurface. An approximate pHKCl increase from 4.5 to 5.5 

(Figure 6.3) indicates that incorporating the lime with disc offsets successfully neutralised 

some soil acidity and increased the pH below the surface 2.5 cm, although this was not 

consistent to 10 cm depth. There was no significant difference in pH between N treatments 

for any of the lime management treatments. 
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Figure 6.3: pHKCl recorded at different profile depths (0–2.5 cm, 2.5–5 cm and 5–10 cm) at week 0 

(circle) and week 4 (triangle) for UAN and DMPP treatments for four different liming management 

practices. Error bars represent the standard error of the mean. 
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6.4.4 Rainfall 

 

After sowing, only 10 mm of rain was recorded at the field site between week 2 and 3 

sampling (Figure 6.4). An unseasonably dry year with below average rainfall and above 

average maximum daytime temperatures occurred for the district in 2019. A total growing 

season rainfall of 110 mm fell, compared to the decile 5 (median) rainfall of 559 mm. 

Negligible soil moisture was recorded for the top 5 cm except post rainfall event where 

moisture content increased to between 7 –11% across all treatments and plots (see Appendix 

A for weekly soil moisture contents).  

A nearby (2 km away) soil moisture probe recorded 45 mm of plant available soil moisture at 

the beginning of sowing (0–30 cm depth). At the completion of the experiment four weeks 

later in September, plant available soil moisture was 14 mm. Wilting point occurs once this 

value reaches 0.  

 

Figure 6.4: Monthly rainfall (mm) for 2019 at the Thuddungra field site (A) and daily rainfall (mm) 

recorded throughout the duration of the field experiment (B).  
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6.5 Discussion  

 

6.5.1 The effect of pH on DMPP effectiveness  

 

Lime incorporated to 10 cm was the only treatment in which DMPP successfully inhibited 

nitrification (Figure 6.1). DMPP had no inhibitory effect on the remaining liming treatments 

in which the subsurface soil remained acidic.  DMPP has been used in a range of soils, 

although its effectiveness is strongly influenced by soil pH (Liu et al., 2015a)) and nitrifier 

population type (Chen et al., 2015a). Studies have shown strong DMPP inhibition in neutral-

alkaline soils (pHw 6.28–7.96), whilst the inhibition of NH4
+ oxidation in acidic pasture soils 

(pHw 5.44– 5.65) was limited (Shi et al., 2016b). Liu et al. (2015a) examined three 

contrasting Australian soils with DMPP application decreasing nitrification activity in neutral 

soils (pHw 7.0–8.0) but not in acidic soils (pHw 4.0). Mounting evidence suggests that the 

target organism for DMPP is AOB (Di and Cameron, 2011) whereas AOA abundance appear 

unaffected by the inhibitor (Chen et al., 2015a, Duncan et al., 2017, Gong et al., 2013). This 

study showed that DMPP use was only effective in the relatively neutral lime amended soil, 

whilst no inhibitory effect was observed in the unlimed acidic soils. The persistence of 

DMPP in all liming treatments (Figure 6.2) for the duration of the experiment indicates that 

the ineffectiveness of DMPP in acidic soils was not due to inhibitor absence.  

Literary AOA dominates nitrification activity in acidic soils (Zhang et al., 2012). Soil pH has 

been strongly correlated with the ratio of abundance between AOA and AOB and conclusions 

drawn that ammonia oxidiser community composition can be predicted based on soil pH (Hu 

et al., 2013). It is unclear what mechanisms that makes AOA the dominant nitrifiers in acidic 

soils and AOB dominant in neutral soils. AOB have not been detected in acidic forest soils 

(Yao et al., 2011a) but dominate neutral (pHw 6.9–7.0) agricultural farming land (Jia and 

Conrad, 2009). The niche specialisation of nitrifiers is highlighted by increasing amoA AOB 

gene copy numbers when an acidic soil is amended with CaCO3 (Che et al., 2015). In this 

field experiment, incorporating lime to depth amended the acidic soil by increasing the pH 

and potentially caused a shift in dominant nitrifier from AOA to AOB in which DMPP is 

successful at inhibiting.  

Liming treatments had no effect on the persistence of DMPP although concentrations did 

decline over the duration of the experiment (Figure 6.2). Loss of DMPP can occur through 
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sorption onto soil fractions, microbial immobilisation (Marsden et al., 2016, Barth et al., 

2001), volatilisation or degradation (Doran et al., 2018). Whilst this experiment did not 

distinguish the cause of DMPP loss, it was demonstrated that DMPP will persist in acidic and 

lime amended soils for 28 days at concentrations approximately at the recommended rate for 

inhibition of 0.5 mg DMPP kg-1.  

 

6.5.2 Nitrogen dynamics 

 

Nitrification rates were slow (Figure 6.1) in the soils that remained acidic (NIL, LS, INC) for 

both UAN and DMPP treatments. Minimal oxidation of NH4
+ occurred and NO3

- 

concentrations remained relatively consistent throughout the 4 week experiment. Nitrification 

in the LI treatment in the absence of DMPP was relatively fast in comparison, with NH4
+ 

from the applied UAN treatment oxidising after the first week. Increased nitrification rates 

with N fertiliser additions have been found to occur in soils with a higher pH (Kyveryga et 

al., 2004). AOB are responsive to increasing substrate concentrations, and have significantly 

greater population sizes in soils regularly fertilised with ammonium compared to native soils 

(Okano et al., 2004). The higher pH in the LI treatment (Figure 6.3) meant nitrification was 

potentially dominated by AOB. The application of NH4
+ as a substrate source at the start of 

the experiment, combined with an environment favourable to AOB conditions, may have 

contributed to the quicker nitrification rates in LI treatments. AOA abundance is not affected 

by fertiliser addition (Ouyang et al., 2016) and high levels of substrate addition have been 

found to hinder AOA activity (Norman and Barrett, 2014). It is found that AOA has 

preference to organic N additions compared to inorganic N (Zhou et al., 2015) and that AOA 

persistence in unfertilised environments is better than AOB (Taylor et al., 2012). Low 

nitrification rates in the acidic environments of the NIL, LS and INC treatments may be 

attributed to AOA being the principal nitrifiers and not responding or possibly hindered by, 

the addition of UAN at sowing.  

Whilst it is clear that pH had an effect on nitrification rates, low soil moisture conditions 

during the experiment may have affected the rate at which NH4
+ was oxidised. Well below 

average rainfall for the duration of the field experiment (Figure 6.4) resulted in soil 

gravimetric contents being as low as 2% (Appendix A). Soil moisture affects nitrification 

rates and N cycling (Hartmann et al., 2013) with substrate limitation potentially being a factor 

contributing to decreased nitrifier activity (Stark and Firestone, 1995). A slight but 
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insignificant increase in NH4
+ oxidation occurred for all treatments except the NIL after week 

3 (Figure 6.1), which corresponds to a rainfall event (10 mm) that occurred two days before 

sampling (Figure 6.4). Rapid transcriptional response of nitrifiers can occur when dry soil is 

wet up (Placella and Firestone, 2013) with soil water having a particularly significant effect 

on AOB gene abundance (Marcos et al., 2016). Interestingly, despite low soil moisture 

contents throughout the experiment, nitrification still occurred in the relatively neutral LI 

treatment but not the acidic NIL, SL and INC treatments (Figure 6.1). Liu et al. (2015c) 

examined an acidic (pHw 4.5) cropping soil and determined that heterotrophic nitrification 

was dominant at lower soil moisture contents (50% WFPS) whereas autotrophic nitrification 

was prominent at higher (70% WFPS) moisture contents. Whilst heterotrophic nitrification 

produces NO3
- from organic N and isn’t hindered by acidic conditions (Liu et al., 2015b), it is 

unlikely that heterotrophic nitrification played a major role in this study due to the lack of 

NO3
- produced in the acidic treatments and the dry soil.  

An increase in NH4
+ concentrations occurred at week 1 for all liming treatments (Figure 6.1). 

The addition of N fertiliser stimulates the decomposition of OM, releasing mineral NH4
+ 

which is consequentially available for nitrification (Agrella et al., 2003). Mineralisation has 

been found responsive to elevated soil pH with increased availability of substrate for 

nitrification (Zhao et al., 2018). In the instance of the LI treatment, the presence of DMPP 

prevented the oxidation of NH4
+ which resulted in enhanced concentrations of mineral N. The 

same effect of nitrification inhibitors preserving additional mineral N generated by N 

fertiliser priming mineralisation was observed by (Gioacchini et al., 2002). Urea hydrolysis 

typically occurs within 2 days of fertiliser application (Dawar et al., 2011) and recovery rates 

at week 1 for NH4
+ was greater than the applied concentration of N from fertiliser addition. A 

similar increase in mineral NH4
+ can be observed between week 2 & 3 for all liming 

treatments except the control (Figure 6.1). Although this increase wasn’t statistically 

significant, it corresponds with the only rainfall event that occurred throughout the field 

experiment (Figure 6.4). Oxidation of NH4
+ consequentially resulted in an increase in NO3

- 

concentrations for those three treatments.  This increase potentially indicates that a 

synergistic relationship exists between mineralisation rates, moisture and pH. Despite low 

moisture contents, the high pH LI treatment continued to experience nitrification. 

Comparatively, in acidic soils with the same moisture content nitrification was minimal. 

However, the acidic soils (SL and INC) experienced an increase in both mineralisation and 

nitrification rates after the rainfall event occurred for sampling at weeks 3 and 4. Inhibition of 
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decomposers can occur below a pH of 4.5, potentially due to nutrient toxicity or poor plant 

productivity (Rousk et al., 2009).  The acidic soil environment of SL and INC was potentially 

too hostile for soil decomposers and consequently mineralisation rates were low, however, 

the application of moisture may have stimulated the catabolism of OC (Mikha et al., 2005). 

Further research into potential relationships between soil moisture stresses exacerbating the 

effects of low pH on mineralisation, nitrification rates and population dynamics is required.   

 

6.5.3 Liming management and pH 

 

It is estimated that 50% of Australian agricultural soils are below pHCa 5.5 (Orgill et al., 

2018). The acceleration of subsurface acidification occurs through the removal of alkaline 

product, plant extrusion of protons and nitrification of NH4
+-based fertilisers. Lime is a 

relatively immobile substance and has minimal percolation through the soil profile (Tang et 

al., 2013) and thus the neutralising effect of lime amelioration is limited to the depth to which 

it is incorporated into the profile. With the adoption of minimal tillage and conservation 

farming, adequate mixing of lime throughout the profile is not occurring (Scott et al., 2017). 

A resulting stratification in pH consequentially develops where a neutral soil surface layer 

overlays acidic subsurface layers. In this field experiment, lime applied to the surface led to 

the highest recorded pH for the 0–2.5 cm layer (Figure 6.3), but soil depths below the surface 

remained highly acidic. The application of surface lime exacerbated the acid stratification. 

Lime incorporated to 10 cm with a 2-way disc offset had the highest subsurface (5–10 cm) 

soil pH.  The use of this incorporation implement was based on common agricultural 

practices in the area, and whilst all efforts were made to create a consistent pH throughout the 

profile, it is clear that some variability in pH still existed (Figure 6.3). A study by Reynolds 

and Parker (2018) found variation in soil inversion and mixing was dependent on implement 

used. Despite inconsistences in the homogeneity of lime incorporation, this field experiment 

demonstrated that lime incorporated to depth was the most effective liming technique to 

amend an acidic soil. Although surface application of lime increased the top 2.5 cm, the 

percolation of lime through the subsurface profile was minimal and consequentially was an 

ineffective technique for soil acidity remediation. Rainfall was well below average for the 

field site, and whilst rainfall is said to contribute to some movement of surface lime (Shoghi 

Kalkhoran et al., 2018), this generally occurs over a period of years in high rainfall zones 

with sandy soils. Incorporation without lime had no significant effect on soil pH due to the 

absence of a neutralising substance. Whilst the integration of surface OC can increase soil 
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pH, the effect is often temporary as OC is mineralised and the resulting mineral N nitrified 

(Yan et al., 1996).  

 

6.6 Conclusion 

 

Liming management had no significant effect on the concentration of DMPP but did 

influence the effectiveness of the inhibitor. The application of DMPP on acidic soils did not 

affect the inhibition of nitrifying organisms. Nitrification rates remained relatively slow in 

acidic soils and increased only with the addition of lime or moisture. Incorporating lime was 

the only liming management practice on which DMPP effectively inhibited nitrification and 

prevented the oxidation of NH4
+. Incorporating lime was the only liming practice that 

increased the pH below the subsurface whilst surface liming exacerbated the pH stratification 

down the soil profile. It is recommended that a soil amended by lime incorporation will 

benefit from the application of DMPP as a nitrification inhibitor. Further research is required 

to examine the relationship between pH and moisture stress on nitrification rates and DMPP 

efficacy.  

  



127 
 

Chapter seven: general discussion 

 

7.1 Introduction  

 

The ability of DMPP to inhibit nitrification is dependent on numerous factors including soil 

physicochemical properties and nitrifier populations. There is a lack of research on how 

DMPP efficacy may be affected by issues like fluctuating soil OC contents and pH 

stratification. Understanding how soil Physicochemical factors affect nitrifying populations 

and DMPP inhibition will increase the ability to use the inhibitor as a tool to maximise NUE 

of applied fertilisers.  

The data presented in this thesis demonstrate that DMPP efficiency is largely driven by soil 

pH, OC contents and the dominant nitrifier population. For example, rotational crop-pasture 

systems influence soil OC content and pH (Chan et al., 2011).  DMPP was most effective in 

management practices with lower % OC and higher pH. DMPP did not inhibit nitrification in 

acidic pH stratified soils, but the application of lime to raise the pH significantly improved 

inhibitory action. The data demonstrated that soil conditions can be manipulated to improve 

DMPP efficacy by generating conditions favourable to AOB nitrification. 

Each of the four experimental chapters (Chapters 3, 4, 5 and 6) have an individual discussion 

relating to the results of that chapter. This general discussion is a compilation of the key 

findings from those experimental chapters as they relate back to the research questions 

proposed in Chapter 2. The influence of soil conditions relevant to Australian broad-acre 

farming systems on DMPP efficacy and mineral N dynamics is examined as the focus of this 

thesis. Directions for future research are also presented.  

 

7.2 Management practices in Australian agricultural systems 

 

A heavy dependence on fertiliser application to meet plant N requirements exists in soils of 

low fertility where OC contents average between 1.52–2.64% (Conyers et al., 2012). The OC 

contents of soils used in the above experiments ranges from 0.95% to 2.28% (Table 4.1). The 

adoption of minimal tillage encourages soil C preservation (Kirkegaard et al., 2012) and 

rotational crop-pasture farming uses a pasture phase to build OC reserves when they are 
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depleted in the cropping phase (Chan et al., 2011). Rotational crop-pasture systems are 

combined with the increasingly common method of dry sowing (Fletcher et al., 2015). 

Mineral N dynamics and DMPP behaviour was investigated in relation to crop-pasture 

rotations and dry sowing with the results compiled and discussed below. 

 

7.2.1 DMPP and fertiliser use  

 

Despite potential losses via volatilisation, urea is the most commonly used N-based fertiliser 

in Australian agricultural systems with over 1.38 million tons applied in 2016–2017 

(ABARES, 2018), and is followed by ammonium phosphate (MAP and DAP) fertilisers with 

over 1.14 million tons applied. Several overseas studies have explored DMPP use on 

different forms of N fertiliser (Roco & Blu., 2006, Macadam et al., 2003), however none 

have been performed in Australia. It was hypothesised in Chapter 2 that DMPP would 

effectively inhibit nitrification of all fertilisers containing NH4
+, although fertilisers 

containing urea would have losses of N. Results from Chapter 3 highlight that soil incubated 

with urea had a significantly lower total mineral N concentration than other fertilisers. Losses 

are ascribed to the process of NH3 volatilisation after urea hydrolysis temporarily drives the 

pH (Condon et al., 2004). 

DMPP effectively inhibited nitrification and thus slowed the oxidation of NH4
+ to NO3

- 

regardless of the fertiliser type (Chapter 3). Evidence of nitrification in soils amended with 

fertilisers in the absence of DMPP was observed by increased NO3
- concentrations 7 days 

after fertiliser application. Use of DMPP with urea is commonly reported in literature 

(Rowlings et al., 2016, Lester et al., 2016, Duncan et al., 2017, Dougherty et al., 2016, Gong 

et al., 2013), whilst the use of DMPP with other fertilisers including ammonium nitrate (Shi 

et al., 2016b, Barth et al., 2008), Ammonium chloride (Liu et al., 2015a), ammonium 

sulphate nitrate (Kleineidam et al., 2011), poultry manure (Riches et al., 2016), vegetable 

residue (Chaves et al., 2006) and animal urine (Di and Cameron, 2011) is less common. One 

study combined the use of DMPP with a range of fertilisers and found the inhibitor increased 

yield and quality in some horticultural and agricultural crops, with positive effects enhanced 

in areas of increased rainfall (Pasda et al., 2001). Whilst results found in Chapter 3 do not 

examine yield effects, the effectiveness of DMPP to inhibit nitrification when used with a 

range of NH4
+-based fertilisers is highlighted. Therefore, inhibitor use is not limited to the 

type of NH4
+-based fertiliser.   
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7.2.2 Soil moisture at time of inhibitor application 

 

the practice of dry sowing is becoming an increasingly common management technique in 

south-eastern Australian broad-acre cropping systems to help alleviate uncertainties of timing 

seasonal breaks in a changing climate (Celenza et al., 2013, Fletcher et al., 2016). In Chapter 

3 and 4, the impact of soil moisture contents at the time of inhibitor application was 

examined by comparing soil moistures equivalent to those found in dry sowing before a 

seasonal break, with sowing into moist soil simulating a sowing after the seasonal break 

occurred. This comparison was unique from other literature examining DMPP use where an 

incubation period of 24 hr (Yang et al., 2013) to three weeks (Liu et al., 2015a) was used 

prior to inhibitor application to allow for stabilisation of the microbial population. 

Nitrification studies that investigate soil moisture contents have focused solely on nitrifiers 

and not DMPP use (Placella and Firestone, 2013, Szukics et al., 2010). Some researchers 

have applied DMPP onto pre-incubated soil and then impose moisture content treatments 

(Azam et al., 2001, Barth et al., 2001, Chen et al., 2010). The work presented in this thesis is 

the first experimental investigation of the influence of DMPP application in a dry sowing 

scenario compared to application onto moist soil.  

The investigation of DMPP application in relation to dry sowing (air-dried) or post seasonal 

break sowing (-85 kPa) occurred in two different experimental chapters. In Chapter 3, four 

agriculturally relevant N fertilisers were applied with and without DMPP onto dry or wet pre-

incubated soils. Regardless of application onto wet or dry soils, DMPP maintained 

significantly higher soil NH4
+ concentrations than treatments without DMPP. However, the 

results highlighted an increase in apparent N losses one week after application of any 

fertilisers onto dry soils. The influence of soil moisture conditions at application was 

explored in further detail in Chapter 4 over a longer incubation duration. Dry incubated soils 

experienced faster rates of nitrification, evident through the increased proportion of NH4
+ 

oxidised to NO3
-. When DMPP was applied onto a dry soil, it maintained a significantly 

higher amount of mineral N as NH4
+, compared to UAN without DMPP. It is postulated that 

the greater difference between UAN and DMPP treatments on dry incubated soils is not 

indicative of improved DMPP efficiency when applied to dry soils, but instead reflects the 

enhanced nitrification rates in the absence of DMPP. The stimulation and rapid growth of 

AOB in response to soil moisture additions has been reported (Placella and Firestone, 2013, 
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Saetre and Stark, 2005), with results from Chapter 4 highlighting a generally higher AOB 

amoA gene abundance in dry incubated soils. The combined effects of moisture and NH4
+ 

substrate additions enhanced the flush of microbial activity and AOB growth on the dry 

incubated soils, whereas wet incubated treatments had a week of microbial stabilisation in 

response to moisture before NH4
+ treatments were applied. Regardless of incubation, the 

presence of DMPP inhibited nitrification and decreased AOB amoA gene copies, while no 

inhibitory effect was observed on AOA amoA gene copies.  

The soil moisture content prior to fertiliser and inhibitor application was shown to influence 

soil N transformations other than nitrification. For all dry incubated soils, a significant 

decline in NO3
- concentrations and apparent N recovery occurred at week 1. A simultaneous 

increase in NO3
- concentrations and apparent N recovery for wet incubated treatments also 

occurred. The biological immobilisation of NO3
- in aerobic soil conditions is the principal 

consumption mechanism of N (Wang et al., 2001). In the absence of legumes, increases in 

soil N that exceed concentrations of fertiliser applied are likely from the mineralisation of 

labile portions of OM (Neff et al., 2002). The simultaneous addition of water and fertiliser 

application to dry incubated soils promoted N immobilisation. The application of fertilisers 

onto wet incubated soils produced a priming effect that contributed to the catabolism of OM 

and consequential increase in apparent recovery of N. DMPP effectively inhibited 

nitrification regardless of these additional soil transformations.  

The importance of these findings is relevant to understanding N transformations when 

considering dry sowing. Fertilisers applied before an autumn seasonal rainfall event onto dry 

soil will experience a period of immobilisation shortly after application that causes a 

temporary decline in soil mineral N.  Whilst this decline is transient, NH4
+ continues to be 

nitrified at a faster rate when applied before a rainfall event than if it was applied soils after 

rainfall. As well as slower nitrification rates, soils moistened from rainfall before sowing also 

experienced N additions from mineralised labile OM. The repetition of priming induced 

mineralisation may lead to the depletion of labile OM pools (Kuzyakov et al., 2000), 

particularly in a cropping phase where the contributions of OM are lower than a perennial 

pasture phase (Murphy et al., 2011). The results from experimental Chapters 3 and 4 indicate 

that N fertilisers applied to soils of different moisture contents will behaviour differently. 

This study also indicated the ability of DMPP to effectively inhibit nitrification regardless of 

soil moisture prior to application.  Further work is required to explore how N transformations 

and DMPP inhibition may be affected by the interaction between texture and labile fractions 
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of OM with soil moisture at sowing.  

 

7.2.3 DMPP use in crop-pasture rotations 

 

Rotation between crop and pasture phases promotes the long-term maintenance of soil OM 

content (Chan et al., 2011). However, fluctuations in soil physicochemical properties 

including OM content and pH may occur with alternating land use with consequences for the 

inhibitory efficiency of DMPP. It was hypothesised in Chapter 2 that management induced 

changes in soil physicochemical properties in rotational farming systems would affect DMPP 

inhibitory efficiency.  

Pasture soils recorded higher OM contents and a lower pH than their cropping counterparts 

(Table 4.1). Whilst it was hypothesised that these soil properties would affect DMPP 

efficacy, results indicated inhibition efficiency was location dependent and driven by soil pH. 

Both Inverleigh cropping and pasture soils were relatively neutral (pHCa 6.22 & 5.86 

respectively), although a large difference in OM content (OC 0.95% & 2.17% respectively) 

existed. Reduced nitrification inhibition by DMPP was observed in the Inverleigh pasture 

soil, evident via the increased proportion of mineral N existing as NO3
-. Alternatively, the 

application of DMPP on cropped soils maintained a higher proportion of mineral N as NH4
+ 

compared to UAN. Results highlight that the use of DMPP in a rotational farming system on 

relatively neutral soils will be more beneficial at supressing nitrification in a cropping phase. 

When used in a pasture phase, the high OM content has the potential to bind the inhibitor via 

sorption, reducing its efficacy (Barth et al., 2008).  

The efficiency of DMPP nitrification inhibition was reduced as soils increased in acidity. 

DMPP effectively inhibited nitrification on the Westmere cropped soil (pHCa 5.66) as 

evidenced by the significantly higher proportion of mineral N as NH4
+ than for UAN 4 weeks 

after application (Figure 4.2). The effectiveness of DMPP on the acidic pasture soil (pHCa 

5.07) was dependent on soil moisture contents at the time of inhibitor application, with no 

inhibition occurring when DMPP was applied to a wet incubated soil. There was no 

difference between inhibition efficacy when used on either of the acidic Thuddungra 

cropping (pHCa 5.2) or pasture (pHCa 4.7) soils. AOA have demonstrated a niche 

specialisation for nitrifying in acidic soils (Gubry-Rangin et al., 2010) whilst AOB dominate 

neutral soils (Prosser and Nicol, 2012, Jia and Conrad, 2009). The reported ineffectiveness of 

DMPP in acidic pasture soils (and acidic Thuddungra cropping soil) is shown by the 
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decreased ability of DMPP to inhibit AOA nitrification (Kleineidam et al., 2011). Despite the 

detection of AOB amoA genes in these acidic soils (Figure 4.6), it is postulated that AOA 

were the principal contributors to nitrification, consequently decreasing the ability of DMPP 

to effectively inhibit nitrification (Figure 4.2).  

The management-induced increase in OM as a result of a pasture phase also affected apparent 

recoveries of mineral N. Pasture soils recorded higher apparent recoveries than cropped soils 

(Figure 4.4), likely due to increased mineralisation of labile portions of OC. Alternatively, 

heterotrophic nitrification may have contributed to increased apparent recoveries with the 

acidic pasture soils high in OC, supporting their growth (Liu et al., 2015b).  

The overall findings in regards to rotational crop-pasture systems indicates that DMPP will 

be more effective at nitrification inhibition in cropping soils, although as soil acidity 

increases, DMPP efficacy will decrease regardless of the management practice.  Chapter 4 

results highlighted the importance of a detailed examination of soil acidity on nitrifiers and 

DMPP as efficiency was driven by soil pH. These results combined with the knowledge that 

over 50% of Australian agricultural soils have a pHCa <5.5 (Orgill et al., 2018), made it 

imperative to further explore the pH effects on DMPP.  

 

7.3 Acidic soils, pH stratification and their effect on nitrifiers and DMPP behaviour  

 

With a large portion of Australian agricultural soils exhibiting acidity (Orgill et al., 2018) and 

more specifically pH stratification (Scott et al., 2017), liming incorporated to depth is 

typically recommended as the most effective soil pH ameliorant for stratified soils (Tang et 

al., 2013). The effect of lime application on nitrifiers has previously been explored. Growth 

of AOB in response to lime induced pH increases (Che et al., 2015, Nugroho et al., 2007, 

Yao et al., 2011a, Wakelin et al., 2009) is dissimilar to AOA which appear unaffected by 

lime application (Zhao et al., 2018, Che et al., 2015). The exploration of nitrifiers changing 

with soil depth has also been investigated at large increments (0-10 cm (Banning et al., 2015), 

0–20 cm (Wang et al., 2014), 10–90 cm (Banning et al., 2015)) with AOB decreasing with 

soil depth. These studies focus on how nitrifiers respond to pH and depth but did not include 

investigations of DMPP.  It is unknown how a stratified soil which exhibits pH change with 

depth may affect DMPP use, or whether ameliorating soil acidity with lime alters the 

effectiveness of DMPP.  
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The limited effect of DMPP on AOA renders it redundant in acidic Australian soils if they are 

dominated by AOA (Kleineidam et al., 2011), as has been demonstrated in several instances 

(Liu et al., 2015a, Shi et al., 2016b, Shi et al., 2016a), however the use of DMPP on acidic 

soils that are amended with lime has not been explored. A study that combined the above 

factors of nitrifier response to lime, soil depth and DMPP application in a pH stratified soil 

representative of those found in Australian agricultural soils was essential to bridging this 

knowledge gap. This study is particularly pertinent to the use of DMPP in acidic agricultural 

regions where lime is commonly used to amend acidic and pH stratified soils.  

It was hypothesised in Chapter 2 that a pH stratification would affect nitrifier distribution and 

consequently DMPP efficiency. It was also proposed that the application of lime to raise the 

pH would shift nitrification from archaeal to bacterial nitrification, allowing DMPP to 

effectively inhibit AOB in the lime amended soils. The following discussion sections will 

address experimental findings relating to a pH stratified soil in regards to these objectives and 

hypotheses.  

 

7.3.1 The distribution of nitrifiers with depth 

 

The examination of nitrifier abundance with depth has previously shown that AOB typically 

decrease with increasing soil depth (Banning et al., 2015, Wang et al., 2014). These studies 

used relatively large sampling increments (0–10 cm, 0–20 cm) that are not sensitive to the 

changes in OC and pH that can occur over small (2 cm) increments in a pH stratified soil 

(Young et al., 2002). Sampling at 2 cm increments within the top 10 cm of soil allowed a 

comprehensive depiction of how nitrifiers change in response to a stratified soil. The 

Thuddungra soil exhibited a decreasing pH and OC content with depth which is 

representative of stratified soils found commonly in south eastern Australian agriculture 

(Conyers et al., 2012, Condon et al., 2004, Scott et al., 2017). Results from Chapter 5 showed 

that nitrification activity changed with soil depth (Figure 5.1) which is similar to studies 

performed by Young et al., 2002. Oxidation of NH4
+ to NO3

- occurred in the top 0–2 cm for 

both unlimed and lime amended soils. This layer had the highest OC content (3.1%), pHCa 

(5.31), and AOB amoA gene abundance. DMPP was most inefficient in this layer compared 

to other depths, with an increased proportion of mineral N existing as NO3
- after four weeks 

of incubation (Figure 5.6). Despite a rapid decrease of inhibitor concentration after one week, 

the remaining DMPP detected in the 0–2 cm layer had little effect at inhibiting nitrification. 
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Inhibitor losses may have been due to increased microbial activity in the top 2 cm as a result 

of higher OC contents or inhibitor sorption (Barth et al., 2001). Ineffective inhibition by 

DMPP is indicative of AOA (Kleineidam et al., 2011) or heterotrophs dominating 

nitrification. The Thuddungra soil used in Chapter 5 was collected from the same pasture site 

used in Chapter 4. This soil had been in a four year pasture phase experiencing the 

continuous addition of OC from a perennial Lucerne pasture. NH4
+ substrate sources derived 

from organic additions promote AOA growth (Zhou et al., 2015) and heterotrophic 

nitrification (Liu et al., 2015b).  

Soils taken from lower depths had slower nitrification rates in acidic soils where a significant 

proportion of mineral N existed as NH4
+ and was not oxidised to NO3

- (Figure 5.6). The 

presence of DMPP had little to no effect of inhibiting nitrification. Decreasing nitrification 

rates with increasing depth was unsurprising with Young et al. (2002) finding the highest 

nitrification rates in an acidic Australian pasture were concentrated in the top few 

centimetres. In Chapter 5, it was postulated that AOA dominated nitrification in all layers for 

the acidic soils, consequently denoting that DMPP application was redundant in the acidic 

soil.  Similar findings were observed in Chapter 4 where the application of DMPP on the wet 

incubated acidic Thuddungra soils (0–10 cm) had a limited effect at inhibiting nitrification 

(Figure 4.1).  

Nitrification rates also decreased with depth for limed soils, but to a much lesser extent than 

the acidic soils (Figure 5.1). The complete oxidation of UAN-NH4
+ occurred at week 2 for 

the 0–2 cm layer whereas UAN-NH4
+ was detected at week 4 in layers below 6 cm. The 

efficacy of DMPP was improved with liming and nitrification inhibition occurred in all soil 

layers. Inhibitor use was most efficient in soil depths below 4 cm as evidenced by the 

maintenance of a significantly greater proportion of mineral N as NH4
+. It is postulated that 

increasing the soil pH caused a shift from archaeal to bacterial nitrification (Che et al., 2015, 

Islam et al., 2006), to which DMPP is functionally effective (Duan et al., 2017).  

Abundance of AOB amoA gene copies decreased with depth and were lowest in the 8–10 cm 

layer (Figure5. 7). Interestingly, AOB were only detected in the presence of lime and not in 

the unamended acidic 8–10 cm layer. Nitrifying bacteria were traditionally believed to be 

concentrated at the surface due to soil depth impeding aeration and substrate availability 

(Haynes, 1986). The findings from Chapter 5 highlight that AOB growth at depth was 

actually limited by pH, and not aeration or substrate availability. Bacterial nitrifiers respond 
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positively to lime application (Zhao et al., 2018) and could be expected to increase in 

population size if effective lime incorporation to depth occurs. The application of DMPP onto 

a lime amended soil will inhibit nitrification at any depth within the top 10 cm and potentially 

improve NUE. If DMPP is applied to an acidic non lime amended soil, the inhibitor 

effectiveness will be decreased.  

 

7.3.2 The effect of liming on nitrifiers and DMPP 

 

Previous research has indicated that AOB increase in response to lime applications (Che et 

al., 2015, Zhang et al., 2015). A trial ameliorating an acidic pasture soil in NSW Australia 

found a significant increase in amoA gene abundance in response to lime application 

(Wakelin et al., 2009). However, the absence of DMPP use in these experiments creates a 

lack of knowledge regarding the efficiency of DMPP in response to nitrifying populations 

changing with lime addition. It was hypothesised in Chapter 2 that liming would promote 

bacterial nitrification and consequently improve the ability of DMPP to inhibit nitrification. 

Results from Chapter 5 demonstrated enhanced nitrification rates in the absence of DMPP on 

soils that had been limed (Figure 5.6). This was evidenced by a higher proportion of mineral 

N existing as NO3
-. Limed soils consistently maintained a neutral pH equivalent to pHw >7 

(pHKCl 6) throughout the experiment, which has been found optimal for AOB nitrification 

(Che et al., 2015, Nicol et al., 2008, Zhang et al., 2012). Liming also significantly improved 

the efficiency of DMPP to inhibit nitrification. The ability of DMPP to effectively suppress 

bacterial nitrification (Di and Cameron, 2011) but not archaeal (Kleineidam et al., 2011) 

means a shift from AOA to AOB nitrification with increasing pH (Che et al., 2015, Zhao et 

al., 2018) allowed DMPP to effectively inhibit nitrification in neutral lime amended soils. 

Similar results were found in Chapter 4. Whilst Chapter 5 used lime to create a soil with 

neutral pH, the Inverleigh cropped soil in Chapter 4 had an initial pHCa of 6.22 and DMPP 

was more effective at inhibiting nitrification in this neutral soil compared to the other 

unlimed acidic soils examined. Furthermore, DMPP inhibition in the field trial (Figure 6.1) 

was only successful when lime was incorporated to 10 cm causing an increase in pHKCl from 

between 4.5– 5 to greater than 5.5.  

In the process of examining the behaviour of DMPP on acidic and neutral soils, the effects of 

liming on nitrifier populations were also observed. It was hypothesised in Chapter 2 that 

liming would promote bacterial nitrification. Results from Chapter 5 demonstrated an 
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increase in AOB amoA gene abundance in response to lime over the course of four weeks 

incubation (Figure 5.7). This supports other findings that highlight the responsiveness of 

bacterial nitrifiers to increasing pH (Che et al., 2015, Nicol et al., 2008, Yao et al., 2011a).  

The presence of DMPP decreased AOB amoA gene abundance in both limed and unlimed 

soils, although improved DMPP efficiency at inhibiting nitrifiers occurred in limed soils.  A 

significantly larger proportion of mineral N was maintained in the form of NH4
+ in limed 

compared to unlimed soils. AOA were also affected by lime application. An increase in AOA 

amoA gene copies occurred in response to lime in the 2–4 cm, although negative effects of 

lime on AOA population occurred for layers below 4 cm. It was postulated that the archaea 

that existed in the stratified profile may have differed in their pH preference. Gubry-Rangin 

et al. (2011) identified three distinct categories of pH tolerance for AOA, ranging from 

acidic, acido-neutral and alkaline pH ranges. In the stratified soil used in Chapter 5, the AOA 

present in the acidic depths below 4 cm may have a unique specialisation to nitrify in very 

acidic conditions. Liming may have shifted the pH beyond their optimal zone for nitrification 

and in response, the AOA consequentially decreased in abundance.  

The compilation of experimental findings across a range of soils, depths and pH range in both 

laboratory incubations and field trials provides strong evidence indicating the improved 

efficacy of DMPP on neutral soils where AOB are more efficient nitrifiers at neutral pH. 

More than 2.4 million hectares of Australian agricultural land had lime applied in the 2014–

2015 period (ABARES, 2016). The effectiveness of lime at ameliorating acidification and its 

relatively cheap cost make it the most commonly used soil pH amendment in Australia. It 

was therefore, critical to understand the behaviour of DMPP on an acidic Australian soil that 

is amended with lime. The liming of the acidic Thuddungra soil allowed for a direct 

comparison of DMPP behaviour and nitrifier abundance on acidic and neutral soils and 

highlighted the benefits of liming to depth on DMPP efficiency.   

 

7.3.3 Additional microbial transformations  

 

Changes in microbial pathways additional to nitrification were discussed in Section 7.1.2 in 

relation to chapter 4. It was proposed that microbial immobilisation in dry incubated soils and 

mineralisation in wet incubated soils occurred one week after fertiliser and inhibitor 

application. Soils in Chapter 5 pH were incubated for a week prior to treatment application 

which was equivalent to the wet incubated treatments applied in Chapter 4. This one week 
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incubation at soil moisture contents equivalent to -80 kPa allowed time for the lime to react 

with soil H+ and chemically increase the pH (Conyers and Scott, 1989).  

In Chapter 4, an increased apparent N recovery at week 1 (Figure 4.4) was attributed to the 

addition of NH4
+ fertiliser stimulating a priming effect of mineralisation (Agrella et al., 

2003). A similar peak in apparent recovery was also detected in Chapter 5 (Figure 5.3 and 

5.4). Limed soils below 4 cm experienced a peak at week 1 at a greater magnitude than peaks 

recorded in Chapter 4. Increased mineralisation rates have been recorded in response to lime 

(Zhao et al., 2018) and fertiliser addition (Agrella et al., 2003). The unlimed acidic soils in 

Chapter 5 did not exhibit this peak in apparent recovery, despite NH4
+ substrate addition. A 

combined effect of liming and substrate addition could be the cause of the stimulation of 

mineralisation in limed soils. Further evidence of increased mineralisation was noted via the 

simultaneous increase in soil pHKCl (0.35–0.60 pH units) that occurred for limed treatments at 

week 1. Net mineralisation releases OH- and NH4
+ as OC is oxidised (Conyers et al., 1995). 

The pH increase was greater in treatments with lime and UAN (with and without DMPP) 

compared to lime without UAN and DMPP, whilst no increase in pH occurred for UAN (with 

and without DMPP) in unlimed soils. This eliminates OH - contributions from urea hydrolysis 

as urea was consistent in all treatments. The priming effect observed in Chapter 4 (Figure 

4.4) and 5 (Figure 5.3 and 5.4) temporarily supplies additional plant available N (Kuzyakov 

et al., 2000). In both chapters, DMPP effectively inhibited the nitrification of additional N. 

Inhibitor use has previously been reported as further enhancing the priming effect by 

maintaining high levels of NH4
+ (Gioacchini et al., 2002). Evidence of this was observed for 

limed soil depths below 4 cm where DMPP led to significantly higher apparent recoveries 

than UAN without DMPP (Figure 5.3 and 5.4). These studies highlight that enhanced rates of 

OC breakdown will occur in the presence of DMPP when applied to depths below 4 cm in a 

lime amended soil. Decreased agronomic effects including low N availability may be a 

consequence of this priming effect if subsequent fertiliser and DMPP applications cannot 

provide adequate rates of N suitable to replace those normally acquired from OC breakdown. 

 

7.3.4 Liming in the field  

 

Chapter 5 confirmed that liming an acidic soil significantly improved the efficiency of DMPP 

to inhibit nitrification. A field trial was performed to investigate the effects of various liming 

management practices on DMPP efficacy. The Thuddungra soils used in Chapters 4 & 5 were 
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collected from the field site location used in Chapter 6. It was hypothesised in Chapter 2 that 

incorporating lime to depth (10 cm) would eradicate pH stratification and consistently raise 

the pH throughout the soil profile, allowing DMPP to effectively inhibit nitrification of 

applied N fertiliser. The field trial results in Chapter 6 support the hypothesis and 

demonstrate that DMPP was most effective when lime was incorporated. In fact, it was the 

only treatment in which a significant difference existed between UAN and DMPP treatments. 

Whilst the quantification of soil nitrifiers was not performed in the field trial, evidence from 

Chapter 5 indicates that AOB are responsive to lime application in the Thuddungra soil and 

will increase in abundance. This is also supported by literature, where an increase in pH from 

acidic to neutral soils will shift nitrification from AOA to AOB (Che et al., 2015, Nicol et al., 

2008, Yao et al., 2011a).  

DMPP had no inhibitory effect on other liming treatments where subsurface layers remained 

acidic. Lime only ameliorates soil acidity to the depth at which it is incorporated (Scott et al., 

2017) and pH stratification was exacerbated when lime was surface applied. Poor inhibition 

by DMPP where lime was surface applied or not applied (inhibitor applied at 4 cm) is due to 

the lack of AOB dominating nitrification in acidic soils (Shi et al., 2016b, Shi et al., 2016a). 

A niche specialisation for AOA to nitrify in acidic soils (Prosser and Nicol, 2012, Gubry-

Rangin et al., 2010) indicates that AOA were likely to be the primary nitrifiers in the surface 

liming, incorporation and control treatments at the depth of DMPP placement. In order to 

maximise nitrification inhibition by DMPP and improve NUE in acidic soils, the inhibitor 

should be applied onto a lime amended soil. This field trial highlights that application of 

DMPP into acidic soil layers will prove redundant, despite the surface application of lime 

without effective incorporation. 

 

7.4 Future research 

 

The work in this thesis has made it necessary to research the following areas to further 

understand the use of DMPP in Australian soil conditions.  

 

7.4.1 Soil moisture and pH range   

 

The effect of soil moisture for the week prior to inhibitor application was explored in Chapter 
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3 and 4. Applying fertilisers onto a dry soil before a seasonal rainfall break will result in 

faster nitrification rates than if fertilisers are applied to a moist soil post rainfall event. Other 

microbial N transformations were also affected by pre-incubation moisture with 

immobilisation and mineralisation events occurring at week 1 in UAN and DMPP treatments. 

Only two moisture treatments were explored in this study: dry (air-dried) and wet (weight 

equivalent of -80 kPa). These incubations were maintained at a consistent temperature of 20 

˚C. Whilst these moisture contents reflect common field situations, a range in soil moisture 

contents and temperatures should be studied with increased sampling frequency to develop a 

response curve of nitrification rate combined with N fertiliser and DMPP to changing soil 

conditions at application. Increasing climate variability and rainfall patterns in Australian 

agricultural regions (Pook et al., 2009, CSIRO and BOM, 2018) makes it imperative to 

develop a comprehensive understanding of how soil moisture and temperature may affect 

fertiliser transformations and consequent DMPP efficacy.  

Further investigation into the relationship between soil pH and moisture contents is also 

required. The field trial in Chapter 6 had minimal rainfall for the duration of the experiment. 

A small increase in NH4
+ concentrations was recorded for incorporation, surface liming and 

lime incorporated treatments between week 2 & 3. Whilst not statistically significant, this 

proposed mineralisation event corresponded with the only rainfall event that occurred at the 

field site. Throughout the field trial, nitrification continuously occurred in the lime 

incorporated treatment despite the low soil moisture contents, but not in the acidic soils with 

the same low moisture contents. Increased NO3
- concentrations occurred after the rainfall 

event for the acidic soils, indicating nitrification had occurred. The application of moisture 

stimulating both mineralisation and nitrification has been previously explored (Mikha et al., 

2005), although results from Chapter 6 suggested a synergistic relationship between soil 

moisture, mineralisation and pH may consequently affect nitrification and DMPP efficacy. It 

is suggested that the interaction between pH and soil moisture on nitrification and 

mineralisation be explored in the presence of DMPP.  

 

7.4.2 Nitrogen transformations additional to nitrification  

 

Increases in apparent recovery for wet incubated (Chapter 4) and limed soils (Chapter 5) 

occurred at week 1. A decrease in apparent recovery attributed to immobilisation upon soil 

wetting was also observed for dry incubated (Chapter 3 and 4) treatments. It was proposed 
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that mineralisation was stimulated by the addition of fertilisers onto wet incubated and limed 

soils which contributed to increased recovery. Supporting evidence from an increased pH at 

week 1, combined with other literature studies, suggest mineralisation was the cause of 

increased apparent recovery. Further research is required to ascertain and potentially quantify 

this microbial process. The use of labelled 15N can be used to measure gross NH4
+ 

transformations (Braun et al., 2018) and targeting the alkaline metallopeptidase (apr) and 

neutral metallopeptidase (npr) gene (Bach et al., 2001) can provide a quantitative analysis of 

mineralising organisms. Evidence of DMPP further enhancing the priming effect in Chapter 5 

highlights the need to understand the mechanism and effectiveness of repeated DMPP 

applications on this priming effect.  

 

7.4.3 DMPP losses  

 

Losses of DMPP over time of incubation occurred in Chapters 4, 5 & 6. In Chapter 5, losses 

were greatest in the top 0–2 cm where the highest bacterial abundance and OC content 

occurred. Further research is required to determine if DMPP losses are due to microbial 

degradation, volatilisation, chemical breakdown or sorption onto soil colloids, and also 

establish if a minimal DMPP concentration for inhibition threshold exists. The development 

of a rapid analysis technique of DMPP (Doran et al., 2018) would allow for the manipulation 

of various soil properties to develop an better understanding of DMPP loss.  
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Chapter eight: conclusion  

 

Understanding how soil properties influence DMPP efficacy has implications for how the 

inhibitor can be implanted for use in Australian broad-acre agricultural systems. This thesis 

evaluated how soil physicochemical properties are manipulated through various management 

practices to change mineral N dynamics, nitrifying populations and inhibitor effectiveness.  

The uniqueness of this thesis was evident through a range of experiments. The comparison of 

DMPP use and nitrifier abundance between management practices existing in Australian 

crop-pasture rotations had never been investigated. Crop-pasture systems induced changes is 

soil physicochemical properties with pasture soils recording a higher OC content and lower 

pH than adjacent paddocks. The higher pH of cropping soils better suited the inhibitory 

capacity of DMPP. The efficacy of DMPP declined as soil acidity increased, regardless of the 

cropping or pasture phase. AOB amoA gene abundance was higher in cropped soils, likely 

due to the continuous inputs of mineral N via fertiliser addition and higher pH. The 

abundance of AOB amoA gene copies decreased in the presence of DMPP whilst AOA amoA 

gene copies were unaffected by inhibitor application.  

The comparison of a range of agriculturally relevant fertilisers with DMPP use on an 

Australian broad-acre soil was first reported in this thesis. The use of DMPP with various 

NH4
+-based fertilisers successfully inhibited nitrification, although urea recorded 

comparatively greater losses likely due to volatilisation.  

This thesis was the first to examine how soil moisture content at fertiliser and inhibitor 

application affected mineral N dynamics and DMPP efficacy. Fertilisers applied in soil 

moisture conditions simulating dry sowing experienced greater rates of nitrification compared 

to fertiliser applications on soil moistures equivalent of a post seasonal break. Regardless of 

soil moisture at application, DMPP effectively inhibited nitrification provided the soil was 

not acidic, and maintained an increased proportion of mineral N as NH4
+ compared to 

fertilisers applied in the absence of DMPP. Soil moisture also had an effect on other 

microbial processes. Dry sowing caused a significant decline in apparent recovery at week 1 

which was attributed to microbial immobilisation.  A concurrent increase in apparent 

recovery occurred for fertilisers applied onto wet incubated soils was ascribed to enhanced 

mineralisation of labile OC pools. This peak was also observed in limed soils that had 

fertilisers applied to wet incubated soils. The release of OH- as a by-product of the increased 
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mineralisation process caused an increase in pH recorded at week 1. DMPP effectively 

inhibited nitrification despite either the decline or peak in apparent recovery that occurred at 

week 1. 

This thesis was also the first to report the use of DMPP on a lime amended soil, both in a 

laboratory incubation and field study. This was additional to the reporting of nitrifiers 

distribution with depth in a pH stratified soil and the consequential effects of lime 

application.  AOB amoA gene abundance decreased with depth and detection of AOB at the 

8–10 cm depth only occurred in limed soils.  Alternatively, AOA amoA gene abundance was 

highest in the 6–8 cm layer. The application of lime caused an increase in AOB abundance 

and significantly improved the efficiency of DMPP.  The field trial also indicated inhibitory 

success on soils where lime was incorporated to depth. This was likely due to the shift from 

archaeal to bacterial nitrification with increasing pH. The surface application of lime 

exacerbated pH stratification and made the application of DMPP with UAN below the 

surface redundant. This thesis highlighted that DMPP efficiency is significantly better on 

neutral lime amended soils than acidic soils.  

This study demonstrates that crop-pasture rotations can affect soil mineral N dynamics, 

nitrifier abundance and the inhibitory effectiveness of DMPP. It is recommended that acidic 

soils be ameliorated with lime incorporated to depth before DMPP is employed as a tool to 

inhibit nitrification and improve NUE. 
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Appendix A 

Appendix Table 1: Average soil moisture contents (w/w %) for Nil, incorporated (INC), surface 

liming (LS) and liming incorporated (LI) for the four weeks of field experimentation at the three 

sampling depths.  

Sampling 

depth 

Week NIL INC LS LI 

0–2.5 cm 

 

0 4.00 3.8 3.9 3.8 

1 3.80 3.7 3.75 3.7 

2 3.10 2.9 3 3.12 

3 10.20 9.8 10.2 9.9 

4 2.80 2.9 2.7 2.8 

2.5–5 cm 

 

0 5.20 5.6 5.4 5.3 

1 4.30 4.4 4.25 4.35 

2 3.20 3.1 3.12 3.3 

3 8.90 8.8 8.9 8.7 

4 2.90 3.1 2.8 2.8 

5–10 cm 0 10.00 9.7 10.4 10.1 

1 9.30 9.4 9.5 9.3 

2 8.20 8.3 8.1 8.3 

3 8.20 8.1 7.9 8 

4 7.50 7.4 7.6 7.5 

 


