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Thesis Abstract 

Nitrogen (N) is critical for plant growth and development. Plants can take up N in the 

mineral form of ammonium (NH4
+-N) or nitrate (NO3

--N). However, for some plants, high 

NH4
+-N concentration in soil can be toxic. This is a reason for concern, given that N fertilisers 

added to agricultural soils are often in the form of NH4
+-N or urea that hydrolyses to release 

NH4
+-N. The resultant high NH4

+-N concentrations in soil can reach toxic level for crops such 

as canola, soybean, tomato, potato and mustard, damaging seedlings and young plants and 

reducing crop growth. Canola is particularly sensitive to NH4
+-N toxicity although there is 

little understanding of how NH4
+-N concentrations, NH4

+:NO3
- ratios, and biochar 

amendment interact with canola genotypes to affect canola growth and seed production. This 

study addresses this knowledge gap, with our results providing a framework to underpin future 

studies aimed at using NH4
+-resistant canola genotypes. All experiments were conducted in 

glasshouses at the University of Western Australia using Lancelin soil in pots supplemented 

with nitrification inhibitor dicyandiamide (DCD). 

Firstly, eight ammonium chloride treatments and five calcium nitrate treatments were 

tested using one canola genotype (Crusher TT)  grown to vegetative stage 1,5 (the vegetative 

stage was defined as plants having 10-15 leaves). Of the eight NH4
+-N concentrations, the 

root dry weight results showed 15 mg NH4
+-N/kg soil was optimal and 60 mg NH4

+-N/kg soil 

was toxic. Using these NH4
+-N concentrations, 30 canola genotypes were characterised for 

differences in resistance to NH4
+-N toxicity at vegetative stage 1,5. More than half of the 

genotypes were NH4
+-N sensitive and only three genotypes were resistant. Sensitive genotype 

G3 had the lowest shoot dry weight and sensitive genotypes G13 and G30 had the lowest 

shoot and root growth. The genotypes that were the most resistant were G29, G26 and G16; 

they had the highest shoot and root dry weight and the highest shoot N concentration of all 

genotypes at 60 mg NH4
+-N/kg soil. 

Secondly, this study investigated how NH4
+:NO3

- ratios (0:100, 75:25, 50:50, 25:75 and 

100:0) influenced the response of selected genotypes - two sensitive (G30 and G3) and two 

resistant (G26 and G16) - to NH4
+-N toxicity. Three experiments were conducted. Experiment 

1 involved growing the four genotypes under the five NH4
+:NO3

- ratios until the vegetative 

stage 1,5. Experiment 2 was a repeat of Experiment 1 but the genotypes were grown further to 

the grain maturity stage 6,9 (all seeds were black and hard). Experiment 3 involved growing 
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two genotypes - the most resistant (G16) and the most sensitive (G30) - with alternating NH4
+-

N and NO3
--N supplies (NH4

+-N/NO3
--N/NH4

+-N versus NO3
--N/NH4

+-N/NO3
--N) until 

vegetative stage 1,5. 

At 25:75 NH4
+:NO3

- ratio, G16 produced the highest shoot and root dry weights as well 

as the length of coarse roots at the vegetative stage. At grain maturity, G16 also had the highest 

shoot dry weight, yield components , and seed yield compared to other genotypes tested at all 

five NH4
+:NO3

- ratios. However, G3 produced the highest shoot dry weight at 50:50 NH4
+:NO3

- 

(Expt. 1 vegetative stage), whereas G30 had the highest protein concentration in seeds at 0:50 

and 25:75 ratios (Expt. 2 maturity stage). Genotypes 30 and G16 produced the highest seed oil 

concentration at 50:50 NH4
+:NO3

- ratio. In Experiment 3, G16 had the higher growth rate, 

higher level of photosynthesis and higher chlorophyll content than G30 when supplied with N 

in the sequence NH4
+-N/NO3

--N/NH4
+-N. 

In the final set of experiments, biochar soil amendments were used to test potential 

strategies for mitigating NH4
+-N toxicity. In Expt. 1, oil mallee and wheat chaff biochar were 

tested at four biochar rates (0, 5, 10 and 20 t/ha) and three NH4
+-N concentrations (15, 60 and 

120 mg NH4
+-N/kg soil). In the initial experiment of chapter 3, one canola genotype (Crusher 

TT) was used and classified as sensitive to high NH4
+-N. The same genotype was used in Expt. 

1 in chapter 5 to assess the effectiveness of these biochar amendments on canola growth and 

soil parameters at vegetative stage 1,5. In Expt. 2, a 6-week soil incubation experiment was 

then conducted using the same biochars applied at three rates (0, 5 and 20 t/ha) and two NH4
+-

N concentrations (60 and 120 mg NH4
+-N/kg soil) to elucidate the mechanisms by which 

biochar can alleviate NH4
+-N toxicity in soil. 

The results showed that biochar had a significant effect on the growth of canola. A 

significant interaction effect biochar type × biochar rate × NH4
+-N concentration revealed oil 

mallee biochar at 20 t/ha with 60 mg NH4
+-N/kg soil had a greater effect on shoot and root dry 

weight and the length of fine and coarse roots than wheat chaff biochar in the same treatments. 

Application of oil mallee biochar at 20 t/ha and 120 mg NH4
+-N/kg soil was also beneficial for 

canola growth. Compared to the control (60 and 120 mg NH4
+-N/kg soil without biochar), both 

biochar types decreased NH4
+-N toxicity, but oil mallee biochar mitigated NH4

+-N toxicity 

better than wheat chaff biochar. Soil pH increased as rates of both oil mallee and wheat chaff 

increased. 
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In the incubation experiment, the oil mallee significantly decreased ammonium 

concentration in soil during the incubation period compared to wheat chaff. Oil mallee biochar 

decreased NH4
+-N and increased NO3

--N concentration in soil more than wheat chaff biochar. 

At all sampling times, under 20 t/ha of oil mallee biochar + 60 mg NH4
+-N/kg soil, the CO2 

emission rate was higher for the oil mallee than the wheat chaff biochar.  

There was also a significant interaction effect: when the NH4
+-N concentration was 

increased to 120 mg/kg soil, the CO2 emission rate increased more with oil mallee than wheat 

chaff at 24 h, 7 d and 42 d.  At the other sampling times (14, 21, 28 and 35d), CO2 emission 

was higher when wheat chaff biochar was used as a soil amendment compared with oil mallee 

biochar. Soil pH differed between biochar types, with wheat chaff being more effective than 

oil mallee biochar at increasing soil pH, with the magnitude varying with application rates of 

biochar and NH4
+-N.  

In conclusion, the results of the experiments described in this thesis suggest it may be 

possible to overcome NH4
+-N toxicity, improve soil properties, and increase the growth of 

canola and its grain yield through selection of resistant genotypes; by ensuring that NH4
+-N is 

supplied along with NO3
--N such that there is a relatively low NH4

+-N concentration and high 

NO3
--N concentration, such that a high NO3

--N proportion of total N is supplied; and/or through 

application of high rates of oil mallee biochar. 
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Chapter 1 General Introduction 

The cultivation of canola (rapeseed) (family Brassicaceae) started in the thirteenth 

century in India and was then transferred to Europe (Hickling et al. 2011). Canola represents 

16% of the world supply of edible oils (Rahman and de Jiménez 2016). Canola crop is 

represented by specific varieties of the crop rapeseed produced through cross-breeding 

cultivars (primarily Brassica napus L) to produce material for human and animal consumption 

(OECD 2011). The erucic acid in oil from commercial canola genotypes is less than 2% w/w, 

which is considered suitable for human consumption (Dupont et al. 1989; Woods et al. 1991). 

In contrast, wild varieties of rapeseed contain toxic levels of 20-25% w/w erucic acid (Topps 

1992; Badawy et al. 1994). 

In 1969 Australia, Canada and Europe cultivated and commercialised the first canola 

varieties (Wang et al. 2009). In late 1970s, a number of canola varieties were introduced to 

Australia, but they were poorly adapted to Australia’s conditions (Potter et al. 2009). Careful 

selection to breed varieties better adapted to Australian climates resulted in the first Australian 

canola varieties being released in 1978 (Colton and Potter 1999). In the years between 1978 

and 1988, there was increased activity by many breeders to improve resistance to diseases and 

drought (Cowling 2007; Salisbury et al. 2016). In 1991, the first Australian canola hybrids were 

produced (Hyola 40, Hyola 30, Hyola 42, RT73 and GT73) (Yau and Thurling 1987; Becker 

et al. 1999), and these hybrids had several advantages such as high yield, herbicide resistance 

and stress tolerance (Zhang et al. 2016).  

Canola is grown for its high oil yield which is typically between 35 and 45% w/w, 

depending on the genotype (Bell 1993; Usha et al. 2013). Oil content has been demonstrated 

to be heritable and depends on a large number of genes (Wu et al. 2006). However, breeders 

face a major challenge in enhancing the oil content in seeds while simultaneously improving 

grain yield and agronomic traits (Wu et al. 2006; Hauska et al. 2007). Canola oil is widely used 

for cooking and other culinary purposes (Hu et al. 1999; Thiyam-Holländer et al. 2013). The 

oil contains a low percentage of saturated fatty acids (7% w/w) and is rich in unsaturated fatty 

acids such as oleic at around 40-90% w/w (Sharafi et al. 2015), 5-20% w/w of linoleic acid and 

about 0-15% w/w of linolenic acid (Spinner et al. 1990). These fatty acids have been suggested 

to be associated with reductions in cardiovascular disease (Friedt and Snowdon 2010), and may 

reduce platelet aggregation, blood clotting and cholesterol in the blood (Micallef 2009; Ronzio 

2017). In addition, canola oil has high levels of vitamin K (Claussen et al. 2015), and also of 

vitamin E which is beneficial for the skin (Daun 2011). 
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As the current population of 7.4 billion people grows to more than 9 billion by 2050, it 

is imperative that crop yield and quality, including that of canola, are maximised, whilst 

external agricultural inputs, such as fertilisers, are minimized (Alexandratos and Bruinsma 

2012). The major challenge is to increase crop productivity per unit area and ensure food 

security without any side effects on crop quality and the environment. Soils provide nutrients 

to plants; variations in soil nutrient levels, soil type, and soil fertility influence crop yield and 

quality (Mulvaney 1987; Jones 2012). Soil nutrients, either present in the soil naturally, or 

applied externally, can reduce crop yield and quality if the nutrient levels are not properly 

managed, causing imbalances or nutrient deficiencies (Scott et al. 1973). 

 

Ammonium 

Nitrogen (N) is vital for plant growth, and, when turned into proteins, is an important 

component of the commercial value of canola crops (Norton 2016). Although plants can take 

up organic N, this represents only a minor N source; instead, for most plant species, their main 

source of N is in the mineral form as ammonium (NH4
+-N) and nitrate (NO3

--N) (Fageria et al. 

2005), with some plant species preferring to absorb NH4
+-N, whereas others preferring NO3

--

N (Serna et al. 1992; Traore and Maranville 1999). The most frequently applied NH4
+-N based 

fertilisers are urea after hydrolysis (Mérigout et al. 2008) and NH4
+ phosphates (mono- and di-

ammonium phosphate) (Moody et al. 1995). Urea, with 46% w/w N content, is a relatively 

cheap N fertiliser to produce and is economic to transport, making it the most important N 

fertiliser in the world (Openshaw 1970; Fan and MacKenzie 1995). Thus, the use of urea as an 

N fertiliser has increased significantly in agriculture worldwide during the past four decades 

(Glibert et al. 2006). However, urea hydrolyses in soil to release NH4
+-N (Gordon 2013). This 

can be a cause for concern because NH4
+-N can have toxic effects in various crops, including 

canola, soybean, tomato, potato, mustard and tobacco (Walch‐Liu et al. 2001; Britto and 

Kronzucker 2002). 

Ammonium is an important N form for plants, including crop species, but often plants 

only benefit from NH4
+-N at low concentrations, and higher concentrations result in NH4

+-N 

toxicity (Kronzucker et al. 2001; Liu and Von Wirén 2017). Ammonium toxicity depends on 

the concentration, crop, genotype and growth stage (Liao et al. 1994; Britto and Kronzucker 

2002). The NH4
+-N toxicity symptoms generally start on young plant parts and persist until 

later growth, and include damage to seeds, seedlings and young plants (Jóska et al. 1997; 

Bittsánszky et al. 2015), and a decrease in chlorophyll in leaves, wilting, and lower root:shoot 

ratio (Britto and Kronzucker 2002; Britto et al. 2001; Piwpuan et al. 2014). The majority of 
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crops have poor resistance to NH4
+-N toxicity; canola is particularly sensitive to NH4

+-N 

(Dowling 1998). There are numerous genotypes of canola, and it can be predicted that they will 

vary in their relative sensitivity, or, conversely, resistance, to toxicity (Babourina et al. 2007). 

Work on other crop species has found that different cultivars or genotypes exhibit variability 

in resistance to NH4
+-N toxicity (Schortemeyer et al. 1997), but there has been no investigation 

on canola genotypes. In this thesis, therefore, we filled this knowledge gap by studying 

numerous genotypes of canola and investigating their response to a range of NH4
+-N 

concentrations, thereby allowing identification of any genetic differences among canola 

genotypes in resistance to NH4
+-N.  

Although canola is sensitive to NH4
+-N, the other form of N that can be taken-up, nitrate, 

is known to ameliorate NH4
+-N toxicity (Babourina et al. 2007). We therefore also investigated 

if different ratios of NH4
+:NO3

- could mitigate NH4
+-N toxicity and improve growth and seed 

oil concentration. Another option to alleviate NH4
+-N toxicity that has been proposed are the 

application of soil amendments, such as biochar. Biochar may improve soil properties, 

including increasing organic matter, cation exchange capacity, soil fertility, and reducing soil 

erosion (Jien and Wang 2013; Hu et al. 2014). With increased recognition of needing to reduce 

application of inorganic fertilisers due to adverse environmental impacts, especially associated 

with N pollution, biochar application has increased substantially in recent times (Widowati et 

al. 2012; Tammeorg et al. 2014; Vitousek et al. 1997; Liu et al. 2010). Biochar may increase 

plant growth and productivity by increasing the capacity of plants to absorb nutrients from soil 

(Bargmann et al. 2013; Houben et al. 2013). However, the capacity of biochar, and the 

particular type and rates of biochar, to mitigate NH4
+-N toxicity and the effect on canola growth 

has, prior to our study, not been investigated.  
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Chapter 2 Literature Review 

Canola Growth 

Canola (Brassica napus L.) is an oilseed crop which takes 5-6 months to grow, with 

vegetative growth taking place during autumn and winter, and maturing in late spring. Canola 

grows to a height between 70-170 cm (Daun et al. 2015; Edwards 2015). 

 

 Canola production 

Canola has become one of the most important crops worldwide, and seed production 

continues to increase each year (Friedt and Snowdon 2009; Vollmann and Rajcan 2009). 

Annual canola production increased from 3 million tonnes in 1963 to 21.3 million tonnes in 

2013, with an increase in planted area from 20 million hectares in 1991 to 40 million hectares 

in 2013 (Isermeyer 2015). Canola now ranks second in global oilseed crop production after 

soybeans (Anon 2010). 

 

 
Fig 1 Global canola exports from Canada, Australia and Ukraine 

(mostly exported to China, Japan, Mexico and Belgium) 

(INPUTCAPITAL 2012)  

 

In Australia, canola production rose from 3 million tonnes in 2012/13 to 4.3 million 

tonnes in 2016/17 (ABARES 2018). Australia exports more than 2.5 million tonnes of canola 
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seeds annually to countries in Europe, as well as to China, Pakistan, Japan and other 

international markets, amounting for 15-20% of the world trade in canola (Colton and Potter 

1999; USDA 2017). In 2016/17, Western Australia produced the highest amount of canola 

seeds in Australia (2.2 million tonnes), a five-fold increase from that in 2013. Over the 2013-

2017 period, the cultivated area in Western Australia increased by 3% to 1.24 million hectares, 

with an average yield of 1.77 t/ha (AOF 2014; Seberry et al. 2017).  

 

The Australian Oilseeds Federation (AOF) set the seed oil content standard to a minimum 

of 42% (w/w) (Fig 2). In recent years, the concentration of oil in Australian canola seeds has 

exceeded this standard, ranging from 43.3% (w/w) in New South Wales, to 48.8% (w/w) in 

Victoria, and 49.5% (w/w) in Western Australia (AOF 2015; Seberry et al. 2017). 

 

 
 

Fig 2 Average canola oil content by state in 2016 (AOF 2015; Seberry et al. 2017). Bars are ± 

standard deviation, and the red line is the AOF (Australian Oilseeds Federation) global oil 

content standard. (NSW= New South Wales, SA= South Australia, VIC= Victoria, WA 

Western Australia).  
 

Genetic development of canola 

Brassica napus originated from temperate regions of the Mediterranean, North Africa 

and southern Europe (Daun 2011). The secondary centres of origin and hybridisation were in 

the Middle East, India, Caucasus and China (Kimber and McGregor 1995; Prakash and Chopra 

1996). B. napus was created by ancient hybridisation between three species of Brassica (B. 

nigra, B. oleracea and B. rapa). The common name for B. napus, canola, is derived from the 

words ‘Canada’ and ‘oil’. In the 1970s, Canadian plant breeders carried out B. napus breeding 

programs to minimise the seed concentration of glucosinolates and erucic acid due to their 
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toxicity (Bell 1982). Many of these plant breeders were attracted to B. napus because of the 

size of the seeds and its high percentages of oil, protein and other components (Fig 3) (Bell 

1982; Kramer et al. 1983; Prakash and Chopra 1996). 

 

Fig 3 Components of the canola seed (Edwards 2015) 

 

Canola was introduced into Australia to trial in 1960, and commercial production using 

Canadian varieties commenced in 1969 (Cowling 2007). In early 1980, Australian breeding 

programs confirmed that local varieties of canola passed the quality standards of containing 

low erucic acid and glucosinolates (Wu et al. 2006; Wang et al. 2009), and in the 1990s 

Australia become the second largest canola breeding country and witnessed a strong increase 

in production (Salisbury et al. 2016). 

Nitrogen cycle in soil  

Although the atmosphere contains 78% N gas as N2, most organisms are incapable of 

absorbing N in this form (Haynes 2012); Plants can use oxidised N form (NO3
--N) and reduced 

N form (NH4
+-N). Atmospheric N can be converted to a plant-available form through the 

Haber-Bosch  industrial process (e.g. production of ammonia as the basis for various N 

fertilisers), or through natural N2-fixing processes including through lightning or biological 

processes (e.g. symbiotic relationship between legumes and N2-fixing bacteria), with the latter 

being the main means by which atmospheric N2 fixation occurs (Fig 4). Biological N2 fixation 

is carried out by specific prokaryotes, including aquatic cyanobacteria, free-living soil bacteria, 
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bacteria that form associations with plants, and bacteria that form symbioses with legumes and 

other plants (Postgate 1982). As canola does not form symbiotic associations with these N2-

fixing bacteria, canola plants rely on N fertilisers and plant-available N forms in soil to acquire 

N. 

 

 

Fig 4 Nitrogen cycle (Myrold 1999). It should be noted that microbes can immobilise both 

nitrate and, ammonium, with studies reporting that in neutral and acidic soil microbes 

selectively and preferentially immobilise NH4
+-N (Recous et al. 1990). 

 

Decomposition of organic matter 

Decomposition of organic matter starts with ammonification, whereby decomposers 

(bacteria and fungi) convert organic matter (R-NH2) to NH4
+-N, which can be absorbed by 

plants or can be converted to NO3
--N in the process of nitrification (Paul 2014). Nitrate also 

can be taken up by plants or, through denitrification, can be converted to gases such as NO, 

N2O and N2 by anaerobic bacteria (Bothe et al. 2006). Substantial losses of N in the form of 

nitrate occur as leachate and surface run-off (Garwood and Ryden 1986), thus completing the 

N cycle. This has ramifications in that N leaching, especially under N fertilisation, can reduce 
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economic returns and is an environmental hazard when excess N is leached into ground and 

surface waters (Di and Cameron 2002). The amount of N lost depends on factors such as 

fertiliser application, plant cover, and soil type (Aghaalikhani et al. 2012). 
 

Ammonium fixation in soil  

The use of ammonium-based fertilisers is increasing worldwide, especially in the US 

(Prud’homme 2005). The rate of NH4
+-N that the soil fixes, that is, the capacity of the mineral 

or organic fraction of soil to adsorb NH4
+-N ions, varies according to soil texture and clay 

minerals. For example, fine-structure soils containing clay minerals (such as illite, vermiculite, 

claystone and montmorillonite) (Malla and Douglas 1987) can fix more NH4
+-N than medium 

coarse soils (such as alluvial sediments, basalts) (Zhang et al. 2007). Several studies have 

shown that NH4
+-N fixed between mineral clay layers can increase the soil content of N (Dou 

and Steffens 1995; Juang et al. 2001). Therefore, soils that have a high capacity to fix NH4
+-N 

from N fertilisers have an important role in reducing N losses. Studies conducted using 

intensive cropping found that most crops, including wheat (Black and Waring 1972) and barley 

(Mohammed 1979), can take up approximately 40% of recently fixed NH4
+-N. 

 

The mechanism of NH4
+-N fixation in soil   

Cations (such as NH4
+-N or potassium) balance the negative charges on the clay minerals. 

There is a close relation between the physical properties of these cations. Both cations have the 

same mechanism of fixation; similar ionic radii and energy, and low hydration. It is reported 

that the mechanism of fixation of cations NH4
+-N and K+ occurs when the ions penetrate the 

clay causing collapse into nanometre-thick sheets. The ions are then confined between the clay 

mineral interlayers (Nommik 1965; Nommik and Vahtras 1982). 

 

Factors influencing soil acidification 

Soil pH is the main determinant of the availability of many nutrients in the soil 

(Fernández and Hoeft 2009). Application of high levels of NH4
+-N in soil results in soil 

acidification, which can have undesirable outcomes for plants (Binkley et al. 1989). Acidic 

soils occupy about 30% of land area worldwide and about 50% of arable land (Martikainen and 

De Boer 1993). In Western Australia, approximately 14.25 million hectares in the wheatbelt 

are acidic, with soil pHCaCl2 reference values of 5.8 for the surface and 4.8 for subsoil (Gazey 

and Davies 2009). Ameliorating acidic soils and counteracting soil acidification requires liming 

(Gazey and Davies 2009). An equivalent of 40-45 kg lime/ha per year is needed to counteract 

25 kg/ha per year of urea applied (Rengel 2003). 
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Nitrogen uptake 

Nitrogen uptake plays an important role in influencing soil acidification because plants 

usually absorb more cations than anions. For example, in plants supplied with NH4
+-N, the 

roots take up higher cation/anion ratios, acidifying the soils (Xu and Coventry 2003; Mullen et 

al. 2006). In contrast, when taking up anions (such as NO3
--N), plants consume H+ and thus 

counteract acidification(Buri et al. 2005). Therefore, equilibrium in cation/anion uptake ratio 

can prevent soil acidification (Tang et al. 1998; Rengel 2003) because the exudation and 

consumption of H+ are balanced (Van Beusichem 1981; Bolan et al. 1991). In addition, roots 

respire carbon dioxide that dissolves in water to produce carbonic acid and release H+, 

contributing to soil acidification (Rengel 2003). 

 

Effect of NH4
+-N fertilisers on soil pH 

Due to increasing application of N fertilisers 2000 to 2010 worldwide, N deposition 

reached an average of 50 kg/ha per year (Yang et al. 2012; Josep et al. 2013), leading to soil 

acidification (Tian and Niu 2015). Ammonium-containing N when used at high inputs in 154 

agricultural sites (Ho 2010), and a high application of NH4
+ sulphate ranging from 200 to 400 

mg N/kg soil (Guo et al. 2010; Zhou et al. 2014) significantly decreased soil pH and affected 

plant growth.  

Over the past 30 years, Australia, New Zealand (Williams 1980; Sumner et al. 2003) and 

China (Zhao et al. 2007; Han et al. 2015) experienced a rapid increase in the acidification of 

their agricultural soils, as a result of the use of ammonium-based and urea fertilisers. However, 

the consequences for plants vary due to differences in optimal pH levels. For example, the 

optimal pHCaCl2 range for potato 5-5.5 and sugar beet 6.5-8, and for barley, maize and oat 5.5-

7 (McCauley et al. 2009; Fernández and Hoeft 2009). When soil pHCaCl2 dropped below 4.5-

3.8, shoot and root dry weight and seed yield significantly declined for rice (Alam 1981), barley 

(Dolling et al. 1991), maize (Islam et al. 1980; Muluneh et al. 2015), canola (Baquy et al. 2017), 

wheat (Schroder et al. 2011).  

Nitrification 

Nitrification occurs in two stages. In the first stage, NH4
+-N is transformed by ammonia-

oxidizing bacteria (AOB) to nitrite. In the second stage, the nitrite is transformed by nitrite-

oxidizing bacteria (NOB) to NO3
--N. Two genera of AOB are involved in the stage 1 

nitrification process (Nitrosospira and Nitrosomonas), whereas only Nitrobacter is involved in 

the stage 2 (Frijlink et al. 1992). The process of nitrification in soil occurs above pH 3.3 
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(Hayatsu 1993) and up to 8.5 (Watson et al. 1989). Soils with a near-neutral pHCaCl2 of 7.5 has 

been found to have a relatively high rate of 90% nitrification, that resulted in accumulation of 

mineral N in soil, and increased soil acidity (Kyveryga et al. 2004; Cytryn et al. 2012). Studies 

conducted in New Zealand (Bramley and White 1990) and Australia (Islam et al. 2006), found 

that nitrification in acidic pasture soils increased in soil with a pHwater 4.9-5.2 compared to 4.5. 

However, other studies have found that nitrification is significantly reduced in acidic soils 

(pHwater 5.3-4.5) (Nyborg and Malhi 1979; Weier and Gilliam 1986), which may be due to 

acidic soils hampering Nitrosospira strains, such that they are unable to carry out oxidation of 

NH4
+-N under low pH (De Boer and Kowalchuk 2001; Aciego Pietri and Brookes 2008) and 

ammonia-oxidizing archaea (AOA) is not able to sustain the nitrification under low soil pH 

(Hangwei et al. 2014) . When nitrification is impaired, uptake of NH3-N and NH4
+-N results in 

exacerbated soil acidification. Increasing soil acidity not only decreases nitrification, but also 

causes Al toxicity that impairs plant growth and decreases cation uptake (Zhao et al. 2007; Guo 

et al. 2010). 
 

 

Leaching of NO3
--N in soil 

Nitrate (NO3
--N) leaching from agricultural soils can cause soil acidification if the base 

fertilisers (NH4
+-N or R-NH2) are oxidised to NO3

--N in soil (Basso and Ritchie 2005). 

Nitrification generates two moles of H+ per mole of NH4
+-N nitrified. One mole of H+ is used 

up during ammonification, and the other proton is consumed when NO3
--N is taken up by 

plants. Hence, in the absence of NO3
--N leaching, there is no net soil acidification. However, 

if NO3
--N is leached (ie. not taken up), then consumption of one proton does not occur, causing 

acidity in the soil (Helyar 1976; Williams 1980; Bolan et al. 1991). Between 1925 and 1980 in 

Australia, acidity input into soils was approximately 3.46 kmol H+/year, resulting in soil 

acidification (Helyar and Porter 1989) and leaching of nitrate produced in organic matter 

decomposition contributes to 41% of total acidification (Helyar et al. 1990). 

Species and varieties of crops differ in how NO3
--N is taken up from the soil. It was found 

in a study that acidity in top soil or subsoil can be decreased using a selection of genotypes 

(Rengel 2003). Experiments on Agrostis palustris (bentgrass) found that the deep roots 

decreased acidification as a result of less NO3
--N leaching compared to shallow roots (Bowman 

et al. 1998). In field studies Van Miegroet and Cole (1984) and Evans et al. (1996) reported 

that NO3
--N leaching under legume crops such as pea, beans and leguminous pastures 

generated a 10-fold larger amount of H+ than barley, grass pastures and wheat (Anderson et al. 

1998).   
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Factors affecting NH4
+-N toxicity in plants 

 

Nitrogen 

The use of N fertilisers containing urea, NH4
+-N, and NO3

--N has increased significantly 

over the past 50 years (Kim et al. 2011) due to the competition of plants for available N in the 

soil pool can directly influence seed yield in oil crops (Hirel et al. 2007).  Moreover, the 

conversion of N into other forms is crucial to crop production and ecological protection 

(Watson 2000). However, the estimates of the amount applied to rapeseed range between 114-

150 kg/ha in Canada and Australia (Gan et al. 2008; Norton 2016) and Alaska (Lewis and 

Knight 1987), whereas in Egypt, for spring rapeseed (Ibrahim et al. 1989) and in England for 

winter rapeseed (Scott et al. 1973), they range between 180-220 kg N/ha. 

 

Urea 

Ammonium sulphate was commonly used as a solid N fertiliser in Australia in the first 

part of the 20th century, but in the 1960s price reductions of urea due to local availability 

allowed the usage of urea to surpass that of ammonium sulphate (Pulsford 1978). The use of 

urea continued to grow into the 1990s, and urea-N is now the largest proportion of the N market 

(May et al. 2009). Products of NH4
+-containing N fertilisers such as urea, mono- (MAP) and 

diammonium (DAP) phosphate fertilisers are good N sources for plant nutrition, but may pose 

a high risk of damage to young seedlings (Bremner and Krogmeier 1989; Fan and MacKenzie 

1995). When urea (Christianson et al. 1993; Karamanos et al. 2004), MAP and DAP (Bhat and 

Ramaswamy 1993; Moody et al. 1995) hydrolyse in soil, they release NH4
+-N that may lead to 

a reduction in shoot and root growth. 

 

Urea hydrolysis in soil 

Urea is converted to NH4
+-N by enzyme urease; the conversion can occur in a day or two 

under warm and moist conditions (Bundy 2001). 

 

CO(NH2)2 + 2H2O                              (NH4
+)2CO3         

   Urea           Water                                  NH4
+-N  

                                                                Carbonate 

 

 

 
 

Soil 

Urease 
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Effects of MAP, DAP and urea on plant growth 

Canola plant seedlings can be very sensitive to NH4
+-N when fertilisers such as urea, 

MAP and DAP are applied (Bremner and Krogmeier 1988; Bremner 1995) Different types of 

fertilisers such as mono- (MAP) and diammonium phosphate (DAP) can also decrease seedling 

growth and delay maturity. In Canada, (Rother and McKercher 1989) and Australia (Carter 

1967; Moody et al. 1995), these fertilisers are widely used because they are good N sources, 

but can cause toxicity to seedlings of oilseed and cereal crops when applied too close to seeds. 

The use of urea for topdressing N was widespread in the mid-1990s in south-eastern Australia 

as a new strategy to increase the productivity of grain crops (Angus and Fischer 1991; Angus 

2001). However, conversion of urea to NH4
+-N can cause toxicity to seedlings. In previous 

studies, the growth of canola (Grant et al. 2011; Grant and Bailey 1993) and wheat (Mahler et 

al. 1989; Mohebbi and Mahler 1989) was significantly affected by high concentrations of 

NH4
+-N produced by urea hydrolysis. Moreover, many studies suggest the application of 

recommended or optimal levels of urea to the surface does not negatively influence the growth 

of barley (Hunter and Rosenau 1966) or wheat (Angus et al. 2014). Also, using new strategies 

such as increasing seed rates or mixing urea with other N sources can contribute to an increase 

in seedling growth without NH4
+-N toxicity. 

Ammonium toxicity becomes a problem in the field when germinating seeds are exposed 

to high concentrations of NH4
+, such as when they are in proximity to the fertiliser applied at 

high rate. There are field practices that can limit NH4
+ toxicity. Banding NH4

+ away from seeds 

is generally sufficient to avoid NH4
+ toxicity (Dowling 1998; Zhang and Rengel 1999). For 

example, Dowling (1998) found that banding NH4
+ fertiliser 3 cm below canola seeds was 

adequate to avoid NH4
+ toxicity; regarding barley, it was concluded that increasing seeding 

rates contributed to increasing the grain yield when urea was applied at high rates. Another 

method to decrease ammonium toxicity is split-fertiliser application, widely used in dryland 

cropping (Westfall et al. 1996). This thesis however focuses on other means of remediating 

ammonium toxicity. 

 

Effect of NH4
+-N on crops 

The presence of NH4
+-N in the soil at high concentrations not only affects canola, but is 

also known to be toxic to other crops (Cruz et al. 2006). In general, growth depression appears 

at high NH4
+-N concentrations and can decrease dry weight production by 15-80% (Britto and 

Kronzucker 2002; Qian et al. 2010). Field experiments found that growth of maize (Teyker 

1992), canola (Malhi et al. 2003) and wheat (Dowling 1998) were sensitive to high soil NH4
+-
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N concentration compared to NO3
--N. A number of experiments on tomato (Magalhaes and 

Wilcox 1984), maize (Dibb and Welch 1976; Schortemeyer et al. 1993; Schortemeyer and Feil 

1996), wheat (Cramer and Lewis 1993), rice (Chen et al. 2013), lima bean and lupins (Barker 

et al. 1966; Barker and Mills 1980), sunflower (Lasa et al. 2000) and eggplants (Claussen and 

Lenz 1995) found that NH4
+-N caused a reduction in fresh and dry weight of roots and shoots 

by up to 70% compared with NO3
--N that increased growth when applied at the same 

concentration NH4
+-N. High application of NH4

+-N decreased germination of maize, with 

declining uptake of soil nutrients such as K+, Ca2+ and Mg2+ (Sun et al. 2004; Zhong et al. 2014; 

Wang et al. 2016). 

 

Nitrogen forms and NH4
+-N assimilation in plants  

 

Uptake of N forms by plants  

Uptake of NO3
--N and NH4

+-N mainly occurs via transporters (Glass and Siddiqi 1995; 

Crawford and Glass 1998), and NO3
--N uptake is 10 to 100 times higher than that of NH4

+-N 

(Owen and Jones 2001; Miller and Cramer 2005). However, the preferred form of N to be 

absorbed depends on the species of plants, though it was also found that some soil conditions 

can affect the type of N absorbed by plant roots. For example, plants that have the potential to 

grow in slightly acidic soils prefer NH4
+-N absorption, but plants that have the potential to grow 

in strongly acidic soils prefer NO3
--N uptake (Daniel-Vedele et al. 1998; Maathuis 2009). In 

addition, NO3
--N is the predominant mineral-N form in aerobic soils; hence, most crops prefer 

to take up NO3
--N during the early growth stages. In contrast, NH4

+-N is the dominant form in 

poorly-aerated soils not conducive to growth of nitrifying bacteria that are responsible for the 

conversion of NH4
+-N into NO3

--N (Miller and Cramer 2005). 

 

Ammonium transporters (AMT) in plants 

The transport of NH4
+-N from roots to other plant parts needs a special physiological 

mechanism. Most plants contain two genes AMT1 and AMT2 that are responsible for 

transferring NH4
+-N. Family members AMT1;2, AMT1;3 and AMT1;5 were specifically 

expressed only in roots, whereas AMT1;1 was expressed in both the shoots and roots (Fuentes 

et al. 2001; Sonoda et al. 2003). The transporter genes of the AMT1 type have common 

properties such as high affinity for NH4
+-N and high selectivity for NH4

+-N uptake, without 

the absorption of other monovalent cations (Gazzarrini et al. 1999; Ludewig et al. 2007; 

Couturier et al. 2007). There is currently a lack of research concerning which N form (NH4
+-
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N) can be transported by the NH4
+-N transporters family. However, in Escherichia coli, AMT1 

is  responsible for transporting NH4
+-N only (Loqué and von Wirén 2004; El Omari et al. 2010). 

A range of plant species with AMT1 genes include sorghum (Koegel et al. 2013), maize (Gu 

et al. 2013), rice (Sonoda et al. 2003) and canola (Pearson et al. 2002). Furthermore, a few 

plant species have a number of transporters in the AMT1 family. For example, thale cress 

Arabidopsis was found to have six genes (Gazzarrini et al. 1999), poplar 14 genes (Couturier 

et al. 2007) and rice 10, as species adapted to NH4
+-N nutrition (Yoshida 1981). In contrast, 

Neuhäuser et al. (2009) found that the second transporter family - AMT2 - has a lower capacity 

to transport  NH4
+-N compared to AMT1. 

 

 

Fig 5 Transporter systems for various N AMT for NH4
+-N, NAR or NRT for NO3

--N 

(Masclaux-Daubresse et al. 2010) 
 

 

Nitrate transporters (NRT) 

There are three types of NO3
--N transporter genes: low-affinity transporters (LATS) (eg. 

NRT1), inducible high-affinity transporters (iHATS) (eg. NRT2), and constitutive high-affinity 

transporters (cHATS). These systems must cohabit together in the plants and work to absorb 

NO3
--N from soil solution and distribute it within the plant (Masclaux et al. 2006; Tsay et al. 

2007). However, at NO3
--N concentrations from 10-300 µM (Crawford and Glass 1998; Glass 

et al. 2002), the NRT2, inducible high-affinity transporter (iHATS) system, is responsible for 

transporting NO3
-- N to the whole plant (Aslam et al. 1996; Forde 2000).  

The family member NRT1 has more than seven genes. NRT1.1 is located on the root 

plasma membrane in the most mature parts of the root (Bouguyon et al. 2015). NRT1.2 has the 

capacity to transfer NO3
--N long distances and is located in the root epidermis (Tsay et al. 2007; 

Kanno et al. 2013). Gene NRT1.4 is a transporter of NO3
--N to the leaf petiole. NRT1.5 can 
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operate as a low-affinity transporter, is responsible for transferring NO3
--N through radial 

cellular membranes and is located on the plasma membrane close to the xylem (Wang and Shen 

2012). In a recent study, Krouk et al. (2006) found that gene NRT1.6 can transfer NO3
--N to 

the vascular tissues of seed siliques and funiculus in the plant tops. Fan et al. (2009) found that 

NRT1.7 has a special function of transporting NO3
--N from older to younger leaves. 

 

Mechanism of NH4
+-N toxicity in plants  

According to Schjoerring et al. (2002) some resistant plants can prevent toxicity by 

isolating NH4
+N in the vacuoles of roots and preventing transportation to other plant parts. It 

has been found that when NH4
+-N concentration is high, there are two components that 

transport NH4
+-N and contribute to NH4

+-N toxicity as NH4
+-N accumulates in the cell. Figure 

1 shows NH4
+-N uptake by plant cells that leads to NH4

+-N accumulation in the cell with toxic 

effects. Firstly, NH4
+-N enters the plant cell as ammonia (NH3-N), which is possibly facilitated 

by AMT aquaporins AQP, it is re-protonated to form NH4
+-N, which causes alkalinization of 

the cytosol. Secondly, the electrogenic influx of NH4
+-N is possibly mediated by non-specific 

cation channels. Both these transporters can be governed by potassium (K+) concentrations in 

the medium by either regulation of transporter synthesis and function or by direct competition. 

This could explain the importance of K+ concentrations to mitigate NH4
+-N toxicity. 

 
Fig 6 Mechanisms of NH4

+-N uptake (Esteban et al. 2016) 
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The uptake of NH4
+-N by plant roots is the first phase of NH4

+-N toxicity, followed by a 

reduction in plant growth (Jóska et al. 1997). Ammonium toxicity symptoms include a decrease 

in the productivity of root and shoot dry matter (Li et al. 2014), changes in root architecture 

(Wang et al. 1994; Wang and Shen 2012), a reduction in the photosynthesis rate of plants 

(Bybordi and Tabatabaei 2012; Lopes and Araus 2006), and low absorption of cations K+, Mg2+ 

and Ca2+ (Cruz et al. 2011). These symptoms also include inhibition of glutamine synthetase 

enzyme activity and inhibition of production of hormones such as indole-3-acetic acid IAA 

(Kronzucker et al. 2001; Glass et al. 2002). 

The main reason behind the NH4
+-N toxicity has not yet been determined (Bittsánszky 

et al. 2015). However, experiments on barley (Bloom and John 1986), wheat and maize 

(Cramer and Lewis 1993), wheat (Rigano et al. 1996; Wang et al. 2016) and pea (Frechilla et 

al. 2002) found that accumulation of NH4
+-N significantly decreased crops growth. This was 

due to a decrease of glucose, adenosine triphosphate ATP in leaves and activated ATPases, 

which pump H+ out of the root cells, resulting in abnormalities in the root cells, root architecture 

and an overall reduction in plant growth. 

 

Ammonium assimilation  

Some crops such as rice (Sonoda et al. 2003) can overcome NH4
+-N toxicity by 

assimilating NH4
+-N via synthesising glutamine in the GOGAT cycle (Hirel and Lea 2001). 

Glutamine synthetase (GS) is involved in the NH4
+-N metabolism process in plants; it 

decreases toxicity of high NH4
+-N concentration by converting NH4

+-N into the amide group 

of glutamine and then to organic N (Hirel et al. 2007). There are two types of GS: cytoplasmic 

glutamine synthetase (GS1) located in leaves and responsible for the re-formation of N for 

remobilization. The second enzyme, plastidic glutamine synthetase (GS2), is found in leaf 

chloroplasts, playing a vital role in the re-assimilation of NH4
+-N that was produced/formed by 

photorespiration and NO3
--N reduction (Lea and Ireland 1998, 1999; (Hodges et al. 2003; Guan 

et al. 2014). In some studies on barley (Mäck 1995), rice (Tobin and Yamaya 2001) and 

cultivars of maize (Teyker 1991) and wheat (Setién et al. 2013; Wang et al. 2016), results have 

shown that the NH4
+-resistant varieties produced higher levels of GS enzyme than the sensitive 

ones. 

  

 

https://en.wikipedia.org/wiki/Adenosine_triphosphate
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Fig 7 Glutamine oxoglutarate aminotransferase (GOGAT) pathway in plants (Lancien et al. 

2000). 

The process of NH4
+-N assimilation and detoxification by some resistant plants involves 

the formation of carbon structures to create 2-oxoglutarate for producing amino acids through 

the glutamine synthetase / glutamine oxoglutarate aminotransferase (GS/GOGAT) cycle. 

Organic acid 2-oxoglutarate (2OG) requires the adenosine triphosphate (ATP) and ferredoxin 

fd red (the latter being a protein that contains iron and sulfur that contribute to increased activity 

of photosynthesis in reactions of cyclic and non-cyclic photophosphorylation, and the input of 

C skeletons to form 2-oxoglutarate). This can be synthesised by an isocitrate dehydrogenase 

I(C)DH (Chen and Gadal 1990; Hodges et al. 2003). The I(C)DH origin allows for a direct net 

synthesis of glutamine (Glu) along with the production of CO2 and nicotinamide adenine 

dinucleotide phosphate NAD(P)H. In this pathway, when the activity of I(C)DH1 increases, 

the mitochondria can transport the citrate to the cytosol and then out of the cytosol (transfer of 

metabolic products from production sites to sites of use). The isocitrate can be used for 

oxoglutarate 2OG synthesis. It was found that when NO3
--N uptake is decreased by the 

deficiency of NO3
--N reductase, the activities of I(C)DH1, GS and GOGAT increase to 

contribute to NH4
+-N assimilation through the role of I(C)DH1 in the production of amino 

acids and detoxification of NH4
+-N in the plant cells (Lea and Ireland 1998; Lancien et al. 

2000). 

 

NH4
+:NO3

- ratio influences plant growth  

Plants can take up organic N, but most plant species take N in the mineral forms 

ammonium (NH4
+-N) or nitrate (NO3

--N) (Fageria et al. 2005). The extent of NH4
+-N and NO3

-

-N uptake from the mixture of two N forms depends on the type of plant, with some plant 

species preferring to absorb NH4
+-N, whereas others prefer NO3

--N (Serna et al. 1992; Traore 

and Maranville 1999). One of the most interesting aspects of NH4
+-N nutrition is that, while 
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toxicity is observed in many crops when NH4
+-N is provided alone, it can be alleviated by 

combining it with NO3
--N (Goyal et al. 1982; Below 1987; Hecht and Mohr 1990). Partial NO3

-

-N supply is a strategy that can alleviate NH4
+-N toxicity, given that NO3

--N uptake does not 

inhibit the development of crops, but the ratio of nitrate relative to ammonium may require 

elevated NO3
--N relative to NH4

+-N for this ameliorating effect to be observed (Kronzucker et 

al. 1999).   

It was concluded that 25:75 and 50:50 NH4
+:NO3

- might be optimal for most crops (Ikeda 

and Osawa 1983; Bybordi et al. 2010). Recent studies on canola growth, photosynthesis 

(Bybordi and Tabatabaei 2012), seed yield, oil yield and fatty acid (Bybordi et al. 2009) found 

that 25:75 and 50:50 NH4
+:NO3

- significantly increased these parameters of canola compared 

to only NH4
+-N nutrition. Furthermore, some other studies have found that shoot and root dry 

weight of rye (Gashaw and Mugwira 1981), maize (Mangale 1995), mustard (Hecht and Mohr 

1990), wheat (Botella et al. 1994) and soybean (Rideout et al. 1994) produced higher dry matter 

with the combinations of 25:75, 50:50, and 75:25 NH4
+:NO3

- ratios compared to the ratio 100:0 

of NH4
+ alone. Similarly, Schortemeyer et al. (1993), Schortemeyer and Feil (1996) and Taylor 

and Bloom (1998) found maize plants produced higher root growth and length when the 

combination of high ratios of NO3
- with NH4

+ were applied compared with NH4
+-N alone. 

 

Effect of N on oil content in canola seeds 

The oil content in seeds is adversely affected when N is added to soil because of an 

inverse relationship between oil and protein contents. Application of high levels of N fertilisers 

can contribute to a change in the response of canola varieties to N and affect the oil content of 

seed (Taylor et al. 1991; Ahmad et al. 2007). Many studies have shown that increasing N 

application to over 160 kg N/ha decreased oil and increased protein content in seeds (Taylor et 

al. 1991; Brennan et al. 2000; Brennan and Bolland 2007; Grant et al. 2011). However, the oil 

content in Hayola-308 (Aminpanah 2013), Kronos (Velicka et al. 2012) and Athena and Baldur 

(Ferguson 2015) of canola cultivars increased with an increase from 0 to 200 kg N/ha. Nitrogen 

in the form of ammonium sulphate and ammonium nitrate led to improved oil content in canola 

seeds (Öztürk 2010; Malhi and Gill 2007). 
 

 

Biochar 

Use of biochar is significantly increasing in recent times coupled with decreased 

applications of inorganic fertilisers (Widowati et al. 2012). Biochar is used as an organic 
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fertiliser because it contains organic black carbon and can help improve the physical (Herath 

et al. 2013) and chemical (Chintala et al. 2014) characteristics of soil, enhancing crop nutrition.  

 

Effects of biochar on soil properties 

Soil amendments such as biochar may improve soil pH and soil properties, e.g. increasing 

cation exchange capacity, organic matter, soil fertility, and reducing soil erosion (Jien and 

Wang 2013; Hu et al. 2014). The biochar application has a range of benefits. Firstly, it can 

minimise issues caused by inorganic fertilisers, especially N, such as environmental 

degradation (Liu et al. 2010; Vitousek et al. 1997). Secondly, biochar has potential to decrease 

NO3
--N loss from soils, increase N-use efficiency, improve nitrification and improve growth 

of plants (Chan et al. 2008; Knowles et al. 2011). Furthermore, Major et al. (2010) and 

Lehmann et al. (2011) indicated that soil fertility and nutrient uptake improved by increasing 

the application rate of biochar. Finally, biochar may help improve N bioavailability in 

agricultural soils by decreasing NO3
--N leaching and increasing N retention, potentially 

decreasing the amount of N fertiliser required for crop growth (Ding et al. 2010; Jeffery et al. 

2011), and thus making N forms available to plants (Steiner et al. 2007; Joseph and Lehmann 

2009; Ding et al. 2010; Filiberto and Gaunt 2013). 

 

Effect of biochar on plant growth 

Biochar is added to agricultural soils to improve plant growth (Marks et al. 2014; Akhtar 

et al. 2015; Khan et al. 2018). Biochars increase microbial activity and elevate macronutrient 

and micronutrient supplies (Wang et al. 2013; Macdonald et al. 2014; Tammeorg et al. 2014) 

and  increase plant capacity to absorb nutrients from soil (Bargmann et al. 2013). For instance, 

biochar addition stimulated seed germination and seedling growth of maize  (Rogovska et al. 

2012), mung bean (Solaiman et al. 2012), barley (Bargmann et al. 2013) and wheat (Wang and 

Xu 2013) compared to the non-biochar treatments. Moreover, biochar treatments led to an 

increase in dry matter and leaf area of maize (Rogovska et al. 2012), and improved uptake 

efficiency for nutrients and increased yield production of wheat (Blackwell et al. 2010). It 

significantly increased seed yield of wheat (Alburquerque et al. 2013), sunflower 

(Alburquerque et al. 2014) and biomass yield of canola (Ahmed and Schoenau 2015).   

 

Aims and objectives 

This study provided a theoretical framework to underpin future field studies aimed at 

using resistant canola genotypes combined with soil amendments of organic and inorganic 

fertilisers to minimise NH4
+ toxicity. 
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Based on above considerations, the aims of my PhD project were: 

1. Screen canola genotypes for resistance to NH4
+-N toxicity at vegetative stage. 

2. Test the effects of ammonium:nitrate (NH4
+:NO3

-) ratios on NH4
+-N toxicity in canola 

genotypes. 

3. Determine the role of NH4
+:NO3

- ratios in quantity and quality of oil in canola seed.  

4. Elucidate the role of different biochars on NH4
+-N toxicity to canola. 

 

Thesis structure 

Most chapters are prepared in a form ready for submission to journals, and therefore 

formats may differ slightly between chapters.  

Chapter 2 

The literature review is providing readers with the basic background as well as the latest 

updates on NH4
+-N toxicity and resistance of canola genotypes. It includes a detailed 

assessment of the role of varying NH4
+:NO3

- ratios and biochar soil amendment in modifying 

responses of canola genotypes to NH4
+-N toxicity. In addition, the impact of NH4

+-N toxicity 

and various amendments on oil quantity and quality in canola genotypes are discussed. Finally, 

the new knowledge about the interactions between crop nutrition and quality of edible 

agricultural products is reviewed.  

 

Chapter 3 

The literature detects that in the future, the use of N fertilisers will increase, so a series 

of agricultural problems such as NH4
+-N toxicity will be an alarming factor globally in 

limiting the production of many crops. Therefore, our study has been done to understand the 

effect of NH4
+-N on canola genotypes. This chapter contained two experiments aimed to 

determine the range of NH4
+-N concentrations that would be optimal as well as toxic for a 

range of canola genotypes. Thus, in the preliminary experiment, critical NH4
+-N 

concentrations on canola were defined. In the main experiment, thirty canola genotypes were 

screened at low and high NH4
+-N concentration during vegetative growth. 

 

Chapter 4 

This chapter contained three experiments, with the first one focused on determining 

the effect of five NH4
+:NO3

- ratios on canola genotypes at vegetative stage (the vegetative 

stage was defined as plants having 10-15 leaves). The next experiment tested the role of 

three ratios selected from the previous study on the quantity and quality of oil in canola 

genotypes at maturity stage (all seeds were black and hard). In the last experiment, the study 
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was done to test the effect of different NH4
+-N and NO3

--N supplies on photosynthesis, 

chlorophyll, and fluorescence of canola genotypes that were selected from the ratio 

experiment. 

Chapter 5 

This chapter contained two main experiments using biochars produced from two 

different feedstocks (pyrolysis of oil mallee plants and wheat chaff at 550 oC) already 

characterised in our group. The first experiment examined the potential role of biochar in 

influencing NH4
+-N resistance of canola growth, particularly with respect to nutrient uptake 

efficiency. The second was an incubation experiment to understand differences between the 

two biochars in mitigating NH4
+-N toxicity in the soil. 

 

Chapter 6 

This chapter concludes with a summary of the results and discussions of chapters 3, 4 

and 5 in order to clarify the toxicity of NH4
+-N on canola and its genotypes. This chapter 

also includes conclusions and future studies related to our study on NH4
+-N toxicity. 
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Chapter 3    Screening canola genotypes for resistance to ammonium 

toxicity 

 

Abstract 

Ammonium (NH4
+-N) toxicity is one of the most common soil problems that can 

decrease plant growth. Most crop species, including canola, have low resistance to NH4
+-N 

toxicity. In this thesis I characterise the differences among canola genotypes with regard to 

resistance to NH4
+-N toxicity. Two experiments were conducted in a glasshouse using soil 

supplemented with the nitrification inhibitor dicyandiamide. In the first experiment, eight 

ammonium chloride treatments and five calcium nitrate treatments were tested using one 

canola genotype grown for 35 days. In the second experiment, thirty canola genotypes were 

screened at selected concentrations of NH4
+-N, using nitrate (NO3

--N) supply as control. In the 

first experiment, high NH4
+-N application (60 mg N/kg soil) significantly decreased dry weight 

of canola shoots and roots, and acidified the rhizosphere soil from pH 5.9 to 5.6. In the second 

experiment, there was wide variation among genotypes in sensitivity to high NH4
+-N 

application, with genotypes G16, G26 and G29 having greater shoot dry weights and the 

highest shoot N concentration of all genotypes, suggesting the strongest resistance to NH4
+-N 

toxicity among the tested genotypes. These genotypes G16, G26 and G28 had root dry weight 

up to 35% higher at high soil NH4
+-N compared with other genotypes. In contrast, genotypes 

G3, G13 and G30 showed the largest reduction in shoot weight, and genotypes G13, G23 and 

G30 showed the largest reduction in root weight at high NH4
+-N application. The residual 

NH4
+-N/kg soil in soil at harvest after 35 days of growth was higher in the case of sensitive 

than resistant genotypes, suggesting lower NH4
+-N use in the former. The results indicate that 

it is possible to select genotypes of canola resistant to high NH4
+-N concentrations in soil. 

 

Introduction 

Canola, also known as rapeseed (family Brassicaceae), is primarily cultivated for its 

high oil content, with canola seeds containing 30-40% oil w/w, depending on genotype 

(Seberry et. al. 2017). Canola oil ranks first in terms of oil production in Australia and third 

worldwide after soybean and sunflower (Downey 2006; Hickling et al. 2011). After Canada, 

Australia is the second biggest exporter of canola, being strategically well-positioned to 

supply the Asian market with high-quality oil and meal (AOF 2014; Seberry et al. 2015). 
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Canola needs a large amount of fertiliser, especially N, to produce a high seed yield 

(Ngezimana and Agenbag 2013; Seymour 2013). Ammonium (NH4
+-N) is one form of 

nitrogen (N) that is supplied as fertiliser, but most crops need it only in low concentrations for 

growth  (Gazzarrini et al. 1999). The most frequently applied NH4
+N based fertilisers are 

ammonium phosphates (mono- and di-ammonium phosphate) and urea. Urea, with 46% N 

content, is the most economical N fertiliser to produce and transport, making it the most 

important N fertiliser in the world (Zaman and Blennerhassett 2010; Tong and Xu 2012). In 

the last 20 years, the usage of urea as a N fertiliser has increased dramatically in Australia 

(Angus et al. 2014; Harris et al. 2016). However, urea hydrolyses in soil to release NH4
+-N, 

and there are many reports of NH4
+-N toxicity. This can be a cause, for concern, as NH4

+-N 

can have toxic effects in various crops, including canola, soybean, tomato, potato, mustard 

and tobacco (Walch‐Liu et al. 2001; Britto and Kronzucker 2002) 

Ammonium is known to be toxic to most crops when present in the topsoil by directly 

affecting plant growth and seed yield (Lee and Rudge 1986; Owen and Jones 2001). If dry 

matter production of shoots and roots drops by more than 50% with NH4
+-N supply, when 

compared with plants grown with NO3
--N at the same N concentration, NH4

+-N  is considered 

toxic (Kronzucker et al. 2001; Esteban et al. 2016). Symptoms usually appear firstly in new 

growth, and then are followed in older tissues, and include a decrease in chlorophyll in leaves, 

wilting, and a lower root: shoot ratio (Britto et al. 2001; Piwpuan et al. 2014). 

Nitrogen pollution has been identified as a major problem with serious environmental 

consequences (Bodirsky et al. 2014). Nitrous oxide (N2O) is a major greenhouse gas, and in 

light of the serious threat climate change poses, there is a critical need to reduce them 

(Ravishankara et al. 2009). To remedy this, in recent years, soil nitrification inhibitors have 

been proposed as a means of reducing the loss of soil N and mitigating N2O emissions. 

Nitrification inhibitors prevent NH4
+-N conversion into NO3

--N through the inhibition of 

Nitrosomonas bacteria activity (Wu et al. 2007; Cahalan et al. 2015). One such compound is 

dicyandiamide (DCD) (Guo et al. 2014). However, there are concerns that such compounds 

may have negative effects on plant growth, and by increasing NH4
+-N in the soil, this could 

be a major problem for most sensitive crops and affect growth and productivity (Vilsmeier 

1991; Ning et al. 2018). Therefore, studies are required to investigate how nitrification 

inhibitors and the resultant higher NH4
+-N concentrations in soil influence crop growth and 

yields.  
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Effect of NH4
+-N toxicity on genotypes  

Some crop species, genotypes, and even plant families, are especially susceptible to 

NH4
+-N toxicity when NH4

+-N is the only N source (Handa et al. 1984; Saric and Loughman 

2012). Hence, controlling NH4
+-N levels is crucial when growing sensitive crops (Zhong et al. 

2014; Wang et al. 2016). Genetic variability for shoot dry weight at high NH4
+-N concentration 

has been reported in wheat cultivars (Gashaw and Mugwira 1981; Muhlestein 2001), in maize 

cultivars (Schortemeyer et al. 1997) and in rice hybrids (Chen et al. 2013). These authors found 

NH4
+- N had no inhibitory effect on total yield of biomass in resistant hybrids and cultivars, 

producing larger shoot growth compared with sensitive cultivars. Moreover, shoot growth of 

sensitive soybean cultivars (Park 1973) and Olli wheat cultivar (Bloom and John 1986) were 

inhibited and produced approximately 60% less shoot dry weight than resistant cultivars. 

As many important crops show variable NH4
+-N resistance, it is likely that canola 

genotypes also vary. However, variation in resistance to NH4
+-N toxicity among canola 

genotypes has yet to be characterised. This study aimed to: (i) characterise NH4
+-N toxicity to 

canola across a range of NH4
+-N and NO3

--N levels, and (ii) determine how NH4
+-N resistance 

varies in 30 canola genotypes under low and high soil NH4
+-N concentrations. This study is 

the first to identify highly sensitive and highly resistant canola genotypes. This new knowledge 

about the interactions between canola genotypes and NH4
+-N levels can underpin further 

studies on characterising differential resistance to NH4
+-N in selected canola genotypes. 
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Material and methods 

 

Experiment 1 

The soil used in this experiment was taken from an area near Lancelin in Western 

Australia (31° 46′ S, 115° 86′ E) 127 km north of Perth. This soil has chemical characteristics 

of pH(H2O) 5.8, 2% w/w clay, 7.8 g/kg organic carbon, 1 mg NH4
+-N/kg soil  and 2 mg NO3

--

N/kg soil, respectively, with low levels of essential plant nutrients (K, P, Mg, S, Zn and Cu) 

(Table 1).  This soil was chosen as it has been used as the standard soil type for over 30 years 

at UWA and it is a sandy soil suitable for nutritional studies due to its low content of essential 

nutrients and low risk of soil pathogens compromising plant roots (Zhang and Rengel 1999; 

Balint et al. 2008). After air-drying, the soil was sieved through a 2-mm mesh and remixed. 

The dry soil was stored in air-tight plastic bags.  

 

Table 1 Physical and chemical properties of the soil 

Characteristics Unit Results 

Depth  cm 0-10 

Gravel % 5 

Texture Sandy (mm) 1.0 

Ammonium nitrogen mg/kg 1 

Nitrate nitrogen mg/kg 2 

Phosphorus Colwell mg/kg < 2 

Potassium Colwell mg/kg 30 

Sulphur mg/kg 2.1 

Organic carbon g/kg 5.8 

Conductivity (1:5 water) dS/m 0.020 

pH (CaCl2)  5.8 

DTPA copper mg/kg 0.15 

DTPA iron mg/kg 17.25 

DTPA manganese mg/kg 1.35 

DTPA zinc mg/kg 0.19 

Soil analysed by CSBP soil and plant laboratory https://www.csbp-fertilisers.com.au 

 

 

https://www.csbp-fertilisers.com.au/
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Experimental design 

A pot experiment was conducted in October 2015 in the University of Western Australia 

glasshouses. Experiment #1 had N treatments including ammonium chloride (NH4Cl) at eight 

rates (0, 2, 5, 10, 15, 20, 40 and 60 mg N/kg soil) and calcium nitrate (Ca(NO3)2) at five rates 

(10, 15, 20, 40 and 60 mg N/kg soil). Treatments were set up in a completely randomised block 

design with 3 replicates. The pots were lined with nylon plastic bags to create non-draining 

conditions and each pot was filled with 2.3 kg of dry soil. Nitrogen treatments included 

ammonium chloride and calcium nitrate mixed thoroughly with all basal nutrients at the 

following rates (mg/kg soil): KH2PO4, 20; K2SO4, 88; CaCl2.2H2O, 41; MgSO4.7H2O, 3.95; 

MnSO4.H2O, 3.2; ZnSO4.7H2O, 2.05; CuSO4.5H2O, 0.5; H3BO3, 0.12; CoSO4.7H2O, 0.11; 

Na2MoO4.2H2O, 0.08 (Svečnjak and Rengel 2006; Rose et al. 2007). Nitrification inhibitor 

dicyandiamide (DCD) was also applied at 0.012 g/kg soil (equivalent to 10 kg/ha) on the same 

day (Guo et al. 2014) to both NH4
+-N and NO3

--N treatments. Canola genotype Crusher TT 

was used in this experiment. All seeds were surface-sterilised using fungicide (Thiram DG 

chemical) to protect the seeds from fungal diseases and eight seeds were sowed in each pot. 

Plants were grown in a glasshouse at controlled temperature with average day/night 

temperatures of 25°/14° C. and every second day plants were watered by deionised water and 

pots were weighed to field capacity (10% w/w) until harvesting. Insects and pests were 

controlled as necessary. 
  

Data collection 

Plants were harvested 35 days after sowing at vegetative stage 1,5 (the vegetative stage 

was defined as plants having 10-15 leaves). Soil samples were collected using a tube with a 

length of 20 cm and a diameter of 1 cm down into the soil was used to collect soil samples for 

the experiment. Out of each pot, 100 g of soil was sampled then placed in labelled plastic bags 

to be stored at 5 °C for future analyses. After that, the soil was washed away from roots with 

tap water, and the roots were collected. Both the shoots and roots were dried at 60 °C for 72 

hours and weighed (Singh et al. 2006).  

 

Chemical analyses 

The soil pH was measured using calcium chloride (0.01 M), with a soil: solution ratio of 

1:5. The samples were placed on a shaker at 220 rpm for an hour and left to settle for an hour 

at 25±2 °C; the soil pH was then measured using a pH meter (Rayment and Lyons 2011). 
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Soil moisture 

Sub-samples taken from fresh soil samples were oven-dried at 60 °C for 3 days. The 

difference between fresh and oven-dried weights was calculated to measure the moisture 

content of the soil samples. 

  
 

 
 

 

Where: 

W1=   Weight of tin (g) 

W2=   Weight of moist soil + tin (g) 

W3=   Weight of dried soil + tin (g) (Rayment and Lyons 2011). 
 

 

The residual ammonium in soil (mg NH4
+-N/kg soil) 

At harvest, the residual ammonium concentrations in the soil (the concentration of 

ammonium that remained in soil after plants were harvested, and therefore was not taken up by 

the plants) were analysed using 0.5 M potassium sulphate extraction. A total of 10 g of moist 

soil at field capacity (10% w/w) was mixed with 40 mL of K2SO4 and placed on a shaker at 

220 rpm for 1 h at 25±2 °C. After an hour the extract was filtered through filter paper (Whatman 

no. 42), and 10 mL of each extract was kept frozen until a spectrophotometer was used to 

measure NH4
+-N according to the salicylate-nitroprus-side method on a spectrophotometer 

(Searle 1984). It should be noted that some of the ammonium originally present in the soil may 

also have been immobilised by microbes, however this amount is unlikely to have differed 

between the different canola treatments.  
 

 

Experiment 2 

The experimental design was a completely randomised block, with two replicates. 

Screening of 30 canola genotypes (Brassica napus L.) was conducted in March 2016 at selected 

low and high concentrations of NH4
+-N chosen from the previous experiment. Nitrogen 

treatments included (NH4Cl) at two rates (15 and 60 mg NH4
+-N/kg soil). According to our 

findings in the preliminary experiment, we decided that the concentration 15 mg NH4
+-N/kg 

soil was not toxic and 60 mg NH4
+-N/kg soil was toxic to shoot and root growth, thus making 

these concentrations worthy of use as an optimum and toxic levels for the screening 

experiment. The (Ca(NO3)2) treatment with 60 mg NO3
--N/kg soil was included as the control. 

Nitrification inhibitor dicyandiamide (DCD) was applied at 0.012 g/kg soil (equivalent to 10 

kg/ha) (Guo et al. 2014) on the same day NH4
+-N and NO3

--N treatments were applied. The 

× 100 
W2 -W3 

MC%= 
W3 -W1 
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same standard potting-trial methodology regarding soil preparation and fertilisation and same 

soil and plant measurements as described in the 1st experiment were used. Also, eight seeds 

were sowed in each pot. 

In the second experiment, 30 genetically diverse canola genotypes (Table 2) that had 

already been characterised for a range of genetic and agronomic properties were grown in a 

glasshouse as described above. The large diversity of canola genotypes increased the chances 

of identifying genotypes with differences in NH4
+-N resistance. Seeds of all thirty canola 

genotypes were provided by Dr Sheng Chen, sourced from Western Lab at Shenton Park Field 

Station, UWA. 

Table 2 Canola genotypes tested 

# Genotypes Origin Country 

1 Karoo-057DH Australia 

2 Campino Europe 

3 Zhongshuang4B China 

4 Zhongyou821 China 

5 (SC09-1) China 

6 CN01-104-2 China 

7 HAU02 China 

8 HAU11 China 

9 GSL1 India 

10 CB telfer Australia 

11 ATR Stingray Australia 

12 AV-Garnet Australia 

13 (AV-Opal) Australia 

14 (AV-Ruby) Australia 

15 Tranby Australia 

16 ZY001 China 

17 AG-Outback Australia 

18 AG-Spectrum Australia 

19 CB-Argyle Australia 

20 CB-Tanami Australia 

21 CB-Trilogy Australia 

22 Ding474 China 

23 Charlton Australia 

24 Oscar Australia 

25 Purler Australia 

26 Tarcoola-22 Australia 

27 Skipton Australia 

28 Surpass400 Australia 

29 (SC01-3) Australia 

30 (SC03-1) Australia 



59 
 

Chemical and laboratory analyses 

The experimental procedures were the same as for Expt. 1 except for the following. After 

shoots dry weight was determined, nitrogen  (N) concentration in the shoot was measured by 

high-temperature combustion technology (Dumas) (McGill and Figueiredo 1993)  at 960 °C. 

The shoot dry material was ground to <0.5 mm) and 0.25 g was taken for analysis. The 

combustion was completed by Elementar Vario Macro. All forms of N were oxidised initially 

to NOx and, by reducing catalysts heat to 830 °C, N2 was produced. Finally, through the 

Microsoft program (proprietary software version v5.19.0) connected to the Elementar, total N 

in the canola shoot dry samples was determined and reported in % w/w (Rayment and Lyons 

2011). 

 

Statistical analysis 

The data sets for the shoot dry weight, root dry weight, soil pH, NH4
+-N and NO3

--N in 

soil and total N in shoots were analysed using two-way ANOVA using GENSTAT version 

18th. Tukey's honest significance test HSD was used to determine significant differences 

between means at the p≤0.05 level. The genotypes were ranked as sensitive, medium and 

resistant according to Rengel and Graham (1995). The values of NH4
+-N/kg soil and the control 

60 mg NO3
--N/kg soil for each genotype were calculated as: average shoot dry weight of the 

NH4
+-N treatments / average dry weight of the NO3

--N treatments × 100. The ranking was 

based on the treatment with 60 mg NH4
+-N/kg soil; the resistance intervals were defined by 

subtracting or adding the value of 2 standard errors (for the genotype main effect) from the 

median point for all the genotypes. The genotypes with values above and below the medium 

interval were classified as resistant and sensitive, respectively.  

 

Results 
 

Experiment 1 

 

Shoot dry weight 

Preliminary experiments were run to determine the optimal and toxic concentrations of 

NH4
+-N by measuring root and shoot dry weight, soil pH and NH4

+-N concentration in soil. 

The shoot growth was significantly affected by NH4
+-N concentrations between 15 and 60 mg 

NH4+-N/kg soil at (p≤0.05) (Fig 1A Expt. 1). The highest shoot growth occurred at 20 mg 

NH4
+-N/kg soil and then decreased at 60 mg NH4

+-N/kg soil. Canola plants grown without 

any toxicity symptoms under low NH4
+-N concentrations 10 and 15 mg NH4

+-N/kg soil 
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produced about twice as much shoot dry weight as plants grown at high NH4
+-N 

concentrations 60 mg NH4
+-N/kg soil (Fig 1A Expt. 1). However, shoot dry weight increased 

with increasing NO3
--N concentration, and the highest shoot dry weight was at 60 mg NO3

--

N/kg soil (Fig 1B Expt. 1). 

 

 

 

 

 
 

 

  
 

Fig 1 Expt. 1: Effects of the NH4
+-N (A) and NO3

--N (B) treatments on shoot growth of canola 

plants grown for 35 days (vegetative stage 1,5). Means ±SE (n=4).  
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Table 3 Analysis of variance for growth and soil parameters (expt. 1 with NH4
+-N and 

NO3
--N treatments at (vegetative stage 1,5) 

Parameters NH4
+-N treatments NO3

--N treatments 

Shoot dry weight ** ** 

Root dry weight ** NS 

mg NH4
+-N/kg soil ** ** 

mg NO3
--N/kg soil NS ** 

Soil pH ** ** 

*, **, Significant at p≤0.05 and p≤0.01 respectively. NS=non-significant 

 

Root dry weight  

The root dry weight was significantly affected by NH4
+-N concentrations between low 

NH4
+-N concentrations and 60 mg NH4

+-N/kg soil at (p≤0.05). The effects of increasing 

NH4
+- N rate on root dry weight were similar to those on shoot dry weight. Plants cultivated 

at 5-10 mg NH4
+-N/kg soil showed the highest root growth. The canola plants produced a 

larger root dry weight of 1.5 g/plant at 15 mg NH4
+-N/kg soil than those plants grown at high 

NH4
+-N concentration 60 mg NH4

+-N/kg soil which recorded a weight of 0.4 g/plant (Fig 2A 

Expt. 1). Hence, based on the root dry weight, I chose the 15 mg NH4
+-N/kg soil as optimal 

concentration for next experiments. Compared to NH4
+-N, root dry weight increased with 

NO3
--N concentrations, and the highest weight was at 40 mg NO3

--N/kg soil (Fig 2B Expt. 1). 
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Fig 2 Expt. 1: Effects of the NH4
+-N (A) and NO3

--N (B) treatments on root growth of canola 

plants grown for 35 days (vegetative stage 1,5). Means ±SE (n=4). 

 

Soil pH 

The rhizosphere soil pH was significantly affected by NH4
+-N concentrations between 

low NH4
+-N concentrations and 60 mg NH4

+-N/kg soil at (p≤0.05). At non-NH4
+-N control, 

soil pH was approximately 5.9. The soil pH decreased with an increase in the NH4
+-N 

treatment up to 40 mg NH4
+-N/kg soil and continued at 60 mg NH4

+-N/kg soil to pH of 5.6. 

(Fig 3A Expt. 1).  However, soil pH increased as NO3
--N concentration increased and at 60 mg 

NO3
--N/kg soil, soil pH was 6.1 compared to control (Fig 3B Expt. 1). 
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Fig 3 Expt. 1: Effects of the NH4
+-N (A) and NO3

--N (B) treatments on the rhizosphere soil 

pH for 35 days. Means ±SE (n=4). 
 

The residual ammonium in soil (mg NH4
+-N/kg soil) 

The residual NH4
+-N in soil was significantly affected by NH4

+-N concentrations 

between 15 to 60 mg NH4
+-N/kg soil at (p≤0.05). Compared to high residual NH4

+-N at 60 

mg NH4
+-N/kg soil, the residual NH4

+-N in soil at harvest decreased to below 4 mg NH4
+-

N/kg soil in the treatments with up to 15 mg NH4
+-N/kg soil that applied at the commencement 

of the experiment (Fig 4A Expt. 1). However, the residual NO3
--N in soil increased with 

increasing NO3
--N concentration and the highest residual NO3

--N was at 60 mg NO3
--N/kg 

soil (Fig 4B Expt. 1). 
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Fig 4 Expt. 1: Effects of NH4
+-N (A) and NO3

--N (B) treatments on the residual NH4
+-N (A) 

and NO3
--N (B) in soil after 35 days (vegetative stage 1,5). Means ±SE (n=4). 

 

 

Experiment 2 
 

Shoot dry weight 

The experiment was conducted with different NH4
+-N concentrations to rank canola 

genotypes based on sensitivity to NH4
+-N. Control seedlings were exposed to 60 mg NO3

--

N/kg soil (see Appendix A for control data). Relative shoot dry weight (with respect to 60 mg 

NO3
--N /kg soil) varied significantly (p≤0.05) among the 30 genotypes tested, ranging from 

15 to 52 % at low (15 mg NH4
+-N/kg soil) and from 9 to 38% at high (60 mg NH4

+-N/kg soil) 

NH4
+-N supply (Fig 5 Expt. 2). There was a significant interaction between NH4

+-N supply 

and relative shoot dry weight because most genotypes had significantly higher relative shoot 

dry weight at 15 compared to 60 mg NH4
+-N/kg soil, but no significant difference was evident 

in genotype 18 (Fig 1 Expt. 2). Genotypes 26 and 1 had significantly different relative shoot 

dry weight at 60 mg NH4
+-N/kg soil, but not at 15 mg NH4

+-N/kg soil. Genotypes 1, 16 and 

26 at 15 mg NH4
+-N/kg soil had above 40% growth which was significantly higher than 

relative shoot dry weight at 60 mg NH4
+-N/kg soil. These findings suggest substantial 

differences in the genotype response to different NH4
+-N concentrations (Fig 5 Expt. 2). The 

relative shoot dry weight of the top 20 performing canola genotypes was roughly twice that 

of the most sensitive genotype G3 in 15 mg NH4
+-N/kg soil. Only three genotypes (G26, G29 

and G16) achieved relative shoot growth above 30% and were classified as resistant to 60 mg 

NH4
+-N/kg soil. 
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Table 4 Analysis of variance for growth and soil parameters (expt. 2 with canola 

genotypes and NH4
+-N treatments at (vegetative stage 1,5) 

Parameters N treatments Genotypes 
N treatments × 

Genotypes 

Shoot dry weight ** ** ** 

Root dry weight ** ** ** 

mg NH4
+-N/kg soil ** ** ** 

mg NO3
--N/kg soil NS NS NS 

Nitrogen concentration in shoot ** ** ** 

Soil pH ** NS NS 

 *, ** Significant at p≤0.05 and p≤0.01 respectively. NS=non-significant 
 

 

Relative root dry weight  

The interaction between canola genotypes and NH4
+-N rates applied to soil was 

significant (p≤0.05) (Fig 6 Expt. 2). Compared to 60 mg NO3
--N/kg soil (see Appendix B for 

control data), all canola genotypes produced higher root dry weight than genotypes that grown 

at 15 and 60 mg NH4
+-N/kg soil. Root dry weight at 15 mg NH4

+-N/kg soil ranged from 20 to 

82% depending on the genotype. At the high NH4
+-N concentration, root dry weights decreased 

from 45 to 9% in comparison with the lower NH4
+-N rate. At 60 mg NH4

+-N/kg soil, the three 

most resistant genotypes (G28, G26 and G16) grew at approx. 35% less than at 15 mg NH4
+-

N/kg soil. Five genotypes (G28, G26, G16, G8 and G1) produced relative root dry weight 

greater than 30% at high NH4
+-N rate of 60 mg NH4

+-N/kg soil; they were classified as NH4
+-

resistant genotypes (Fig 6 Expt. 2). In contrast, the 13 sensitive genotypes produced relative 

root dry weight of less than 15%. The most sensitive genotypes G30, G13 and G23 had an 

average relative root dry weight of 10% at 60 mg NH4
+-N/kg soil, approximately 3 times less 

than the resistant G28, G26 and G16 at 60 mg NH4
+-N/kg soil. Genotype 27 maintained similar 

relative root dry weight to G28, G26 and G16 at 15 mg NH4
+-N/kg soil. 
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Fig 5 Expt. 2: Relative shoot dry weight of 30 canola genotypes (shoot dry weight at 15 or 60 

mg NH4
+-N/kg). The resistance intervals were defined by subtracting or adding the value of 2 

standard errors (for the genotype main effect) from the median point for all the genotypes. 

Means ± SE (n = 3). 
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Fig 6 Expt. 2: Relative root dry weight of 30 canola genotypes (root dry weight at 15 or 60 mg 

NH4
+-N/kg soil). The resistance intervals were defined by subtracting or adding the value of 2 

standard errors (for the genotype main effect) from the median point for all the genotypes. 

Means ± SE (n = 3). 
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Nitrogen concentration in shoots 

The interaction between canola genotypes and NH4
+-N rates applied to soil was 

significant (p≤0.05). Nitrogen concentration in shoot dry weight at 15 mg NH4
+-N/kg soil 

ranged from 2.7 to 7 g/kg depending on the genotype (Fig 7 Expt. 2). At the high NH4
+-N 

concentration, N concentration in shoot decreased from 12.1 to 2 g/kg in comparison with the 

lower NH4
+-N rate and the control 60 mg NO3

--N/kg soil (see Appendix C for control data). 

The five genotypes that recorded the highest shoot N at 60 mg NH4
+-N/kg soil were G26, G16, 

G18, G12 and G29. The lowest five genotypes, G27, G19, G30, G13 and G3 all showed lower 

N concentration at the higher NH4
+-N concentration (60 mg NH4

+-N/kg soil), suggesting 

substantial differences in the genotype response to NH4
+-N. Genotypes G26 and G16 had about 

6-fold and 5-fold greater N concentration in shoots under 60 mg NH4
+-N/kg soil compared with 

genotype G3, thus making genotypes 26 and 16 worthy of further study (Fig 7 Expt. 2). 

Genotype 20 showed negligible differences in shoot N concentration at the two NH4
+-N rates 

15 and 60 mg NH4
+-N kg/soil and many of the genotypes did not show a significant difference 

in N concentration in shoots at both concentrations, for example G25, G7, G11, G5 and G2.  

 

The residual ammonium in soil (mg NH4
+-N/kg soil) 

The interaction between canola genotypes and NH4
+-N rates was significant (p≤0.05). 

The residual NH4
+-N was very low at NH4

+-N supply 15 mg NH4
+-N/kg soil, but at the high 

NH4
+-N concentration 60 mg NH4

+-N/kg soil levels ranged from 12.6 to 22.5 mg NH4
+-N/kg 

soil depending on the genotype compared with the lower NH4
+-N rate. The three most resistant 

genotypes (G26, G29, and G16) that had the highest shoot, roots and N concentrations at 60 

mg NH4
+-N/kg soil took up the highest NH4

+-N from soil, with residual NH4
+-N averaging 

between 10-13 mg NH4
+-N/kg soil compared with other genotypes. In contrast, sensitive 

genotypes G27, G30, G13 and G3 took up less NH4
+-N from soil compared with the resistant 

genotypes and showed the strongest negative response to NH4
+-N at the higher NH4

+-N 

concentration (60 mg NH4
+-N/kg soil). This suggests substantial differences in the genotype 

response to NH4
+-N (Fig 8 Expt. 2). 
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Fig 7 Expt. 2: Nitrogen content in shoot dry weight of 30 canola genotypes (N 

concentration in shoot dry weight at 15 or 60 mg NH4
+-N/kg soil). The resistance intervals 

were defined by subtracting or adding the value of 2 standard errors (for the genotype main 

effect) from the median point for all the genotypes. Means ± SE (n = 3). 

 

 

 

 

 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0

G3

G13

G30

G19

G27

G8

G22

G9

G5

G14

G20

G21

G10

G15

G2

G23

G11

G28

G7

G25

G4

G1

G24

G6

G17

G29

G12

G18

G16

G26

60 mg NH₄⁺-N/kg soil

15 mg NH₄⁺-N/kg soil

                Sensitive      Medium       Resistant   



70 
 

 

Fig 8 Expt. 2: Residual ammonium in soil (mg NH4
+-N/kg soil) in soil after growth of 30 canola 

genotypes (NH4
+-N concentration in soil at 60 and 15 mg NH4

+-N/kg soil). The resistance 

intervals were defined by subtracting or adding the value of 2 standard errors (for the genotype 

main effect) from the median point for all the genotypes. Means ± SE (n = 3). 
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Soil pH 

The interaction between 30 canola genotypes and N rate applied was not significant (Fig 

9 Expt. 2), but the main effect of N forms NH4
+-N and NO3

--N had a significant effect on the 

rhizosphere soil pH (p≤0.05). The rhizosphere soil pH at high NH4
+-N was 5.6 and increased 

at 60 mg NO3
--N/kg soil to 6.23 (Fig 9 Expt. 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 9 Expt. 2: Effects of the NH4
+-N treatments on for the rhizosphere soil pH for 35 days. The 

dotted line represents the starting soil pH before any treatment was applied. Means ± SE (n = 

3). 
 

Discussion  

Although ammonium (NH4
+-N) is a major source of nitrogen (N), it can negatively affect 

growth and development of plants, including canola, which is particularly sensitive to NH4
+-N 

toxicity (Yau and Thurling 1987; Tabatabaei and Bybordi 2012). This experiment characterised 

NH4
+-N resistance of 30 canola genotypes at vegetative stages.  Here, evaluating the response 

of canola under different NH4
+-N concentrations, we found that low levels of NH4

+-N supplied 

between 10-20 mg NH4
+-N/kg soil and NO3

--N concentrations had a beneficial effect on root 

and shoot dry weight. At higher concentrations this led to a decrease in root and shoot growth, 

being lowest at the highest level provided in these experiments (60 mg NH4
+-N/kg soil) (Figs 

1A and 2A). However, the sensitivity and response of canola to NH4
+-N varied significantly 

among genotypes, such that we have identified genotypes that are more resistant or sensitive 

to NH4
+-N in soil (Figs 5 and 6 Expt. 2). 

Ammonium toxicity is considered to occur when shoot and root dry weight are less than 

50% when compared with plants grown with NO3
--N at the same N concentration (Britto and 

Kronzucker 2002; Cruz et al. 2006). In the study presented here with NH4
+- N concentration 
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up to 20 mg NH4
+-N/kg soil and NO3

--N up to the highest concentration of 60 mg NO3
--N/kg 

soil, there was increased shoot and root dry weight of canola (Figs 1A&B and 2A&B Expt. 1), 

which is consistent with studies on maize and wheat (Dowling 1998), sunflower (Lasa et al. 

2001) and sugar beet (Harada et al. 1968). These crops produced high shoot and root dry weight 

at low NH4
+-N concentrations and across all NO3

--N concentrations and a cross all  NO3
--N 

concentrations tested here. In contrast to the positive effect of high NO3
--N concentration on 

plant growth, high NH4
+-N concentrations (60 mg NH4

+-N/kg soil) induced high toxicity 

leading to significantly decreased shoot and root dry weight of canola (Figs 1A and 2A Expt.1). 

The inhibitory effects of high NH4
+-N concentrations reported in our study are consistent with 

other studies on canola (Malhi et al. 1988), as well as on other crops including soybean 

(Gerwing et al. 1994), wheat (Cramer and Lewis 1993), wheat and barley (Bremner and 

Krogmeier 1988), barley (Britto and Kronzucker 2002), pea (Claasen and Wilcox 1974; Cruz 

et al. 2006), maize (Dibb and Welch 1976; Magalhaes and Huber 1991; Schortemeyer et al. 

1997) and various rice genotypes (Chen 2013). However, some plant species possess genetic 

variation in traits that allow species with genetic adaptations to grow under different levels of 

chemicals such as NH4
+-N, resulting in some genotypes being resistant to high concentrations 

of NH4
+-N (Hageman 1980; Horchani et al. 2010). This was demonstrated in our study where 

canola plants grown in soil with added nitrification inhibitor showed genotypic variability in 

NH4
+-N resistance. 

Among the 30 canola genotypes tested in the second study there was significant variation 

in relative shoot dry weight, ranging from 15% to 52% at low (15 mg N/kg soil) and from 9% 

to 38% at high (60 mg NH4
+-N/kg soil) NH4

+-N supply (Figs 5 Expt. 2). Genotypes G26 and 

G16, for example, were highly resistant when compared with the sensitive genotype G3 (Figs 

5 and 6 Expt. 2). Although we did not explore the mechanism behind these differences, it may 

be due to some genotypes storing NH4
+-N in shoot vacuoles, such that NH4

+-N toxicity 

symptoms did not occur (Schortemeyer et al. 1997; Hamid and Jan 2007; Bittsánszky et al. 

2015). Relative shoot dry weight of the 20 best performing canola genotypes was 

approximately double that of the most sensitive genotype G3 at 15 mg NH4
+-N/kg soil. 

However, only three genotypes G26 G29 and G16 had relative shoot growth above 30% at 60 

mg NH4
+-N/kg soil and were therefore classified as resistant (Figs 5 and 6 Expt. 2). The poor 

performance of sensitive genotypes could be due to direct accumulation of NH4
+-N in plant 

tissues, including the cytosol and some intracellular compartments such as chloroplasts and 

mitochondria that leads to reduced root metabolism, photosynthesis rate, and an imbalance of 
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respiration rate in plants cells (Malhi et al. 1988; Matt et al. 2001; Schjoerring et al. 2002; 

Esteban et al. 2016). 

For root dry weight, only five canola genotypes (G28, G26, G16, G8, G1 and G29) 

produced relative root dry weight 30% higher at high NH4
+-N rate of 60 mg N/kg soil compared 

with other genotypes; only G28, G26 and G16 were classified as NH4
+-resistant genotypes (Fig 

6 Expt. 2). Our study aligns with previous findings on genotypes of rice (Chen et al. 2013), 

soybean cultivars (Hook and Charles 1973) and wheat cultivars (Gashaw and Mugwira 1981), 

whereby root dry weight of resistant cultivars improved at high NH4
+-N concentrations 

compared to sensitive cultivars. The exact mechanisms underpinning resistance to NH4
+-N 

toxicity in canola are unclear. However, maize hybrids (Schortemeyer et al. 1997; El Omari et 

al. 2010) and wheat cultivars (Wang et al. 2016) were suggested to be resistant to NH4
+-N due 

to altering their carbohydrate partitioning, whereby a large proportion of energy from 

photosynthesis is directed to the roots to provide energy to incorporate assimilated NH4
+-N into 

organic N compounds in roots as a detoxification pathway, thereby protecting shoot tissues, 

under high NH4
+-N conditions.   

In contrast, the most sensitive genotypes G30, G13 and G23 had an average relative root 

dry weight of 10% at 60 mg NH4
+-N/kg soil, approximately 3 times less than the resistant ones 

G28, G26 and G16 (Fig 6 Expt. 2). This is consistent with the study on maize NH4
+-sensitive 

hybrids (Schortemeyer et al. 1997), soybean cultivars (Hook and Charles 1973) and pea (Cruz 

et al. 2011), where the sensitive genotypes produced two-fold lower root dry weight than the 

resistant ones when supplied with NH4
+-N. Reducing root dry weight could be due to the 

competition for carbohydrates between NH4
+-N assimilation and root growth, and this was 

demonstrated in split-root experiments with maize cultivars (Schortemeyer et al. 1993; 

Schortemeyer and Feil 1996), cultivars of soybean (Chaillou et al. 1994), and wheat (Feil 

1994). Authors reported when one-half of roots was supplied with NH4
+-N and the other half 

with NO3
--N, the NH4

+-fed part produced less dry matter compared with the NO3
--N-fed part. 

The reason may be that uptake of NH4
+-N supplied at high concentration in sensitive species 

and cultivars caused a decrease in the net carbohydrate production in shoots. As a result, a 

small amount of carbohydrates was transferred to roots to assimilate a large amount of NH4
+-

N, and NH4
+-N was sent to shoots, causing poor shoot growth and diminished root growth. 

Another potential reason for increased NH4
+-N toxicity in root cells and reduced root 

growth could be due to decreased activity of the enzyme H+-ATPase. A recent study found that 

H+-ATPase activity in the plasma membrane, which plays a vital role in regulating nutrient 

uptake by acting as a proton pump, is affected by NH4
+-N supply (Hachiya and Sakakibara 
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2016; Zeng et al. 2016). Although this activity increased at optimal concentrations of NH4
+-N, 

at high concentrations of NH4
+-N, it decreased and coincided with inhibited root growth 

(Esteban et al. 2016; Zeng et al. 2016). 

It should be noted that the residual NH4
+-N was a sum of fertiliser not taken up and 

product of organic matter decomposition (after microbial immobilisation). Although this 

means that residual NH4
+-N may not give a reliable indication of crop intake, it is highly 

unlikely that the activity of microbial immobilisers differed consistently among the pots with 

different genotypes; hence the patterns observed here of lower NH4
+-N uptake by sensitive 

genotypes still hold.   

Absorption of NH4
+-N by canola plants reduced soil pH to 5.6 (Fig 3A Expt. 1). This is 

because uptake of one positively charged ion (NH4
+-N) is counterbalanced by extrusion of 

another positive charge (proton). In contrast, NO3
--N uptake resulted in an increase in soil pH 

(to 6.3) (Fig 3B Expt. 1) because it is co-transported with protons resulting in perceived 

consumption of protons in the rhizosphere soil (Rengel 2003). However, soil pHCaCl2 of 5.6 is 

not sufficiently low to induce soil acidity problems in canola (Fig 9 Expt. 2), suggesting that 

the growth inhibition measured in the NH4
+-N treatments in the present study was directly 

attributable to NH4
+-N toxicity rather than being secondary effects of soil acidification. Studies 

on maize (Openshaw 1970), rice (Leidi et al. 1991), bean, sweet corn and pea plants (Findenegg 

et al. 1986; Findenegg 1987) showed that soil pH was reduced to 5.6 by high rate of NH4
+ 

application, but was not sufficiently low to reduce growth (Barker and Mills 1980; Dowling 

1998; Malhi et al. 1988). Our results are in agreement with the published reports (Avnimelech 

and Haher 1977; Weinberger and Yee 1984; Rengel 2003; Guo et al. 2014) regarding a soil pH 

decrease by an increased application of NH4
+-N fertilisers. 

At high NH4
+-N supply, N concentration in shoots increased from 2 g/kg in the most 

sensitive canola genotypes to 12 g/kg in the most resistant ones. Ammonium-resistant 

genotypes G26 and G16 had greater N concentration in shoots than NH4
+-sensitive G30 and 

G3 under both 60 and 15 mg N/kg soil (Fig 7 Expt. 2). Other studies also found that increasing 

NH4
+-N supply in soil might cause a greater increase in the N concentration in shoot tissues of 

the resistant genotypes compared with the sensitive varieties (Pan et al. 1985; Gashaw and 

Mugwira 1981). Our results align with the results on cultivars of rice (Chen et al. 2013), wheat 

(Gashaw and Mugwira 1981) and maize hybrids (Muhlestein 2001), with a reported increase 

in N concentration in shoots at high NH4
+-N supply. The genotypic difference may be due to 

the number of transporters in various genotypes that facilitate uptake of N.  
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The resistant genotypes had the higher N concentration in plants grown with NH4
+-N. 

This suggests that NH4
+-N was detoxified in the root through direct assimilation into organic 

N and then organic N was transferred to the shoot (Bittsánszky et al. 2015; Esteban et al. 2016). 

 

Conclusion  
 

This study provided a theoretical framework to underpin future field studies aimed at 

using variation in resistance of canola genotypes to NH4
+-N toxicity, and paves the way for 

optimising canola growth and nutrition whilst minimising N inputs, and consequently N 

pollution. This study was the first to evaluate the effect of soil NH4
+-N levels on canola growth, 

and identify resistant and sensitive genotypes. Our results highlighted that high NH4
+-N 

concentration had toxic negative implications for the total biomass production of canola crop. 

As predicted, there was variation among genotypes when grown at high NH4
+-N levels, 

allowing categorization of resistant, medium and sensitive genotypes. These categories also 

exhibited differences in the amount of NH4
+-N left in the soil, being higher for sensitive 

genotypes, and we also found that shoot and root dry matter production was significantly higher 

for resistant genotypes as compared with sensitive genotypes. 
 

 
Fig 10 Second screening experiment.  On the left a sensitive canola genotype and on the 

right resistant genotype at 60 mg NH4
+-N/kg soil. 
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Chapter 4     Effects of ammonium: nitrate ratios on growth, yield and yield 

components of four canola genotypes at vegetative stage and grain 

maturity 

Abstract 

Canola is an important oil crop that is sensitive to ammonium (NH4
+-N) toxicity, but the 

extent of this varies among genotypes. It is unknown whether genotypes differ in resistance to 

NH4
+-N toxicity when supplied with varied NH4

+:NO3
- ratios. Three experiments were 

conducted in glasshouses at the University of Western Australia in Perth using Lancelin soil 

(31° 46′ S, 115° 86′ E, 127 km north of Perth) supplemented with nitrification inhibitor 

dicyandiamide. Four canola genotypes were tested, two resistant (G26 and G16) and two 

sensitive (G30 and G3), designated as sensitive/resistant based on the results presented in 

chapter 3 under high NH4
+-N levels compared with NO3

--N. In the first experiment, the canola 

genotypes differing in resistance to NH4
+-N toxicity were grown at five NH4

+:NO3
- ratios 

(0:100, 100:0, 25:75, 50:50 and 75:25) until 1,5 vegetative stage. In the second experiment, the 

same four genotypes were grown at three NH4
+:NO3

- ratios (25:75, 50:50 and 75:25) until grain 

maturity. In the third experiment, G16 and G30, selected from ratios experiment as being the 

most resistant and sensitive, respectively, to NH4
+-N, were grown at two alternating nitrogen 

(N) form supply series, with using 60 mg N/kg soil as ammonium chloride or calcium nitrate 

treatments until 1,5 vegetative stage. In general, a reduction in the shoot and root dry weight 

as well as coarse and fine root length of sensitive (G30 and G3) genotypes under the NH4
+:NO3

- 

ratios 100:0 and 75:25 compared to other ratios was observed. Genotype 16 had the highest 

growth out of the four genotypes tested, indicating it was least affected by high NH4
+-N levels. 

At high NH4
+-N ratio of 75:25, canola NH4

+-sensitive G30 (i.e. decreased growth under high 

NH4
+-N) and resistant G16 (i.e. tolerant to high NH4

+-N concentration) had higher 

concentration of N in shoots than NH4
+-sensitive G3 and resistant G26. At low NH4

+-N ratio 

of 25:75, G16 had the highest shoot and root dry weight and coarse root length. At 50:50 ratio, 

G26 had the higher fine root length compared with sensitive G30. In the second experiment 

(maturity 6,9), at 25:75 ratio G16 produced the highest shoot dry weight, yield components, 

and seed yield compared with other genotypes. Genotypes G30 and G16 produced the highest 

seed oil concentration at 50:50 NH4
+:NO3

-. In contrast, G30 had the highest protein 

concentration in seeds at ratios 50:50 and 25:75. Our experiments demonstrated that the effect 

of NH4
+-N toxicity on canola can be mitigated when combined with high relative 
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concentrations of NO3
--N. Therefore, we recommend supplying 25:75 and 50:50 NH4

+:NO3
- 

for canola genotypes to obtain high seed yield; however, as our study was limited to greenhouse 

experiments, trials conducted in the field are required before we can recommend these nutrient 

ratios to be adopted in practice. We also found that in alternating supply of NH4
+-N and NO3

--

N, canola genotypes always performed poorly under the NH4
+-N treatments, and improved 

under NO3
--N treatments. Finally, we demonstrate that across a range of N soil conditions and 

for multiple parameters, the canola genotype G16 exhibited superior performance, and thus 

this genotype should be selected in order to maximise canola productivity, especially under 

conditions of relatively high NH4
+-N levels in soil.  

 

Introduction 
 

Canola (Brassica napus L.) has become one of the most important crops worldwide, with 

a production of over 80 million tonnes of canola seeds per year (Friedt and Snowdon 2009; 

Vollmann and Rajcan 2009). Canola oil is the third most frequently used oil for cooking after 

soybean and sunflower in Australia (Salunkhe et al. 1992). Australia is the second biggest 

exporter of canola after Canada (Manning and Wallis 2005). In recent years, Western Australia 

produced its highest amount of canola oil (2.2 million tonnes/year, more than 5 times higher 

than the previous maximum in 2013) (Seberry et al. 2017; AOF 2015). 
 

Nitrogen (N) is a plant nutrient abundant in the environment (Bothe et al. 2006) and is a 

component of proteins and nucleic acids (Mengel et al. 2001). Nitrogen absorption can improve 

metabolic processes in plants, structure of plant tissues, photosynthesis, respiration and yield 

(Marschner 2011). Use of N fertilisers during the late 1950s reached 1 million tonnes per year 

and increased rapidly to 10 million tonnes per year in 2008 (Smil 2001). The recent studies on 

canola by Ozer (2003); Rathke et al. (2005) and Ahmad et al. (2011) found that when N was 

added to soil, there were significant increases in plant height, number of siliques per plant, 

number of seeds per silique, 1000 grain weight, and seed yield. Other studies on wheat (Subedi 

et al. 2007; Modhej et al. 2012) and rice (Lin et al. 2009) also found that growth parameters, 

yield components and grain yield rose significantly with increasing N application. 
 

Both inorganic N forms, NH4
+-N and NO3

--N, have contributed to improved yield of 

crops, but there are differences among crops in their capacity to cope with high concentrations 

of NH4
+- N. The occurrence of NH4

+-N toxicity depends on the concentration, crop, genotypes 

and growth stages. For example, rice is resistant to NH4
+-N (Britto and Kronzucker 2002), 

whereas other crops such as soybean (Bremner 1995) and canola (Grant et al. 2011) are 
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sensitive. Despite general canola sensitivity to NH4
+-N toxicity, various genotypes differ in 

resistance to this toxicity as was found in the previous study (Chapter 3). No literature could 

be found on the influence of various NH4
+:NO3

- ratios on differential resistance of canola 

genotypes to NH4
+-N toxicity.  

  

NH4
+:NO3

- ratios influences cultivars of crops 
 

Many species and genotypes prefer NO3
--N uptake over NH4

+-N, but as shown in many 

published studies mixtures of NH4
+-N and NO3

--N ratios are more beneficial for growth 

compared with only NH4
+-N forms (Traore and Maranville 1999; Hussain et al. 2014). Many 

studies were conducted using mixtures of NH4
+-N and NO3

--N either in equal proportions of 

50:50 or in higher NO3
--N ratios of 25:75. The results showed that shoot, roots dry weight and 

seed yield of different genotypes of ryegrass (Nittler and Kenny 1976), wheat (Gashaw and 

Mugwira 1981), tomato (Peet et al. 1985; Ben-Oliel et al. 2005), maize (Magalhaes et al. 1995) 

and barley (Pan et al. 1991) increased at these NH4
+-N and NO3

--N ratios compared to NH4
+-

N supply only. Other experiments with rice cultivars and the NO3
--N and NH4

+-N ratios (Duan 

et al. 2006; Zhang et al. 2011) found that dry matter production, root architecture, root length, 

primary root growth, leaf area, N concentrations in seeds, and yield of rice crops increased 

considerably compared to NH4
+-N supply only. 

 

Effect of NH4
+-N on photosynthesis 

Photosynthesis is a complex chemical process in which photovoltaic energy is converted 

from electromagnetic to chemical energy. This is done according to the following equation: 

6CO2 + 6H2O + light + chloroplasts = C6H12O6 + 6O2 (Bryant and Frigaard 2006). 

The effects of both NH4
+-N and NO3

--N on many plant physiological and biochemical 

processes have been researched extensively (Raven 1985; Huppe and Turpin 1994). These N 

forms play a vital role in growth of some crops (Marschner et al. 1996). In comparison with 

NO3
--N, our previous studies indicate that when NH4

+-N only is supplied to soil, it inhibited 

the growth of canola genotypes (Chapter 3). In addition, other published studies have found 

that when French bean (Chaillou et al. 1986), peanut and cotton (Leidi et al. 1992), wheat and 

maize (Cramer and Lewis 1993) and tobacco (Walch-Liu et al. 2000) were treated with NH4
+-

N, photosynthesis, leaf area, leaf weight, and cell division of leaves significantly decreased. It 

was reported that high NH4
+-N concentration can also lead to higher carboxylation and 

photorespiration (Zhu et al. 2000) and these can negatively affect photosynthesis (Horchani et 

al. 2010) compared with NO3
--N. 
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All previous studies have concentrated on the effect of NH4
+:NO3

- ratios on species such 

as wheat, maize and rice during vegetative growth. Hence, there is no information on the effect 

of ratios on oil crops such as canola and its genotypes. Having assessed a large number of 

canola genotypes for resistance to NH4
+-N toxicity (Chapter 3), the objectives of the present 

study were to: i) investigate whether the addition of NO3
--N with NH4

+-N can decrease the 

toxic effect of NH4
+-N on growth of different canola genotypes (G26 and G16 resistant to 

NH4
+-N; G30 and G3 sensitive to NH4

+-N) at different growth stages; ii) test whether various 

NH4
+:NO3

- ratios can improve seed productivity and quality of oil in canola seed; iii) 

investigate the effect of individual N forms (NH4
+-N and NO3

--N) on photosynthesis, 

chlorophyll, and fluorescence of two canola  genotypes differing in resistance to NH4
+-N 

toxicity. 

 

Material and Methods 

Three experiments were performed with harvests at different growth stages. Experiment 

1 at the vegetative stage 1,5 (the vegetative stage was defined as plants having 10-15 leaves) 

(Canada 2017), Experiment 2 at the maturity stage 6,9 (all seeds were black and hard) (Canada 

2017), and Experiment 3 at the vegetative stage 1,5 to characterise various physiological 

processes. The experiments were performed at the University of Western Australia (UWA) 

(31° 58′ S, 115° 49′ E) in a glasshouse with average day/night temperatures of 25°/14° C. 

 

Experiment 1 

The sandy soil was collected from the Lancelin area, Western Australia (31° 46′ S, 

115° 86′ E), 127 km north of Perth. The Lancelin sandy soil is frequently used for glasshouse 

trials in the principal supervisor’s group (Zhang and Rengel 1999; Balint et al. 2008). After 

air-drying, the soil was sieved through a 2-mm mesh and remixed. The dry soil was stored in 

air-tight plastic bags. More detailed information on soil characterisation is contained in Chapter 

3, Table 1. 

 

 

Experimental Design  
 

A pot experiment was conducted in August 2016 under controlled conditions using five 

NH4
+:NO3

- ratios and four canola genotypes, with treatments arranged in a completely 

randomized block design with four replications. Nitrogen at 60 mg/kg soil was provided as 

ammonium chloride (NH4Cl) for NH4
+-N and calcium nitrate (Ca(NO3)2) for NO3

--N to give 

five NH4
+:NO3

- ratios (0:100, 100:0, 25:75, 50:50 and 75:25). To introduce a component of 
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genetic variability, two sensitive (G30 and G3) and two resistant genotypes (G26 and G16) 

were selected from a previous experiment that screened 30 genotypes for resistance to NH4
+-

N toxicity, and these were tested in the present experiment during vegetative stage 1,5 of plant 

growth. 
 

The pots were lined with nylon plastic bags to create non-draining conditions, and each 

pot was filled with 2.3 kg of air-dry soil. Afterwards, all basal nutrients were added in solutions 

at the rate (mg/kg soil): KH2PO4, 20; K2SO4, 88; CaCl2.2H2O, 41; MgSO4.7H2O, 3.95; 

MnSO4.H2O, 3.2; ZnSO4.7H2O, 2.05; CuSO4.5H2O, 0.5; H3BO3, 0.12; CoSO4.7H2O, 0.11; 

Na2MoO4.2H2O, 0.08 (Svečnjak and Rengel 2006; Rose et al. 2007) and mixed thoroughly 

with the N-form ratio. Nitrification inhibitor dicyandiamide (DCD) was applied at 0.012 g/kg 

soil (equivalent to 10 kg/ha) on the same day when NH4
+:NO3

- ratios were applied (Guo et al. 

2014). All canola seeds were surface-sterilised using fungicide (Thiram DG chemical) to 

protect the seeds from fungal diseases. Each pot was sowed with eight seeds at a depth of 3 

cm. Every second day the plants were watered by deionised water to field capacity (10% w/w) 

until harvesting. Insects and pests were controlled as necessary. 
 

Data collection 

The shoots were harvested 35 days after sowing as most genotypes showed slowed 

growth and NH4
+-N toxicity symptoms at this time. Canola shoots were harvested by cutting 

the plants at the base of the stems, just above the ground and then the shoots were dried in an 

oven at 65°C for 3 days before weighing (Singh et al. 2006). At harvest, soil samples were 

taken by pushing a tube with a length of 20 cm and diameter of 1 cm down into the soil in pots. 

About 100 g of soil was sampled per pot, placed in labelled plastic bags and kept in a cool 

room at 5°C for later analyses. After soil was washed away from the roots with tap water, the 

roots were collected, rinsed with deionised water and kept in 50% v/v ethanol. 

 
 

Root lengths 
 

In the present study, fine roots were defined as those having diameter of <0.2 mm ; roots 

(McCormack et al. 2015)  with greater diameter were classed as coarse roots (McElrone et al. 

2004). Root length and diameter were analysed on sub-samples because full intact root systems 

were too big. Root samples for each treatment were first washed individually in deionized water 

to remove any impurities, and they were then cut and allocated into four sub-samples weighing 

0.25 g for obtaining accurate results (Bouma et al. 2000). Roots were then placed in trays, water 

was added, and trays were placed on a scanner. The root sample was spread in the tray to 
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facilitate the analysis and scanning of all root parts. The roots were scanned in grey tones at 

300 dpi by using an Epson 1680 desktop scanner, and root lengths were analysed by 

WinRHIZO. After ensuring that the program WinRHIZO had properly detected all root parts 

(by identifying the coloured lines in the images), all the scanned images were saved as jpeg. 

The data were stored as .txt files and then transferred to an Excel sheet. After all calculations 

of fine and coarse roots had been completed, charts were drawn up using Excel. After the root 

length was measured, roots were collected, dried at 65 °C for 72 h and weighed to determine 

dry weight. 
 

 

Chemical analyses 
 

The soil pH was measured using calcium chloride (0.01 M), with a soil:solution ratio of 

1:5. The samples were placed on a shaker at 220 rpm for an hour and then left to settle for an 

hour at 25±2 °C. The soil pH was then measured using a pH meter (Rayment and Lyons 2011). 

 

Soil moisture  
 

More detailed information on Soil moisture is contained in Chapter 3, P(56) 

 

The residual ammonium in soil (mg NH4
+-N/kg soil) 

 

Ammonium concentrations in the soil were analysed using 0.5 M potassium sulphate 

extraction. A total of 10 g of moist soil at field capacity (10% w/w) was mixed with 40 mL of 

K2SO4 and placed on a shaker at 220 rpm for 1 h at 25±2 °C. The extract was filtered through 

filter paper (Whatman no. 42), and 10 mL of each extract was kept frozen until a 

spectrophotometer was used to measure NH4
+-N according to the salicylate-nitroprusside 

method on a spectrophotometer (Searle 1984). 
 

 

Nitrogen in shoots 

The concentration of N in shoots was analysed using an Elementar Vario Macro CNS 

analyser. It utilises the Dumas method, i.e. total combustion in the presence of excess oxygen, 

with helium as a carrier gas. More detailed information on N measurement is contained in 

Chapter 3. 
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Experiment 2 

The same soil and the methodology described above for Experiment 1 were used in 

Experiment 2. This experiment was conducted in a glasshouse at the University of Western 

Australia in June 2016. The same four canola genotypes as used in Experiment 1 were grown 

under three treatments of NH4
+:NO3

- ratios (75:25, 25:75 and 50:50). The pots were lined with 

nylon plastic bags to create non-draining conditions. Afterwards, each pot was filled with 6 kg 

of air-dry soil. The basal nutrients, nitrification inhibitor dicyandiamide (DCD) and the initial 

ratios of N forms (for a total of 60 mg N/kg soil for all the treatments) were mixed thoroughly 

with the soil prior to sowing. Each pot was sowed with eight seeds at a depth of 3 cm and 

thinned to three plants after emergence. Initially, every second day the pots were weighed and 

watered with deionised water to field capacity (10% w/w), but later (when plants reached 

vegetative stage 1,5), they were watered daily or twice daily as needed. Insects and pests were 

controlled as required during the growth period. Once canola genotypes were established, every 

fortnight the NH4
+:NO3

- ratios at 60 mg N/kg soil were re-applied (mixed with nitrification 

inhibitor dicyandiamide (DCD)). At flowering stage, all basal nutrients were re-applied to 

canola genotypes as described in 1st experiment. After observing the appearance of 

physiological maturation on canola varieties, irrigation and fertilisation were stopped, and 2 

weeks later the harvest was completed. 
[ 

 

Data collection 

Yield components (number of siliques and weight of 1000 seed) were measured after the 

canola genotypes were harvested at the maturity stage. The silique number of all three plants 

in each pot was counted and averaged per plant. After that, canola seeds were separated from 

siliques and weighed. Dropped leaves were collected throughout the growth period. Dry weight 

of whole shoot without seeds (but including dropped leaves) was determined after drying in an 

oven at 65 °C for 3 days (Singh et al. 2006). The 1000 seeds were counted using an automatic 

counter machine and then weighed.  
 

Laboratory analyses 

In order to extract oil, the canola seed was ground to fine power using a mill. To retain 

freshness the fine ground samples were kept in labelled and small airtight plastic bags. The oil 

concentration was determined by weighing 5 g of a ground seed sample and wrapping it in a 

filter packet secured with a string. After connecting a soxhlet apparatus and turning on water 

to cool the samples, the heating mantle was then switched on. The sample was then placed into 
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the extraction thimble and transferred into soxhlet. A bottle of 500 mL of petroleum ether was 

placed on the heating mantle below the samples. A sample was taken approximately every 4 h 

at 60 °C. Samples were dried at 90 °C until the weight was stable. Then the following equation 

was used: 
 

 

Calculation 

  

 

 

Where:  

W0=   Weight of the filter bag 

W1=   Weight of the sample with a filter bag before drying (g) 

W2=   Weight of the samples with filter bag after drying (g) (A.O.A.C 2000).  

  

Nitrogen in seeds 

After N concentration was measured as described in the 1st experiment, the protein 

percentage was calculated by the equation below: 

 

% Protein in seeds = % N in seeds *6.25 (A.O.A.C 1980; Mosse 1990). 

 

Experiment 3 

The experiment was conducted in April 2018. The experimental design was a completely 

randomised block, with three replicates. Testing took place on G16 and G30 canola genotypes 

which were selected from the NH4
+:NO3

- ratios experiments.  Nitrogen at 60 mg/kg soil was 

provided as (NH4Cl) and (Ca(NO3)2). Every second week, three applications took place when 

testing the NH4
+-N effect: first two weeks NH4

+-N was applied, then changed to NO3
--N, 

followed by NH4
+-N again (hereafter described as NH4

+-N/ NO3
--N/ NH4

+-N). The same 

process took place when testing NO3
--N effect: first NO3

--N, then NH4
+-N, and then NO3

--N 

(NO3
--N/ NH4

+-N/ NO3
--N). Nitrification inhibitor dicyandiamide (DCD, equivalent of 10 

kg/ha) was applied at 0.012 g/kg soil (equivalent to 10 kg/ha) on the same day when NH4
+-N 

and NO3
--N were applied to prevent the conversion of NH4

+-N to NO3
--N (Guo et al. 2014). 

Before each application, all physiological measurements (chlorophyll content, photosynthesis 

and fluorescence) were recorded. The same standard potting-trial methodology regarding soil 

preparation and fertilisation and same soil and plant measurements as described in chapter 3 

were used. 

× 100 
W1 -W2 

Oil % =  
    W1-W0 
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Data collection  

Plants were harvested at vegetative stage 1,5 (the vegetative stage was defined as plants 

having 10-15 leaves). The procedures of measuring shoot and root dry weight, as well as fine 

and coarse roots length were the same as for Expt. 1 of the ratio experiment. 
  

Gas exchange measurements 

Using a portable photosynthesis system LI-COR 6400 (LI-COR Inc., Lincoln, NE, USA), 

photosynthesis was measured on a sunny day from 9:00 am until 12:00 pm. The measurements 

of photosynthesis were repeated two weeks after each application of NH4
+-N and NO3

--N as 

described in the material and method of Expt. 3. A leaf from each replicate was selected. Based 

on the relative humidity of 50 ± 10% and the temperature in the glasshouse, the cuvette leaf 

temperature was set up in the LI-COR 6400. For all the measurements of photosynthesis, 

stomatal conductance, and transpiration, the constant light intensity (1500 μmol m-2 s-1) in the 

cuvette and the reference CO2 concentration (400 μmol CO2 mol-1) were set up. Afterwards, 

the data were transferred to the computer and charts were drawn by Excel. 
 

Chlorophyll fluorescence   

Total chlorophyll was measured using a chlorophyll meter (SPAD 502 Plus) to 

immediately determine the greenness of canola plants.  

Fluorescence was measured by using a fluorimeter and leaf-clips. First, the Pocket PEA 

was prepared by making enough storage space to save our data. The leaf-clips with a small 

shutter plate were placed on selected areas of leaf to provide a dark adaptation and to reduce 

light penetration to the leaf area being measured. After 30 minutes, the fluorescence in leaves 

was measured because this process required some time for preparing a dark adaption 

efficiently. The measurements were then carried out and the data was transferred to the 

computer via Bluetooth. Shoot, roots dry weight, fine and coarse length roots were measured 

as described in Chapter 4. 
 

Statistical analysis 

All the data parameters for Expt. 1 (shoot and root dry weight, root length, soil pH, NH4
+-

N in soil and N concentration in shoot), Expt. 2 (shoot dry weight, 1000-seed weight, silique 

number, seed yield, oil and protein concentration in seeds) and Expt. 3 (chlorophyll content, 

fluorescence, photosynthesis, transpiration and stomatal conductance) were analysed by 2-way 

analysis of variance (ANOVA) using GENSTAT 18th Edition (Lawes Agricultural Trust 2007). 
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Tukey HSD test was used to determine significant differences between means at the p≤0.05 

level. Graphs were drawn in Excel.  

 

Results of experiment 1 

Vegetative stage (1,5) 
 

Effect of NH4
+:NO3

- ratios on shoot and root dry weight  

The interaction between canola genotypes and NH4
+:NO3

- ratios was significant (P 

<0.01) for shoot (Fig 1 Expt. 1) and root dry weight (Fig 2 Expt. 1), fine (Fig 3A Expt. 1) and 

coarse root length (Fig 3B Expt. 1), N concentration in shoot (Fig 4 Expt. 1) and NH4
+-N 

concentration in soil (Fig 5 Expt. 1). Regarding shoot dry weight, although all genotypes had 

lower shoot biomass at the ratio 100:0 compared with the other ratios, G16 produced 8-fold 

higher shoot dry weight compared to G3. Ammonium-resistant G16 at the NH4
+:NO3

- ratios 

75:25 and 25:75 produced higher shoot dry weight then NH4
+-sensitive G30. There were no 

significant interaction in shoot dry weight among genotypes in the treatments with ratios 50:50 

and 0:100 (Fig 1 Expt. 1). 

 

 

Fig 1 Expt. 1 Shoot dry weight of four canola genotypes (relatively NH4
+-sensitive G30 and 

G3, and relatively NH4
+-resistant G26 and G16) grown in soil at five NH4

+:NO3
- ratios (100:0, 

0:100, 75:25, 25:75 and 50:50) for 35 days (vegetative stage 1,5). The uncapped vertical bar 

indicates Tukey HSD (at p≤0.05) for the interaction between NH4
+:NO3

- ratios and canola 

genotypes.  
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Table 1 Analysis of variance for all variables tested in experiments 1 and at (vegetative 

stage 1,5) and (maturity stage 6,9) 

Parameters 
Genotypes 

(G) 

NH4
+:NO3

- 

treatments 

G × 

NH4
+:NO3

- 

Experiment 1 

Shoot dry weight ** ** ** 

Root dry weight ** ** ** 

Fine root length ** ** ** 

Coarse root length * ** * 

Nitrogen concentration in shoot  ** ** ** 

mg NH4
+-N/kg soil ** ** ** 

Soil pH * ** NS 

Experiment 2 

Dry weight of plant ** ** ** 

1000-seed weight ** ** *** 

Silique number ** ** * 

Seed yield ** ** *** 

Oil concentration NS ** ** 

Protein concentration ** ** ** 
 

*, **, *** Significant at p≤0.05, p≤0.01 and p≤0.001 respectively. NS=non-significant 

 

For root dry weight, at NH4
+:NO3

- ratio 75:25, resistant genotypes G16 and G26 had 

higher root dry weight than sensitive genotypes G3 and G30. While, at 50:50, genotypes G3, 

G16 and G26 all had greater root dry weight than G30, but at 25:75, G16 had highest root dry 

weight. There was no significant interaction among all the genotypes at ratio 100:0 and 0:100 

(Fig 2 Expt. 1). 
 

 

Fig 2 Expt. 1  Root dry weight of four canola genotypes (relatively NH4
+-sensitive G30 and 

G3, and relatively NH4
+-resistant G26 and G16) grown in soil at five NH4

+:NO3
- ratios (100:0, 
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0:100, 75:25, 25:75 and 50:50) for 35 days (vegetative stage 1,5). The uncapped vertical bar 

indicates Tukey HSD (at p≤0.05) for the interaction between NH4
+:NO3

- ratios and canola 

genotypes.  

Length of fine and coarse roots 

 The interaction between canola genotypes and NH4
+:NO3

- ratios was significant for fine 

(Fig 3 Expt. 1) and coarse root length (Fig 4 Expt. 1). At 100:0 ratio, NH4
+-resistant G26 

produced 4-fold greater fine root length than the sensitive G30 and G3. At ratio 50:50, length 

of fine roots was greatest in G26 compared to other genotypes and ratios. At 25:75, G16 

produced higher fine root length than G30 (Fig 3 Expt. 1). However, there was no significant 

difference among all the genotypes at ratios 75:25 and 0:100. 

For coarse root length, at ratios 75:25, 50:50 and 25:75, G16 produced the highest root 

length compared with other genotypes. However, there was no significant difference among all 

the genotypes at ratios 0:100 and 100:0 (Fig 4 Expt. 1). 

 
 

 
 

Fig 3 Expt. 1 Fine roots length of four canola genotypes grown in soil at five NH4
+:NO3

- ratios 

(100:0, 0:100, 75:25, 25:75 and 50:50) for 35 days (vegetative stage 1,5). The uncapped vertical 

bar indicates Tukey HSD (at p≤0.05) for the interaction between NH4
+:NO3

- ratios and canola 

genotypes.  
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Fig 4 Expt. 1 Coarse roots length of four canola genotypes grown in soil at five NH4
+:NO3

- 

ratios (100:0, 0:100, 75:25, 25:75 and 50:50) for 35 days (vegetative stage 1,5). The uncapped 

vertical bar indicates Tukey HSD (at p≤0.05) for the interaction between NH4
+:NO3

- ratios and 

canola genotypes.  

 

Nitrogen concentration in canola shoots 

The interaction between canola genotypes and NH4
+:NO3

- ratios was significant for N 

concentration in shoots (Fig 5 Expt. 1). At 100:0, N concentration in shoot of G16 was 9-fold 

higher than G30 and 6-fold higher than G3. At 75:25, N concentration was the highest in G16 

and G30 compared to G3 and G26. At 25:75, N concentration in shoot was the highest in G16. 

While, there was no significant difference between G3 and G26 at the other ratios (Fig 5 Expt. 

1). 

The residual ammonium in soil (mg NH4
+-N/kg soil) 

The interaction between canola genotypes and NH4
+:NO3

- ratios was significant for the 

residual NH4
+-N in soil at harvest (after 35 days) (Fig 6 Expt. 1). At NH4

+:NO3
- 100:0, residual 

NH4
+-N in soil was higher in the treatment with the sensitive G3 and G30 than the resistant 

genotypes G26 and G16. Also, there was significantly lower residual NH4
+-N concentration at 

75:25 compared with 100:0, except for genotype G16. For example, G3 and G30 had 

approximately 2-fold less NH4
+-N at 75:25 than 100:0. However, there was no genotypic 

differences among the ratios 50:50, 25:75 and 0:100 (Fig 6 Expt. 1). 
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Fig 5 Expt. 1 N concentration in shoot for the G30, G3, G26 and G16 canola genotypes grown 

in soil at five NH4
+:NO3

- ratios (100:0, 0:100, 75:25, 25:75 and 50:50) for 35 days (vegetative 

stage 1,5). The uncapped vertical bar indicates Tukey HSD (at p≤0.05) for the interaction 

between NH4
+:NO3

- ratios and canola genotypes. 

 
 

 

 
 

Fig 6 Expt. 1 Residual NH4
+-N in soil (mg/kg soil) for the G30, G3, G26 and G16 canola 

genotypes grown in soil at five NH4
+:NO3

- ratios (100:0, 0:100, 75:25, 25:75 and 50:50) for 35 

days (vegetative stage 1,5). The uncapped vertical bar indicates Tukey HSD (at p≤0.05) for the 

interaction between NH4
+:NO3

- ratios and canola genotypes.  
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Soil pH 
The interaction between canola genotypes and NH4

+:NO3
- ratios was not significant (p 

≤0.01) for soil pH (Fig 7 Expt. 1), but the main effect of NH4
+:NO3

- ratios on soil pH was 

significant. Soil pH increased significantly as the proportion of NH4
+ in the fertilisers supplied 

decreased (Fig 7 Expt. 1). Soil pH for the two high NH4
+:NO3

- ratios (100:0 and 75:25) was 

lower compared with the other three treatments. The soil pH was decreased from 5.9 to 5.68 in 

the treatment with high concentration of (60 mg NH4
+-N/kg soil). 

 

  

Fig 7 Expt. 1 Soil pH for five NH4
+:NO3

- ratios 100:0, 0:100, 75:25, 25:75 and 50:50 at 

vegetative stage. Only the main effect of the ratios was significant and the interaction was not. 

The dotted line represents the starting soil pH before any treatment was applied. The uncapped 

vertical bar indicates Tukey HSD (at p≤0.05) for the main effect of NH4
+:NO3

- ratios.  

Results of Experiment 2 

Maturity stage (6,9) 
 

Shoot dry weight  

The interaction between canola genotypes and NH4
+:NO3

- ratios was significant (P 

<0.01) for shoot dry weight (Fig 8), siliques number (Fig 9), 1000-seed weight (Fig 10), seed 

yield (Fig 11), oil (Fig 12) and protein concentration in canola seeds (Fig 13). At NH4
+:NO3

- 

ratio 25:75, NH4
+-resistant G16 had significantly higher values of all the measured parameters 

compared with the other genotypes (Fig 8). However, for shoot dry weight, at the 75:25 and 

25:75 ratio, G16 produced the higher shoot dry weight compared with other genotypes. 

However, there was not significant difference between the genotypes at 50:50 NH4
+:NO3

-. 
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Fig 8 Expt. 2 Shoot dry weight for the G30, G3, G26 and G16 canola genotypes and three 

NH4
+:NO3

- ratios 75:25, 50:50 and 25:75 at (maturity stage 6,9). The uncapped vertical bar 

indicates Tukey HSD (at p≤0.05) for the interaction between NH4
+:NO3

- ratios and canola 

genotypes. 
   

Number of siliques 

At all NH4
+:NO3

- ratios G16 produced the highest number of siliques of all genotypes, 

with the difference being greatest at ratio 75:25 (Fig 9 Expt. 2).  

 

Fig 9 Expt. 2 Number of siliques for the G30, G3, G26 and G16 canola genotypes and three 

NH4
+:NO3

- ratios 75:25, 50:50 and 25:75 at (maturity stage 6,9). The uncapped vertical bar 

indicates Tukey HSD at (p≤0.05) for the interaction between NH4
+:NO3

- ratios and canola 

genotypes.  
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Weight of 1000 seed  

At the 75:25, G26 and G16 produced higher 1000-seed weight compared with other 

genotypes. At 25:75, the NH4
+-resistant G16 produced the highest 1000-seed weight of all 

genotypes (Fig 10 Expt. 2). 
 

 
 

Fig 10 Expt. 2 Weight of 1000 seeds for the G30, G3, G26 and G16 canola genotypes grown 

at three NH4
+:NO3

- ratios 75:25, 50:50 and 25:75 at (maturity stage 6,9). The uncapped vertical 

bar indicates Tukey HSD at (p≤0.05) for the interaction between NH4
+:NO3

- ratios and canola 

genotypes.  

 

Seed yield 
 

At NH4
+:NO3

- ratio 75:25, NH4
+-resistant G16 produced 10-fold higher seed yield than 

the two NH4
+-sensitive G3 and G30, whereas only G16 had the highest seed yield than other 

genotypes when the proportion of NH4
+-N was relatively low (25:75). At 50:50, both G26 and 

G16 had higher seed yield than G3 and G30 (Fig 11 Expt. 2). 

 

Oil and protein concentration in canola seeds 
 

At the ratio 75:25 and 25:75, the resistant G16 had the highest oil concentration compared 

with other genotypes. While at the ratio 50:50, G30 and G16 had higher seed oil concentration 

than the other two genotypes (Fig 12 Expt. 2). For protein concentration in seed, there was no 

significant differences among the four genotypes at the ratio 75:25. At ratio 50:50, G30 and 

G3 had higher protein concentration than the other two genotypes (Fig 13 Expt. 2). At the ratio 

25:75, the resistant G16 had the lowest protein concentration in seeds of all genotypes. 
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Fig 11 Expt. 2 Seed yield for the G30, G3, G26 and G16 canola genotypes grown at three 

NH4
+:NO3

- ratios 75:25, 50:50 and 25:75 at (maturity stage 6,9). The uncapped vertical bar 

indicates Tukey HSD at (p≤0.05) for the interaction between NH4
+:NO3

- ratios and canola 

genotypes.  

 

 

Fig 12 Expt. 2 Oil concentration in canola seeds for the G30, G3, G26 and G16 canola 

genotypes grown at three NH4
+:NO3

- ratios 75:25, 50:50 and 25:75 at (maturity stage 6,9). The 

uncapped vertical bar indicates Tukey HSD at (p≤0.05) for the interaction between NH4
+:NO3

- 

ratios and canola genotypes.  
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Fig 13 Expt. 2 Protein concentration in canola seeds for the G30, G3, G26 and G16 canola 

genotypes grown three NH4
+:NO3

- ratios 75:25, 50:50 and 25:75 at (maturity stage 6,9). The 

uncapped vertical bar indicates Tukey HSD at (p≤0.05) for the interaction between NH4
+:NO3

- 

ratios and canola genotypes. 

 

Results of Experiment 3 

 

Shoot and root dry weight  

The interaction was significant (p≤0.01) between canola genotypes and N forms 

sequences (NH4
+-N / NO3

--N/ NH4
+-N and NO3

--N/ NH4
+-N/ NO3

--N)  for shoot (Fig 14A) and 

root dry weight (Fig 14B), length of coarse and fine roots (Fig 15), canola leaf chlorophyll 

content (Fig 16), photosynthesis (Fig 18) and transpiration (Fig 19). For shoot dry weight, the 

interaction was significant because the relative difference between the two genotypes was 

greater when the N supply was NH4
+-N / NO3

--N/ NH4
+-N (G30 achieving only 57% of shoot 

dry weight of G16) compared with NO3
--N/ NH4

+-N/ NO3
--N (G30 shoot growth was about 

65% of G16) (Fig 14A Expt. 3). Similarly, G30 achieved about 47.3% of root dry weight of 

G16 when the N supply was NH4
+-N / NO3

--N/ NH4
+-N compared with no significant 

difference between the genotypes at NO3
--N/ NH4

+-N/ NO3
--N (Fig 14B Expt. 3). 
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Fig 14 Expt. 3 Shoot (A) and root (B) dry weight of canola genotypes G16 and G30 

supplied with various N forms at 60 mg NH4
+-N/kg soil in different sequences (NH4

+-

N/ NO3
--N/ NH4

+-N and NO3
--N/ NH4

+-N/ NO3
--N). The shoot dry weight was 

measured after harvesting the experiment; hence, the dry weights represented all three 

phases of each N-supply. Means ±SE (n=4). 
 

 

Table 2 Analysis of variance for growth parameters (expt. 3 with various sequences of N 

form supply (NH4
+-N/ NO3

--N/ NH4
+-N and NO3

--N/ NH4
+-N/ NO3

--N) and two 

genotypes at (vegetative stage 1,5)  

Parameters Genotypes (G) N form sequences G × N forms sequences 

Shoot dry weight ** ** ** 

Root dry weight * * * 

Fine root length ** ** ** 

Coarse root length * ** * 

*, ** Significant at p≤0.05 and p≤0.01 respectively.  

  

Root length 

Canola genotype G16 produced longer fine root length (<0.2 mm diameter) than G30 

when supplied with NH4
+-N / NO3

--N/ NH4
+-N, with no differences between the two genotypes 

at when the sequence of N form supply was NO3
--N/ NH4

+-N/ NO3
--N. In contrast, G16 

produced longer length of coarse roots than G30 at either sequence of N form supply, but the 

difference between the two genotypes was significantly greater in the NH4
+-N / NO3

--N/ NH4
+-

N vs the NO3
--N/ NH4

+-N/ NO3
--N supply treatment (Fig 15 Expt. 3). 
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Fig 15 Expt. 3 Fine (<0.2 mm diameter) and coarse root length of canola 

genotypes G16 and G30 supplied with various N forms sequences at 60 

mg NH4
+-N/kg soil in different sequences (NH4

+-N / NO3
--N/ NH4

+-N and 

NO3
--N/ NH4

+-N/ NO3
--N). Means ±SE (n=4). 

  
 

Table 3 Analysis of variance for physiological parameters (expt. 3 with various 

sequences of N form supply (NH4
+-N / NO3

--N/ NH4
+-N and NO3

--N/ NH4
+-N/ NO3

--N) 

and two genotypes at (vegetative stage 1,5) 

Parameters 1st addition 2nd addition 3rd addition 

                            Canola leaf chlorophyll content 

N forms sequences * * NS 

Genotypes (G) ** * * 

N forms sequences × 

Genotypes (G) 

** * * 

                             Fluorescence 

N forms sequences * * * 

Genotypes (G) * * * 

N forms sequences × 

Genotypes (G) 

NS NS NS 

                                  Net photosynthetic rate 

N forms sequences * ** ** 

Genotypes (G) ** ** ** 

N forms sequences × 

Genotypes (G) 

** ** ** 

                               Transpiration 

N forms sequences ** * ** 

Genotypes (G) ** * ** 

N forms sequences × 

Genotypes (G) 

** NS ** 

                                             Stomatal conductance 

N forms sequences * * ** 
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Genotypes (G) * NS *** 

N forms sequences × 

Genotypes (G) 

* NS * 

*, **, *** Significant at p≤0.05, p≤0.01 and p≤0.001, respectively. NS=non-significant 

 

Chlorophyll content 

At the end of the first N-supply phase, compared with NH4
+-sensitive G30, NH4

+-

resistant G16 had higher chlorophyll content when supplied with NH4
+-N and lower but was 

not significant when supplied with NO3
--N (Fig 16 Expt. 3). After the second N-supply phase, 

chlorophyll content was greater in G16 than G30, with the relative difference being larger under 

NH4
+-N than NO3

--N supply. At the end of the third N-supply phase (experiment termination), 

chlorophyll content was greater in G16 than G30 when supplied with NH4
+-N, but no difference 

was noted when the genotypes were supplied with NO3
--N. 

 
Fig 16 Expt. 3 Canola leaf chlorophyll content (SPAD value) for G16 and G30 

genotypes supplied with various N forms at 60 mg NH4
+-N/kg soil in different 

sequences (NH4
+-N / NO3

--N/ NH4
+-N and NO3

--N/ NH4
+-N/ NO3

--N). Means ±SE 

(n=4). 

 
 

Fluorescence 

For fluorescence, the interaction was not significant for the first, second and third N-

supply phase. Both G16 and G30 grown under NH4
+-N had lower fluorescence compared to 

NO3
--N supply. While, NH4

+-sensitive G30 had the lowest fluorescence under NH4
+-N 

compared with the both G16 and G30 under NO3
--N supply (Fig 17 Expt. 3). 
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Fig 17 Expt. 3 Fluorescence of canola genotypes G16 and G30 supplied with various N forms 

at 60 mg NH4
+-N/kg soil in different sequences (NH4

+-N / NO3
--N/ NH4

+-N and NO3
--N/ NH4

+-

N/ NO3
--N). The interaction genotype × N form supply was non-significant for any of the three 

different supply phases, and both main factors were significant at p≤0.05 at each of the three 

phases; hence, the data were averaged across all supply phases. Means ±SE (n=4).  

 

Photosynthesis 

The interaction between genotype × N form supply was significant for each N-supply 

phase. At the end of the first N-supply phase (NH4
+-N), ammonium-resistant G16 had 

significantly higher net photosynthetic rate compared with the NH4
+-sensitive G30, but no 

difference was noted when the genotypes were supplied with NO3
--N. At the end of the 

second N-supply phase, G16 had higher net photosynthetic rate than G30 when supplied 

with NO3
--N, but there was no difference between the two genotypes when they were 

exposed to NH4
+-N (Fig 18 Expt. 3). At the end of the third N-supply phase, compared to 

NH4
+-sensitive G30, net photosynthetic rate was higher in G16; this difference was 

proportionally higher when NH4
+-N was supplied compared with NO3

--N. 
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Fig 18 Expt. 3 Net photosynthetic rate of canola genotypes G16 and G30 supplied with various 

N forms at 60 mg NH4
+-N/kg soil in different sequences (NH4

+-N / NO3
--N/ NH4

+-N and  

NO3
--N/ NH4

+-N/ NO3
--N). Means ±SE (n=4). 

 

 Transpiration 

At the end of the first N-supply phase, compared with NH4
+-sensitive G30, NH4

+-

resistant G16 had 3-fold higher transpiration when supplied with NH4
+-N but no differences 

was noted between the genotypes with NO3
--N (Fig 19 Expt. 3). After the second N-supply 

phase, when supplied with NO3
--N, transpiration was greater in G16 than G30, but when 

supplied with NH4
+-N there was no difference between G16 and G30. At the end of the third 

N-supply phase, transpiration was 5-fold greater in G16 than G30 when supplied with NH4
+-

N and only slightly greater when NO3
--N was supplied; transpiration improved in both 

genotypes when NO3
--N was supplied compared with NH4

+-N (Fig 19 Expt. 3). 
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Fig 19 Expt. 3 Transpiration of canola genotypes G16 and G30 supplied with various 

N forms at 60 mg NH4
+-N/kg soil in different sequences (NH4

+-N / NO3
--N/ NH4

+-N and 

NO3
--N/ NH4

+-N/ NO3
--N). Means ±SE (n=4). 

  

Stomatal conductance 

At the end of the first N-supply phase, compared with NH4
+-sensitive G30, NH4

+-

resistant G16 had higher stomatal conductance when supplied with NH4
+-N but when supplied 

with NO3
--N there was no significant difference between the genotypes (Fig 20 Expt. 3). At 

the end of the second N-supply phase, there was no difference between G16 and G30 when 

they were exposed to NO3
--N or NH4

+-N. However, at the end of the third N-supply phase, 

stomatal conductance was higher in G30 than G16 when supplied with NH4
+-N, and inversely, 

when NO3
--N was supplied, stomatal conductance was higher in G16 than G30. 

 

Fig 20 Expt. 3 Stomatal conductance of canola genotypes G16 and G30 supplied with 

various N forms at 60 mg NH4
+-N/kg soil in different sequences (NH4

+-N / NO3
--N/ 

NH4
+-N and NO3

--N/ NH4
+-N/ NO3

--N). Means ±SE (n=4).  
 

 Discussion 

We demonstrated that the addition of nitrate (NO3
--N) with ammonium (NH4

+-N) 

decreased the toxic effect of NH4
+-N across genotypes. All the NH4

+:NO3
- ratios (compared 

with NH4
+-N supply only) improved seed productivity and oil concentration in canola seed, 

with optimal ratios depending on genotype. We also determined if there was any difference 

between photosynthesis, chlorophyll concentration, and chlorophyll fluorescence of the two 

canola genotypes (resistant and sensitive to NH4
+-N) when NH4

+-N and NO3
--N were applied 

in alternating sequences. Here, it was found that the NH4
+-resistant G16 had higher growth rate 
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and photosynthesis parameters compared with the NH4
+-sensitive G30 when regardless of 

NH4
+-N and NO3

--N applied. 

High NH4
+:NO3

- ratios of 75:25 and 100:0 consistently decreased shoot and root dry 

weights of genotypes relative to other ratios (Fig 1 and 2 Expt. 1). In previous experiments 

(Chapter 3), genotypes were ranked according to their sensitivity to high NH4
+-N 

concentration; these genotypic differences persisted in this experiment with different ratios of 

NH4
+:NO3

-. Consistent with the genotype categorisation as sensitive or resistant based on the 

shoot and root dry weight (Figs 1 and 2, Chapter 3), sensitive genotypes generally had poorer 

performance compared with the resistant genotypes when grown under conditions of high 

NH4
+:NO3

- ratios (1-4 Expt. 1, Chapter 4). Other studies on barley (Mäck 1995), rice (Tobin 

and Yamaya 2001), maize genotypes (Teyker 1991) and wheat cultivars (Setién et al. 2013; 

Wang et al. 2016) also found that there were differences among genotypes in their capacity to 

grow under different NH4
+:NO3

- ratios.  

The reasons for increased growth with the NH4
+:NO3

- 25:75 and 50:50 ratios (Figs 1-4 

Expt. 1) could be due to most genotypes preferentially absorbing NO3
--N when available, thus 

minimising intake of NH4
+-N. Indeed, NO3

--N is absorbed faster and more efficiently 

compared to NH4
+-N (Magalhaes and Huber 1991; Tabatabaei and Bybordi 2012). Similar 

findings (optimal growth at 25:75 and 50:50 NH4
+:NO3

- ratios) were reported in previous 

studies on genotypes of wheat (Gashaw and Mugwira 1981; Feil 1994), maize (Magalhaes et 

al. 1995; George 2014) and rice (Duan et al. 2006; Zhang et al. 2011). Increased growth when 

NO3
--N was included as a N form compared with NH4

+-N alone might also be attributed to an 

increase in photosynthesis, as was observed in our results on G16 and G30 under different 

NH4
+-N and NO3

--N applications, with NO3
--N only supply resulting in enhanced growth of 

the canola genotypes (Fig 18 Expt. 3) (Kronzucker et al. 1999; Duan et al. 2006). Although the 

NH4
+-resistant G16 often outperformed the other three genotypes tested under 25:75 and 50:50 

NH4
+:NO3

- ratios across a range of parameters, there were also conditions in which other 

genotypes had significantly higher values, allowing identification of optimal genotypes 

depending on the ratios of NH4
+-N to NO3

--N in soil. For example, for protein concentration in 

the canola seeds (Fig 13 Expt. 2), G16 outperformed the other genotypes only at relatively high 

NH4
+-N ratios (e.g. 75:25), but had lower protein concentration compared with G30 and G3 at 

50:50 NH4
+:NO3

-, and had the lowest protein concentration when grown in relatively low NH4
+ 

to NO3
- ratio (25:75).  

We did not investigate the genetic basis for differences among genotypes in their 

response to the different N form ratios, which represents a fruitful subject for further studies. 
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However, the enhanced capacity of genotype G16 to maintain photosynthesis and growth in 

treatments with a high proportion of NH4
+-N (but not 100% NH4

+-N) compared with the other 

genotypes may be due to this genotype having the capacity to preferentially take-up NO3
--N, 

leaving NH4
+-N behind, and thus not experience the high internal concentrations of NH4

+-N 

and resulting NH4
+-N toxicity. This proposed explanation is supported by our results under the 

relatively high ratio of NH4
+ to NO3

- (75:25), whereby the amount of NH4
+-N remaining in soil 

after the harvest was greatest for G16 out of all genotypes (Fig 6 Expt. 1). 

We also found that N concentration in shoots varied among canola genotypes under high 

NH4
+:NO3

- ratios 75:25 and 100:0 (Fig 5 Expt. 1), corresponding to our earlier findings 

(Chapter 3, Fig 3 Expt. 2) regarding the differences among genotypes and their categorisation 

as resistant and sensitive when grown under different concentrations of NH4
+-N only. Studies 

on maize cultivars (Schortemeyer et al. 1997; George 2014) and wheat cultivars (Below and 

Gentry 1992) reported that increased N concentration in plant tissues might be attributed to the 

capacity of resistant cultivars to assimilate NH4
+-N in roots by converting NH4

+-N to organic 

N and transferring it to shoots, so that shoots are protected from high NH4
+-N concentration. It 

is suggested here that this mechanism may also contribute to the differences observed among 

canola genotypes in our study, but further work is required. Although in line with the known 

effects of ammonium toxicity on N concentration in shoots was low under the 100:0 

ammonium:nitrate ratio. Unexpectedly, we found that for the genotypes G30, G26 and G16, N 

concentration in the shoots was lower under the higher nitrate concentrations relative to the 

75:25 ratio. We did not address N balance, but it may be that under the higher 

ammonium:nitrate ratios N is transported into other parts of the plant, such as the roots and the 

seeds, which showed increases under the higher nitrate concentrations. Future studies looking 

at partitioning of N in different parts of the plant are required (Andrews 1986). However, other 

studies on wheat and peanuts have also found that shoot weights increase with increasing 

NH4
+:NO3

- ratios, which is believed to be attributed to how increased NH4
+-N concentration 

alters the cation‐anion balance of the nutrient uptake by roots (Silberbush and Lips 1988, 1991). 

Studies have been conducted on the mechanistic basis of NH4
+-N resistance in barley 

(Mäck 1995), rice (Tobin and Yamaya 2001) and cultivars of maize (Teyker 1991) and wheat 

(Setién et al. 2013), suggesting that resistance is due to cultivar differences in the GS/GOGAT 

cycle. This cycle catalyses the assimilation of NH4
+-N through increasing glutamine synthetase 

activity and thus glutamine concentration in roots (Hodges et al. 2003; Esteban et al. 2016). 

This process could be the reason for some genotypes having enhanced resistance to NH4
+-N in 

our experiment.  
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Responses of different genotypes in our study to different NH4
+:NO3

- ratios may also be 

due to how, under high NH4
+-N concentration, resistant genotypes partition carbohydrates 

produced by photosynthesis between shoot to roots, so that NH4
+-N assimilation cycle 

continues in roots, with organic forms of N sent back to shoots. Resistant wheat cultivars 

(Wang et al. (2016) and pea cultivars (Cruz et al. 2011) had a substantial increase in root length 

compared to the sensitive cultivars at high NH4
+-N concentration. This was due to the capacity 

of resistant cultivars to transfer more carbohydrates produced by photosynthesis from shoot to 

roots compared to sensitive genotypes. This may also explain the responses of the resistant 

genotypes to different NH4
+:NO3

- ratios in our study (Expt. 1 and 2). Future studies should 

investigate whether optimal NH4
+:NO3

- ratios and genotypes best suited to N soil conditions 

are consistent across time, given the differences in long-term and short-term effects of NH4
+-

N on NO3
--N uptake capacity. 

Application of high levels of N fertilisers can contribute to decreased oil concentration 

in canola seed, with different genotypes varying in their response (Taylor et al. 1991; Ahmad 

et al. 2007). In our studies, the NH4
+:NO3

- ratio 50:50 maximized oil concentration in all  

genotypes cultivars compared with the other ratios tested, with oil concentration of G30 and 

G16 being higher compared with G3 and G26 (Fig 12 Expt. 2). Although lower than at the 

50:50 ratio, at ratios 25:75 and 75:25, G16 produced the highest oil concentration of all 

cultivars. G16 furthermore did not show reduced growth of shoot and roots compared with 

other genotypes. We thus have quantified how genotype and N forms in soil can contribute to 

minimizing the trade-off between oil concentration and N fertilisation. It should be noted that 

whilst canola performed better under low NH4
+:NO3

- ratios, with no toxic effects of high nitrate 

to plants, too much nitrates in plant tissue can pose a hazard to grazing livestock (Robson 2007; 

Simões et al. 2018) and thus our nutrient ratios, whilst appropriate for canola when used as a 

biofuel or for oil, may be inappropriate if the canola is to be fed to cattle. 

In our experiment using various N forms sequences of NH4
+-N / NO3

--N/ NH4
+-N  and 

NO3
--N/ NH4

+-N/ NO3
--N treatments, we consistently found that the sequences NO3

--N/ NH4
+-

N/ NO3
--N supply resulted in higher growth parameters for both genotypes compared with the 

sequences of NH4
+-N / NO3

--N/ NH4
+-N supply (Figs 14 and 15 Expt. 3). No other studies were 

found with genotypes and various sequences of NH4
+-N and NO3

--N additions. However, there 

are several studies on the effect of high NH4
+-N supply (in contrast to NO3

--N only) on 

photosynthesis of crop species including maize (Magalhäes and Huber 1989), tomato 

(Horchani et al. 2010), eggplant (Claussen and Lenz 1995) and canola (Bybordi et al. 2009; 

Bybordi 2011). Authors reported that crops supplied with high NH4
+-N concentration showed 
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a decrease in net photosynthetic rate and chlorophyll content compared with NO3
--N supply. 

We revealed that genotypes differed in various sequences of supplying N forms sequences 

(NH4
+-N / NO3

--N/ NH4
+-N vs. NO3

--N/ NH4
+-N/ NO3

--N). Ammonium-resistant G16 was 

superior to sensitive G30 in all the parameters tested in all the N treatments, indicating that 

NH4
+-N toxicity resistance did not appear to be associated with a trade-off (i.e. resistant 

genotypes grew better not just under the sequences NH4
+-N / NO3

--N/ NH4
+-N concentration, 

but also when supplied with the sequences NO3
--N/ NH4

+-N/ NO3
--N) (Figs 16-20 Expt. 3).  

In most soils (unless strongly acidic) there is sufficient amount of Ca for good plant 

nutrition. Hence, not compensating a relatively small amount of Ca added differentially in 

various treatments were highly unlikely to have influenced the results. Similarly, the amounts 

of Cl in soil, water and air are relatively high, and a lack of compensation would contribute 

only a minimal difference in Cl supply. In our experiments NH4
+ was applied as NH4

+Cl and 

NO3
- as Ca(NO3)2.  We found that only the high NH4

+ concentration had a toxic effect on canola 

genotypes growth. Moreover, the experiments conducted in Chapter 3 mentions that the use of 

low concentrations had no toxic effect on canola growth compared with high concentrations, 

which indicates that the chloride in the ammonium chloride did not increase/decrease the 

toxicity of ammonium. Similarly, calcium in calcium nitrate did not contribute to ameliorate 

ammonium toxicity in canola. 
 

 Conclusions  

The best NH4
+:NO3

- ratios for growth of all four genotypes tested were 50:50 and 25:75. 

The genotypes identified as most resistant (G16) and most sensitive (G30) to NH4
+-N toxicity 

in previous experiments again showed such responses at vegetative and maturity stages when 

grown under high NH4
+:NO3

- ratios. Further studies about mechanistic and genetic basis 

underlying differences among genotypes will be useful to provide (i) a better understanding of 

resistance to NH4
+-N toxicity and (ii) relevant markers to be used in marker-assisted breeding. 
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  Fig 21 First ratio experiment 
 

 

 
Fig 22 Advanced ammonium toxicity symptoms in canola genotypes at the vegetative stage. 

On the left canola genotype grown at 25:75 NH4
+:NO3

- and genotype on the right grown at 

75:25 NH4
+:NO3

- 
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Chapter 5   Effects of two biochar soil amendments and application rates 

on mitigating NH4
+-N concentration in the soil to decrease NH4

+-N toxicity 

to canola 

Abstract  

Biochar is a promising soil amendment for carbon emission and nutrient management in 

agriculture. Here we assess the effect of different rates and types of biochar on canola growth, 

ammonium (NH4
+-N) toxicity and CO2 emissions. We performed two glasshouse experiments 

using different types of biochar applied at various levels to investigate the effect on canola 

growth and the potential of biochar to mitigate NH4
+-N toxicity. Canola was grown in the first 

experiment with two types of biochar (oil mallee and wheat chaff) at four different application 

rates (0, 5, 10 and 20 t/ha) and three NH4
+ concentrations (15, 60 and 120 mg NH4

+-N/kg soil), 

including nitrate (NO3
--N) as a control. In the second experiment, we incubated soil with the 

same biochar types at three different application rates (0, 5 and 20 t/ha) and two NH4
+-N 

concentrations (60 and 120 mg NH4
+-N/kg soil). In the first experiment, both biochar types 

were beneficial to canola growth, particularly oil mallee biochar which decreased NH4
+-N 

toxicity. When applied at 10-20 t/ha, oil mallee was more effective than wheat chaff biochar in 

increasing shoot growth, root dry weight, and increasing the length of fine and coarse roots, 

particularly at 60 and 120 mg NH4
+-N/kg soil. However, there was no significant difference in 

soil pH between the biochar types, but at high biochar application rate 20 t/ha, soil pH increased 

from the initial value of 5.8 to 6.9. In the second experiment, at 20 t/ha and 60-120 mg NH4
+-

N/kg soil, oil mallee biochar had much greater capacity at all sampling times to decrease the 

NH4
+-N concentration and increase the NO3

- and total N concentrations in the soil compared 

to wheat chaff biochar. Soil pH and CO2 emission rate, however, differed between biochar 

types depending on biochar application rates and NH4
+-N concentrations. In conclusion, even 

though both oil mallee and wheat chaff biochars can improve canola growth and mitigate NH4
+-

N toxicity, oil mallee biochar is more effective. 

 

Introduction  

Agriculture plays a vital role in economic growth; therefore, the sustainability of 

agricultural production is crucial (Troeh and Thompson 2005). The use of chemical fertilisers 

to increase crop production has been a common practice (Mosier et al. 2013). However, the 

unrestricted use of these fertilisers has caused a depletion of natural resources which has added 
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to environmental issues, such as the greenhouse effect, water and soil acidification and global 

warming (Dethier and Effenberger 2012; Saxena et al. 2017).  

 Biochar is also rich in available nutrients and minerals and has a high-water holding 

capacity (Steiner et al. 2007). It can increase soil organic carbon content (Graber et al. 2010) 

and cation exchange capacity (Glaser et al. 2002; Hussain et al. 2017) as well as neutralize the 

pH of acidic soils (Lehmann et al. 2011). Biochar can be manufactured from a wide range of 

biomass sources, for example, wood and agricultural materials such as olive kernels 

(Zabaniotou et al. 2008), tea waste (Ioannidou and Zabaniotou 2007), maize hulls and maize 

stover (Zhang et al 2004), rice husks (Dunnigan et al. 2018), wheat straw (Kloss et al. 2012), 

animal manures (Lima et al. 2008) as well as other residue products (Joseph and Lehmann 

2015).  

Carbon makes up the largest part of biochar (70-90%) which is a mixture of char and ash 

(Brandstaka et al. 2010; Luostarinen et al. 2010) and is produced at different temperatures. 

Alkalinity increases with increased charring temperature (Yuan and Xu 2011; Enders et al. 

2012). Inorganic carbonates and organic anions are the alkaline components of biochar (Yuan 

et al., 2011c). Two types of biochar are produced. (i) Fast pyrolysis biochar, which is made 

from plant feedstocks that are pre-processed at high temperatures (400 to 700ºC) (Antal and 

Grønli 2003; Van Zwieten et al. 2010) to a fine dust or powder; therefore, the resultant biochar 

is  a very fine material. (ii) Slow pyrolysis biochars are produced at lower temperatures (250 

to 400ºC) resulting in a higher in crop yields due to contains more functional groups of carbon 

(C=O and C-H) (Yuan and Xu 2011). Moreover, these biochars have larger particles and a 

more varied range of organic matter including aliphatic and cellulose-type structures (Laird et 

al. 2010; Bruun 2011). 

 

 

 

 

 

 

Slow (left) and fast pyrolysis biochar (right) (Bruun 2011) 
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Effect of biochar on soils and plants 

Incorporation of biochar materials not only increases pH of acidic soils, but also increases 

N concentration and improves biomass production, thus acting as a fertiliser (Chan et al. 2008; 

Gaskin et al. 2008). Biochar produced by either fast or slow pyrolysis (Bruun et al. 2012; Hu 

et al. 2014) can increase soil pH. Glaser et al. (2002), Chan et al. (2008), Yuan and Xu (2011) 

and Spokas et al. (2012) reported that increased soil pH was probably caused by the high 

concentrations of carbonates and alkalinity in biochar. Depending on the feedstock materials 

used in biochar, there are varied levels of alkalinity and a resulting pH increase once applied 

to soil. For example, recent studies have reported that biochar produced from materials such as 

legume residues of soybean and pea (Yuan et al. 2011; Xu et al. 2012) increased soil pHCaCl2 

up to 10, compared to non-legume material such as rice husks (Carter et al. 2013) and corn 

stover (Chintala et al. 2014) that increased soil pHCaCl2 to 7.  

Biochar improves nitrogen (N) retention in topsoil and can prevent N leaching or 

volatilization, therefore increasing N availability (Joseph and Lehmann 2009; Nguyen et al. 

2017). Biochars contain higher carbon:nitrogen ratios than the requirements of bacteria, fungi 

and plants  (Atkinson et al. 2010; Gao et al. 2018). Furthermore, biochar can enhance microbial 

populations by attracting beneficial fungi and bacteria which go towards supporting a 

sustainable agriculture system and can improve plant growth (Pietikäinen et al. 2000); these 

communities influence the N cycling and increase N availability to plants (DeLuca et al. 2006; 

Xu et al. 2016). Previous studies have shown that use of biochars produced from wheat straw 

(Burger and Jackson 2003; Cheng et al. 2012), wood and corn stover (Chan and Xu 2009) 

resulted in an increase in N concentration in soil.  

Field trials with biochars showed increased shoot and root dry weight and root length of 

maize (Gaskin et al. 2010), wheat (Olmo et al. 2014), lentil (Abrishamkesh et al. 2015) and 

rice (Asai et al. 2009; Mishra et al. 2017) as well as soybean (Zhu et al. 2018). Other studies 

have shown that application of high rates (20-50 t/ha) of biochar produced from wheat straw 

or rice (Knowles et al. 2011), maize (Zhang et al. 2012) and French bean (Saxena et al. 2013) 

has increased shoot and root biomass production significantly compared with untreated soil 

and the addition of low biochar rates of 10-15 t/ha. No literature could be found on the effects 

of biochars on high soil NH4
+-N concentrations and canola performance. Therefore, the 

objective of this study was to compare the short-term effects of two biochars types and their 

application rates on the extent of NH4
+-N toxicity and their influence on canola growth. 
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Material and methods 

 

Experiment 1 

 

Soil characteristics 

The sandy soil collected from the Lancelin area, Western Australia (31° 46′ S, 

115° 86′ E), 127 km north of Perth, was used in this experiment. For more details of the soil 

characteristics, please see ‘Material and methods’ in Chapter 3. 

 

Biochar preparation 

Biochar was produced from two different feedstocks (pyrolysis of oil mallee or wheat 

chaff at 550 oC  as described in Table 1 (Zhang et al. 2013)). Before applying to the soil, all 

biochar was sieved to <4 mm  (Morrison and Morris 2000). 

  

Table 1 Characterises of two biochars used in experiments 1 and 2 

Characteristics  Oil mallee Wheat chaff 

Moisture (%, w/w) 7 3.5 

pH(CaCl2)  7.2 8.5 

pHwater 7.51 9.0 

Electrical conductivity (EC)  25 mS/m 5.2 mS/m 

Surface area 81 m2/g  207 m2/g 

Fixed C  304 g/kg 383 g/kg 

Nitrogen 12 g/kg 20 g/kg 

Ammonium <1 mg/kg 1.9 mg/kg 

Nitrate <0.2 mg/kg <0.1 mg/kg 

Carbone (%) 67 56 

C/N ratio 125 27 

Phosphorus  9.4 g/kg 78 g/kg 

Potassium  7 g/kg 14 g/kg 

(Solaiman et al. 2012; Zhang et al. 2013) 
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Experimental design 

In this Chapter, testing canola genotypes with biochar treatments was not necessary as 

far as understanding of the effects of biochar on NH4
+-N toxicity.  

In a glasshouse at UWA, a pot experiment was conducted in April 2017 under controlled 

conditions using a completely randomized block design with four replications. Two biochar 

types [oil mallee (OM) and wheat chaff (WC)], four rates (0, 5, 10 and 20 t/ha) and three 

(NH4Cl) treatments (15, 60 and 120 mg NH4
+-N/kg soil) were tested. The NO3

--N at 60 mg 

N/kg soil as (Ca(NO3)2) was used as control. Canola genotype Crusher TT, already classified 

as sensitive to NH4
+-N toxicity, was grown to vegetative stage 1,5 (the vegetative stage was 

defined as plants having 10-15 leaves). The same soil and methodology as described in Chapter 

4 were applied, whereby each pot was filled with air-dried soil followed by basal nutrients, 

biochar at varying rates and the N treatments. Each pot was sowed with eight seeds and every 

second day plants were watered by deionised water and pots were weighed to field capacity 

(10% w/w) until harvesting. Insects and pests were controlled as necessary. 

 

Ammonium (NH4
+-N) can be lost from soil by NH4

+-N oxidation to NO3
--N through the 

immunisation and nitrification process. Therefore, to prevent NH4
+-N losses and isolate the 

effects of biochar, nitrification inhibitor dicyandiamide (DCD) (Guo et al. 2014) was also 

applied to all our experiments at 0.012 g/kg soil (equivalent to 10 kg/ha), and the content of 

each pot was mixed thoroughly. Every second day the plants were watered with deionised water 

to field capacity (10% w/w) until harvesting. 

 

Data collection  

At 1,5 vegetative stage (after 35 days), the plants were harvested and samples taken. 

Details of shoot harvesting, root length measurements and chemical analysis of soil pHCaCl2 

and NH4
+-N analysis are described in Chapter 4 using the salicylate-nitroprusside method on a 

spectrophotometer (Searle 1984; Baethgen and Alley 1989). 

 

Experiment 2  

Material and methods 

A soil incubation experiment was conducted in soil science labs in November 2017 using 

the oil mallee-biochar, wheat chaff-biochar and NH4
+-N concentrations treatments. The 1-litre 

glass jars were used. Each a jar was filled with 200 g of air-dry soil and based on the size and 

diameter of jars, biochar treatments were applied at 5 t/ha and 20 t/ha of oil mallee or wheat 
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chaff biochar, and were mixed thoroughly with the soil. The content of each jar was mixed 

thoroughly with varying NH4
+-N treatments. The nitrification inhibitor dicyandiamide (DCD) 

at 0.012 g/kg soil (equivalent to 10 kg/ha) was applied to all the treatments (Guo et al. 2014). 

The jars were sealed with butyl rubber stoppers and were checked for gas leaks during 

incubation. All the treatments were incubated at field capacity (10% w/w water) and set in the 

dark at 25 ± 2 °C for 6 weeks of incubation. To compensate for water lost through evaporation, 

the moisture content was maintained by adding deionized water when necessary. 

 

 Experimental design 

The experimental design consisted of three factors: two biochar types, three biochar rates 

and two NH4
+-N concentrations and three replicates in a randomised block design. The biochar 

treatments consisted of rates equivalent to (0, 5 and 20 t/ha) of oil mallee and wheat chaff 

biochars. Nitrogen treatments included (NH4Cl) at two rates (60 and 120 mg NH4
+-N/kg soil). 

 

Data collection 

A soil sample (15 g/jar) was taken on days 1, 7, 14, 21, 28, 35 and 42 after the treatments 

were applied to analyse NH4
+-N, NO3

--N, soil pH and N concentration in soil. Ammonium 

analysis are described in Chapter 3 using the salicylate-nitroprusside method on a 

spectrophotometer (Searle 1984) and NO3
--N was measured by the chromogenic reagent 

method (López Pasquali et al. 2007). 

 

Soil pH 

First, moisture content of the soil samples was determined and then the soil pH was 

measured using calcium chloride (0.01 M), with a soil: solution ratio of 1:5. The samples were 

placed on a shaker at 220 rpm for an hour and then left to settle for an hour at 25±2 °C. The 

soil pH was then measured using a pH meter (Rayment and Lyons 2011). 

 

Nitrogen in soil 

After soil was dried in an oven at 65°C for 3 days, it was ground to (<0.5 mm) fine 

particles, and 0.25 g was taken for analysis. Total N concentration in soil was measured by 

high-temperature combustion (Dumas) (McGill and Figueiredo 1993) at 960 °C using an 

Elementar Vario Macro (Langenselbold,  Germany). All forms of N were oxidised initially to 

NOx and, by reducing catalysts heated to 830 °C, N2 was produced. Finally, through the 
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Microsoft program (proprietary software version v5.19.0) connected to the Elementar, total N 

in the soil samples was determined and reported in % w/w (Rayment and Lyons 2011). 

 

 

Soil respiration 

The CO2 emission from soil samples was measured by extracting 1 mL of headspace gas 

from the glass jars. The extracted gas was injected into a Yokogawa EXAIR Infrared Gas 

Analyser. Measurements of CO2 accumulation in the jars were taken on days 1, 7, 14, 21, 28, 

35 and 42 after the treatments were applied. After each measurement, the jar lids were left open 

for 15-20 minutes to maintain oxygen availability for microorganisms in the jars.  The lids 

were then placed back to seal the jars, the time of the lid closure was recorded, and the jars 

were incubated till the next measurement of CO2 emission . 

 
 

Statistical analysis 

In the 1st experiment, the data sets for the shoot and root dry weight, fine and coarse root 

length, NH4
+-N concentration in soil and soil pHCaCl2 were analysed using three-way ANOVA 

where the main factors were biochar types, application rates and NH4
+-N concentrations. For 

the 2nd (incubation) experiment, the data for each biochar were analyzed separately using 2-

way ANOVA (biochar rates x NH4
+-N rates) at individual sampling times. For both 

experiments, a series of general analysis of variance (ANOVA) using GENSTAT 18th Edition 

(Lawes Agricultural Trust 2007) was completed. Multiple comparisons were done using the 

Tukey HSD to determine significant differences between means at p≤0.05. The resulting 

graphs were drawn in Excel. The NO3
--N data (positive control) were not included in the 

statistical analysis, but were drawn in graphs. 

 

Results  
 

Experiment 1 

 

Shoot dry weight 

 
There was a significant biochar type × application rate × NH4

+-N concentration 

interaction for shoot dry weight (p≤0.01). There was no difference in the effects of the two 

biochar types at the low application rates (0 and 5 t/ha) regardless of the NH4
+-N application 

rates. However, with an increase in the biochar application rate to 10 t/ha (and even more so at 

20 t/ha), oil mallee biochar was more effective than wheat chaff biochar in increasing shoot 
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growth, particularly at high NH4
+-N application rates (60 and 120 mg NH4

+-N/kg soil) (Fig 1 

Expt. 1).  
 

 
Fig 1 Expt. 1 Shoot dry weight of canola grown in soil with two biochar types (oil mallee and 

wheat chaff) at four rates (0, 5, 10 and 20 t/ha) and three NH4
+-N concentrations (15, 60 and 

120 mg NH4
+-N/kg soil) after 35 days (vegetative stage 1,5). The positive control (NO3

--N at 

60 mg N/kg soil) with 0, 5, 10 and 20 t/ha of oil mallee and wheat chaff biochars (averaged 

data) was also included. The uncapped vertical bar indicates Tukey HSD (at p≤0.05) for the 

interaction among biochar types and rates and NH4
+-N treatments. Means ±SE (n=4). 

  

 

Table 2 Analysis of variance for canola growth and soil parameters (expt. 1 with 

biochar types and rates and NH4
+-N treatments; canola plants were at vegetative stage 

1,5) 

Parameters 
Biochar 

type 

Rate 

 

N 

treatments 

Biochar 

× rate 

Biochar ×  

N 

Rate ×  

N 

Biochar 

type × Rate 

× N 

Shoot dry weight ** ** ** ** ** ** ** 

Root dry weight * * NS * * ** ** 

Fine root length ** ** ** ** NS ** ** 

Coarse root length * ** ** * NS * * 

mg NH4
+-N/kg soil  ** ** ** ** ** ** ** 

Soil pH NS ** ** * NS * NS 

mg NO3
--N/kg soil ** ** ** ** ** ** ** 

NS: not significant; * and ** Significant at p≤0.05 and p≤ 0.01 respectively. 
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Root dry weight 
 

There was a significant three-way interaction among biochar type, application rate and 

NH4
+-N concentration for root dry weight (p≤0.01). There was a relatively small difference 

between two biochar types at the low application rates (0 and 5 t/ha), and the difference was 

not significant regardless of the NH4
+-N application rates. However, with an increase in the 

biochar application rate to 10 t/ha, root dry weight significantly increased; in the 20-60 

treatment, the difference between the two biochars was large because oil mallee biochar had a 

greater capacity to increase root dry weight than wheat chaff (Fig 2 Expt. 1). 

 

 
 

Fig 2 Expt. 1 Root dry weight of canola grown in soil with two biochar types (oil mallee and 

wheat chaff) at four rates (0, 5, 10 and 20 t/ha) and three NH4
+-N concentrations (15, 60 and 

120 mg NH4
+-N/kg soil) for 35 days (vegetative stage 1,5). The positive control (NO3

--N at 60 

mg N/kg soil) with 0, 5, 10 and 20 t/ha of both biochars oil mallee and wheat chaff was also 

included. The uncapped vertical bar indicates Tukey HSD (at p≤0.05) for the interaction 

between biochar types and rates and NH4
+-N treatments. Means ±SE (n=4). 

 

Length of fine roots 

The length of fine roots was significantly affected by the three-way interaction biochar 

type × application rates × NH4
+-N concentration at (p≤0.01). For both biochar types applied at 

5 t/ha, there was no significant difference in fine root length at 60 mg NH4
+-N/kg soil. 

However, at biochar application rates of 10 and 20 t/ha, oil mallee biochar resulted in higher 

fine root length than wheat chaff biochar, particularly at high NH4
+-N application rates (60 and 

120 mg NH4
+-N/kg soil) (Fig 3 Expt. 1).  
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Fig 3 Expt. 1 Length of fine roots (m/plant) grown in soil with two biochar types (oil mallee 

and wheat chaff) at four rates (0, 5, 10 and 20 t/ha) and three NH4
+-N concentrations (15, 60 

and 120 mg NH4
+-N/kg soil) for 35 days (vegetative stage 1,5). The positive control (NO3

--N 

at 60 mg N/kg soil) with 0, 5, 10 and 20 t/ha of both biochars oil mallee and wheat chaff was 

also included. The uncapped vertical bar indicates Tukey HSD (at p≤0.05) for the interaction 

between biochar types and rates and NH4
+-N treatments. Means ±SE (n=4). 

 
Length of coarse roots 

The length of coarse roots was significantly affected by the three-way interaction of 

biochar type × rates × NH4
+-N concentration (p≤0.01). Across all NH4

+-N concentrations and 

biochar types at low application rates (0 and 5 t/ha), there was no significant difference in 

coarse root length. However, at higher application rates there was a significant effect of biochar 

type on coarse root length, whereby canola plants produced significantly greater coarse root 

length in the treatments with oil mallee compared with wheat chaff biochar, with particularly 

pronounced differences at higher NH4
+-N concentration (60 and 120 mg NH4

+-N/kg soil) (Fig 

4 Expt. 1).  

0

5

10

15

20

25

30

35

40

0
-1

5

0
-6

0

0
-1

2
0

5
-1

5

5
-6

0

5
-1

2
0

1
0
-1

5

1
0
-6

0

1
0
-1

2
0

2
0
-1

5

2
0
-6

0

2
0
-1

2
0

0
-6

0

5
-6

0

1
0
-6

0

2
0
-6

0

Ammonium

Con.

Biochar rates-Ammonium Con. Biochar rates- Nitrate

L
en

g
th

 o
f 

fi
n

e 
ro

o
ts

(m
/p

la
n

t)

Oil mallee Wheat chaff

HSD 
 0.05 



133 
 

 
 

Fig 4 Expt. 1 Length of coarse roots (diameter >0.25 mm) grown in soil with two biochar types 

(oil mallee and wheat chaff) at four rates (0, 5, 10 and 20 t/ha) and three NH4
+-N concentrations 

(15, 60 and 120 mg NH4
+-N/kg soil) for 35 days (vegetative stage 1,5). The positive control 

(NO3
--N at 60 mg N /kg soil) with 0, 5, 10 and 20 t/ha of both biochars oil mallee and wheat 

chaff was also included. The uncapped vertical bar indicates Tukey HSD (at p≤0.05) for the 

interaction between biochar types and rates and NH4
+-N treatments. Means ±SE (n=4). 

 
Ammonium concentration (mg NH4

+-N/kg soil) 

There was the significant three-way interaction biochar type × application rate × NH4
+-

N concentration regarding NH4
+-N concentration in soil, and thus potential NH4

+-N toxicity. 

Under low biochar application rates (0 and 5 t/ha) there were no significant difference between 

biochar types. At higher biochar application rates, soil NH4
+-N concentration was significantly 

lower in the oil mallee compared with the wheat chaff biochar treatment, with differences 

increasing at increasing biochar applications, and being more pronounced in higher NH4
+-N 

treatments (Fig 5 Expt. 1). 

 

Nitrate concentration (mg NO3
--N/kg soil) 

There was the significant three-way interaction biochar type × application rate × NH4
+-

N concentration regarding NO3
--N concentration in soil. Under low biochar application rates 

(0 and 5 t/ha) there were no significant differences between biochar types. Nitrate concentration 

in soil was higher at 10 t/ha of oil mallee than wheat chaff biochar. However, at higher biochar 

application rates (20 t/ha) and 60 mg NH4
+-N, soil NO3

--N concentration was 3-fold higher in 

the oil mallee biochar treatment compared with the wheat chaff biochar treatment, with 

differences increasing at increasing biochar applications, and being more pronounced in higher 

NH4
+-N treatments (Fig 6 Expt. 1). 
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Fig 5 Expt. 1 Ammonium concentration (mg NH4

+-N/kg soil) in soil treated with two biochar 

types (oil mallee and wheat chaff) at four rates (0, 5, 10 and 20 t/ha) and three NH4
+-N 

concentrations (15, 60 and 120 mg NH4
+-N/kg soil) for 35 days (canola plants were in the 

vegetative stage 1,5). The positive control (60 mg NO3
--N/kg soil) with 0, 5, 10 and 20 t/ha of 

both biochars oil mallee and wheat chaff was also included. The uncapped vertical bar indicates 

Tukey HSD (at p≤0.05) for the interaction between biochar types and rates and NH4
+-N 

treatments. Means ±SE (n=4). 

 
 

 

Fig 6 Expt. 1 Nitrate concentration (mg NO3
--N/kg soil) treated with two biochar types (oil 

mallee and wheat chaff) at four rates (0, 5, 10 and 20 t/ha) and three NH4
+-N concentrations 

(15, 60 and 120 mg NH4
+-N/kg soil) for 35 days (canola plants were in the vegetative stage 

1,5). The positive control (60 mg NO3
--N/kg soil) with 0, 5, 10 and 20 t/ha of both biochars oil 

mallee and wheat chaff was also included. The uncapped vertical bar indicates Tukey HSD (at 

p≤0.05) for the interaction between biochar types and rates and NH4
+-N treatments. Means ±SE 

(n=4). 
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Soil pH 

 
The 3-way interaction (biochar type × biochar rate × NH4

+-N treatment) was not 

significant, but the 2-way interaction between biochar application rates and NH4
+-N 

concentrations was significant (p≤0.01) for soil pH (Fig 7 Expt. 1). Increasing NH4
+-N 

application rates showed a tendency to decrease (non-significantly) soil pH at 0 and 5 t 

biochar/ha, but not at higher biochar rates. The difference between the low and high biochar 

application rates became more obvious over time. For example, the highest soil pH was at 20 

t/ha with 15 mg NH4
+-N/kg soil compared to the control and low biochar rate 5 t/ha (Fig 7 

Expt. 1).  

 

 
 

Fig 7 Expt. 1 Soil pH in the treatments with biochar types (oil mallee and wheat chaff) at four 

rates (0, 5, 10 and 20 t/ha) and three NH4
+-N concentrations (15, 60 and 120 mg NH4

+-N/kg 

soil) for 35 days (canola plants were in the vegetative stage 1,5). The 3-way interaction (biochar 

type × rate × NH4
+-N treatment) was non-significant; hence, the data were pooled over biochar 

types). The positive control (60 mg NO3
--N/kg soil) with 0, 5, 10 and 20 t/ha of both biochars 

oil mallee and wheat chaff was also included. The uncapped vertical bar indicates Tukey HSD 

(at p≤0.05) for the interaction between biochar types and rates and NH4
+-N treatments. Means 

±SE (n=4). 
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Results: Experiment 2 (Incubation Expt.) 
 

Table 3 Analysis of variance for the effects of oil mallee and wheat chaff biochar on soil 

properties (NH4
+-N, NO3

--N, soil pH, CO2
-C/kg soil per day and N) during incubation 

 Incubation days 

 24 h 7 d 14 d 21 d 28 d 35 d 42 d 

mg NO3
--N/kg soil, oil mallee biochar 

NH4
+-N treatments *** ** ** * ** ** ** 

Biochar treatments ** ** ** ** ** ** ** 

NH4
+-N × biochar ** ** ** ** ** ** ** 

mg NO3
--N/kg soil, wheat chaff biochar 

NH4
+-N treatments NS NS NS NS NS * * 

Biochar treatments * NS NS * * NS * 

NH4
+-N × biochar NS NS NS NS NS NS NS 

mg NH4
+-N/kg soil, oil mallee biochar 

        

NH4
+-N treatments ** ** ** * ** ** * 

Biochar treatments ** ** ** ** ** ** * 

NH4
+-N × biochar ** ** ** ** ** ** NS 

mg NH4
+-N/kg soil, wheat chaff biochar 

NH4
+-N treatments ** ** ** ** ** ** ** 

Biochar treatments ** ** ** ** ** ** ** 

NH4
+-N × biochar ** ** NS ** ** ** ** 

Soil respiration (CO2/kg soil per day), oil mallee biochar 

NH4
+-N treatments NS NS NS ** ** ** ** 

Biochar treatments ** ** ** ** * ** NS 

NH4
+-N × biochar * * ** ** ** ** * 

Soil respiration (CO2/kg soil per day), wheat chaff biochar 

NH4
+-N treatments * * ** ** ** ** NS 

Biochar treatments NS ** * ** ** *** ** 

NH4
+-N × biochar NS NS NS ** ** ** NS 

Soil pH, oil mallee biochar 

NH4
+-N treatments NS NS NS NS ** NS * 

Biochar treatments ** ** ** ** ** ** ** 

NH4
+-N × biochar NS NS NS * ** NS ** 

Soil pH, wheat chaff biochar 

NH4
+-N treatments NS NS NS NS ** * NS 

Biochar treatments ** ** ** ** ** ** ** 

NH4
+-N × biochar NS NS * ** ** * * 

Nitrogen in soil g/kg, oil mallee 

        

NH4
+-N treatments ** ** ** ** * ** ** 

Biochar treatments ** ** ** ** ** ** ** 

NH4
+-N × biochar ** ** ** ** ** ** *** 

 Nitrogen in soil g/kg, wheat chaff 

NH4
+-N treatments ** ** ** ** * ** ** 

Biochar treatments ** ** ** ** ** ** ** 

NH4
+-N × biochar ** ** ** ** ** ** ** 

NS: not significant; * and ** Significant at p≤0.05, p≤0.01 and p≤0.001, respectively. 
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Ammonium concentration (mg NH4
+-N/kg soil) 

Soil ammonium (NH4
+-N) concentrations at all sampling times were influenced by the 

significant interaction (p≤0.01) between the NH4
+-N treatments (60 or 120 mg NH4

+-N/kg soil) 

and soil amendments of oil mallee or wheat chaff biochar at 20 t/ha. In general, with an increase 

in the biochar application rate, the difference between the two types became more pronounced 

over time; there was lower soil NH4
+-N concentrations in the oil mallee compared with wheat 

chaff biochar treatments. When 20 t/ha of oil mallee was added and NH4
+-N applied at 60 mg 

NH4
+-N/kg soil, the NH4

+-N in the soil decreased approximately 2-fold after 7 days (Figs 8A 

and 8B Expt. 2), 18-fold after 28-35 days (Figs 8E and 8F Expt. 2) and 38-fold after 42 days 

(Fig 8G Expt. 2) compared to the 24 h control (Fig 8A). At 20 t/h and 120 mg NH4
+-N/kg soil, 

NH4
+-N concentration in soil  significantly decreased (approximately 8-fold) after 42 d (Fig 

8G Expt. 2) compared to the 24 h control (Fig 8A Expt. 2). In contrast, when 20 t/ha of wheat 

chaff biochar was added and NH4
+-N applied at either 60 or 120 mg NH4

+-N/kg soil, the soil 

NH4
+-N concentration decreased  2-fold only during the entire incubation period of 42 d (Fig 

8G Expt. 2). 
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Fig 8 Expt. 2 Ammonium concentration (mg NH4

+-N/kg soil) in soil as influenced by 

treatments with oil mallee biochar and wheat chaff biochar at rates of 0, 5 and 20 t/ha and two 

NH4
+-N concentrations (60 and 120 mg NH4

+-N/kg soil). The data for each biochar were 

analysed separately using 2-way ANOVA (biochar rates × NH4
+-N rates) (p≤0.01). Means ±SE 

(n=3). 
 

Nitrate concentration in soil (mg NO3
--N/kg soil) 

Soil nitrate (NO3
--N) concentration at all sampling times was influenced by the 

significant (p≤0.01) interaction between the NH4
+-N treatment and the application rates of oil 

mallee, but not wheat chaff biochar. In general, there was a significant increase in soil NO3
--N 

concentration with an increase in oil mallee biochar and NH4
+-N application rates, with the 

differences becoming more pronounced over time. In the treatment with 20 t/ha of oil mallee 

biochar and NH4
+-N applied at 60 mg NH4

+-N/kg soil, the NO3
--N concentration in the soil 

increased significantly (4-fold) between 24 h and 21 days (Figs 9A and 9D Expt. 2) and 10-

fold between 24 h and 42 days (Figs 9A and 9G Expt. 2); at the same rate of oil mallee biochar 

and 120 mg N/kg, the N concentration increased approximately 9-fold between 24 h and 42 d 

(Figs 9A and 9G Expt. 2). For the wheat chaff biochar treatments after 42 d of incubation, the 

interaction was non-significant, but the main effects of both wheat chaff biochar rates and 

NH4
+-N rates were significant (Table 2). Increasing wheat chaff biochar or NH4

+-N rates was 
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associated with increased NO3
--N concentration in soil (Fig 9G Expt. 2), even though the 

increases recorded for wheat chaff biochar were lower than those for the comparable rates of 

oil mallee biochar. 
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Fig 9 Expt. 2 Nitrate concentration (mg NO3

--N/kg soil) as influenced by treatments with oil 

mallee biochar and wheat chaff biochar at rates of (0, 5 and 20 t/ha) and two NH4
+-N 

concentrations (60 and 120 mg NH4
+-N/kg soil). The data for each biochar were analyzed 

separately using 2-way ANOVA (biochar rates × NH4
+-N rates) (p≤0.01). Means ±SE (n=3). 

 

 

Total nitrogen concentration in soil  

Soil N concentration at all sampling times was influenced by the significant (p≤0.01) 

interaction between the NH4
+-N treatment and the application rates of oil mallee or wheat chaff 

biochar. Generally, N concentration in soil increased when biochar was applied to soil. The 

difference between the two types became more pronounced over time, particularly for the high 

biochar treatments. Comparing the biochars at 20 t/ha after 42 d, oil mallee biochar resulted in 

higher N concentration in soil compared with wheat chaff biochar regardless of NH4
+-N rates 

(Fig 10 Expt. 2). 
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Fig 10 Expt. 2 Total N concentration in soil as influenced by treatments with oil mallee biochar 

or wheat chaff biochar at rates of (0, 5 and 20 t/ha) and two NH4
+-N concentrations (60 and 

120 mg NH4
+-N /kg soil). The data for each biochar were analyzed separately using 2-way 

ANOVA (biochar rates x NH4
+-N rates) (p≤0.01). Means ±SE (n=3). 

 

Soil respiration 

Soil respiration was influenced by the interaction (p≤0.01) among biochar types and rates 

and NH4
+-N concentrations. Generally, higher biochar application rates (particularly in the 

treatments with oil mallee biochar) were associated with increased rate of CO2 emission from 

soil. However, soil respiration differed between biochar types over time. At 20 t/ha of biochar 
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and NH4
+-N application of 60 mg NH4

+-N/kg soil, oil mallee biochar was associated with 

higher CO2 emission rate compared with wheat chaff biochar at all sampling times. However, 

at NH4
+-N application of 120 mg NH4

+-N/kg soil, the same relationship was found at early (24 

h and 7 d) (Figs 11A and 11B Expt. 2) as well as late sampling times (42 d) only (Fig 11G 

Expt. 2), whereas at other sampling times greater CO2 emission was facilitated by wheat chaff 

biochar than oil mallee biochar. 
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Fig 11 Expt. 2 Soil respiration as influenced by treatments with oil mallee biochar and wheat 

chaff biochar at rates of (0, 5 and 20 t/ha) and two NH4
+-N concentrations (60 and 120 mg 

NH4
+-N/kg soil). The data for each biochar were analyzed separately using 2-way ANOVA 

(biochar rates × NH4
+-N rates) (p≤0.01). Means ±SE (n=3). 

 

 

Soil pH 

Soil pH was significantly influenced by the interaction (p≤0.01) between NH4
+-N 

treatments and biochar treatments over time and the soil pH increase was more pronounced in 

wheat chaff than oil mallee biochar (Fig 12 Expt. 2). Oil mallee biochar did not have a 

significant effect on soil pH at 24 h, 7 d, 14 d, or 35 d. While wheat chaff did not have an effect 

on soil at sampling time 7 and 14 d. Compared to oil mallee, the highest pH value (over 7.5) 

was observed at 20 t/ha of wheat chaff and NH4
+-N application of 60 mg NH4

+-N/kg soil after 

42 d (Fig 12G). 
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Fig 12 Expt. 2 Soil was treated with oil mallee biochar and wheat chaff biochar at rates of (0, 

5 and 20 t/ha) and three NH4
+-N concentrations (0, 60 and 120 mg NH4

+-N/kg soil). The soil 

pH in soil was measured every 7 days as shown in the charts to assess the effect of biochar and 

their rates on NH4
+-N toxicity for canola. Data shows a significant comparison of means using 

two-way ANOVA at (p≤ 0.01 and p≤0.05). Means ±SE (n=3). 
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Discussion  

 
These experiments investigated two biochar types - oil mallee and wheat chaff - and their 

application rates for a potential to alleviate ammonium (NH4
+-N) toxicity and its influence on 

canola growth. We found that the addition of biochar mitigated the toxic effect of high NH4
+-

N concentration in the soil, with canola growth significantly increasing relative to controls. All 

parameters measured, such as shoot and root dry weight, as well as the length of fine and coarse 

roots (Figs 1-4 Expt. 1), increased in the treatments with high rates of biochars, with the greater 

increases observed in case of oil mallee biochar compared to wheat chaff biochar.  Overall, our 

short-term incubation experiment confirmed that oil mallee biochar was more effective in 

decreasing NH4
+-N toxicity and improving soil fertility compared with wheat chaff biochar.  

In addition to showing that biochar improved canola shoot and root growth (Figs 1 and 

2 Expt. 1), we also found that different biochars had a variable effect. Specifically, we found 

that oil mallee biochar, rather than wheat chaff biochar, had a strong potential for soil 

improvement, and that these improvements varied with the soil NH4
+-N concentration. Other 

studies that have compared oil mallee with other biochar types also found that this biochar type 

was more effective in increasing wheat shoot dry weight and root length of seedlings (Solaiman 

et al. 2012), wheat yield (Blackwell et al. 2010) and soil physicochemical properties compared 

to wheat chaff and other biochar types. 

 Asai et al. (2009) and Lehmann et al. (2011) found that the nutritional quality of soil 

determines the effect of biochar application on plant growth, whereby biochar application is 

particularly beneficial for plants growing in soils with poor nutritional properties. As such, 

although biochar application is proposed to improve the productivity of crops, it appears that 

such improvements depend on soil fertility status and fertiliser management. Indeed, only small 

improvements or even reductions in growth of crops occurred with biochar application in 

nutrient-rich soils (Deenik et al. 2010; Hussain et al. 2017). Like much of Australia which has 

old, weathered, nutrient-poor soils, our results in the nutrient-poor soil we used showed 

beneficial effects on crop growth. Our results on shoot and root dry weight (Figs 1 and 2 Expt. 

1) and root length growth in the biochar-added treatments (Figs 3 and 4 Expt. 1) support the 

previous studies across a range of biochar feedstock sources and crops, including rice (Dong 

et al. 2015), wheat (Glaser et al. 2002; Olmo et al. 2014), soybean (Van Zwieten et al. 2010), 

rice (Mishra et al. 2017), faba bean (Tammeorg et al. 2014) and maize (Gaskin et al. 2010), 

where it was shown that amending nutritionally-poor soils with a number of biochar types 

increased plants biomass by 50-90% compared to non-amended soils. 
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Our results showed that by the end of incubation period, oil mallee biochar significantly 

decreased NH4
+-N concentration in soil (Fig 5 Expt. 1 and Fig 8 Expt. 2), and also resulted in 

an increase in nitrate (NO3
--N) concentration in the soil (Fig 9 Expt. 2) compared to wheat 

chaff biochar. Increasing application rate of oil mallee biochar decreased the concentration of 

NH4
+-N in soil, regardless of the NH4

+-N application rates. The reason for the superior 

performance of oil mallee biochar relative to wheat chaff biochar could be attributed to their 

different properties (Table 1). For example, it has been found that biochars that have a higher 

surface area and rougher texture improves the adsorption capacity of biochar (Demirbas 2006; 

Fuertes-Mendizábal et al. 2019). If the increase in NO3
--N is due to biochar adsorbing the 

nitrification inhibitor (and/or making it ineffective in other ways), and both biochars decreased 

NH4
+-N but increased NO3

--N concentration in soil suggests that there is a trade-off in using 

biochar for ameliorating NH4
+-N toxicity due to the unselective nature of its adsorptive 

capacity. 

Our finding of biochar potentially adsorbing and therefore interfering with nitrification 

inhibitors however contrasts with other studies that have found that biochar itself can even 

serve as nitrification inhibitor in soil (Clough et al. 2013; Reyes-Escobar et al. 2015). However, 

other studies have found that some biochar types have a capacity to adsorb inhibitors such as 

α-pinene (Clough et al. 2010), phenolics (Joseph and Lehmann 2015) 3,4-dimethylpyrazole 

phosphate (DMPP) (Shi et al. 2017; Keiblinger et al. 2018) and dicyandiamide (DCD) (Shi et 

al. 2015). These studies found that when a combination of DCD or DMPP with biochars was 

applied with N fertiliser, the biochars had a capacity for adsorption of nitrification inhibitors, 

which resulted in increased nitrification in soil, thus resulting in reduced NH4
+-N concentration 

in the soil, while NO3
--N increased, and that is consistent with our results (Fig 5 Expt. 1 and 

Fig 8 Expt. 2). However, the increased nitrification with biochar application may be explained 

not by adsorption of nitrification inhibitors, but rather by biochar increasing ammonia-

oxidizing bacteria (AOB) (Kowalchuk and Stephen 2001), thus accelerating the nitrification 

process in biochar-amended soil compared to untreated soil (Nelissen et al. 2012; Zhao et al. 

2014). 

The increased NO3
--N concentration in soil may be beneficial to plants if the biochar not 

just increases the availability of NO3
--N to plants, but also reduces NO3

--N leaching (Zheng et 

al. 2013; Haider et al. 2017; Yang et al. 2018). Our results (Fig 6 Exp. 1 and Fig 9 Exp. 2) 

found that biochar increased NO3
--N concentrates in the soil, which is consistent with the other 

studies (Knowles et al. 2011; Kameyama et al. 2012; Libutti et al. 2016). However, there are 

inconsistent results regarding how biochar types act as, or interacts with, nitrification inhibitors. 
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It appears that the outcome of reducing NO3
--N leaching will depend on biochar feedstock 

types as well as adsorption capacity and application rates (Pratiwi et al. 2016), application 

method, and soil type, and may change over time (Clough et al. 2013; Wang et al. 2017; Li et 

al. 2018). Evidently, there is more work required to understand whether adsorption of NH4
+-N 

is accompanied by adsorption of nitrification inhibitors, investigate ways to minimise any 

leaching of NO3
--N under biochar application, or identify biochar feedstocks that selectively 

adsorb only NH4
+-N, and promote desirable components of the N and C cycling. 

In addition to the above mechanisms by which biochar can reduce NH4
+-N toxicity and 

improve plant growth, another proposed mechanism by which biochar may decrease soil NH4
+-

N is through the capacity of some biochars to adsorb and remove NH4
+-N itself from soil, 

linked to a greater surface area and porosity of some biochars, providing adsorption sites for 

the NH4
+-N from soil. However, not all biochars adsorb NH4

+-N effectively (Bruun 2011; Gai 

et al. 2014; Fidel et al. 2018). A study of 13 biochar types found that nine had a high capacity 

to adsorb NH4
+-N (Yao et al. 2012) and the high adsorption of NH4

+-N has been attributed to 

the biochar types produced at high pyrolysis temperature (Gai et al. 2014) and having various 

magnitudes of surface area, porosity and exchange capacity (Sohi et al. 2010), and this may 

explain the variation observed in our study. We would suggest that the adsorption mechanisms 

found in biochars mean they might be used as an adsorbent for the high NH4
+-N concentrations 

in the soil.  

We also found that, for some canola growth parameters, improvements were dependent 

upon biochar application rates. We observed a significant interaction of biochar types and 

application rates for root length.  When applied at 10 t/ha of oil mallee biochar, fine and coarse 

roots length (Figs 3 and 4 Expt. 1) increased compared to the control. The increase in root 

lengths may be associated with increased N availability - a nutrient important for root growth- 

facilitated through biochar application (Jeffery et al. 2011b; Zheng et al. 2013). This effect of 

oil mallee on root growth was even more pronounced at the high (20 t/ha) application rates. 

Hence, oil mallee biochar, especially at high rates, alleviated NH4
+-N toxicity (Fig 8 Expt. 2), 

particularly at high NH4
+-N application (60 and 120 mg NH4

+-N/kg soil). The possible 

mechanism behind this phenomenon could be that the increased rate of biochar was more 

favourable for microbial community growth development than the low rates (Xu et al. 2014; 

Upadhyay 2015). Other studies also reported that application of high biochar rates increased 

root length (Free et al. 2010; Bruun et al. 2014; Zhu et al. 2018). However, because biochar 

has the capacity to adsorb NH4
+-N or nitrification inhibitors from soil, the alleviating effects 

of high rates of biochars could be due to a direct decrease in NH4
+-N concentration in soil rather 
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than indirectly via enhancing microbial activity in soil. We expect this mechanism of 

adsorption of nitrification inhibitor by biochars contributed to improving multiple parameters 

of both shoot (Fig 1 Expt. 1) and root dry weight (Fig 2 Expt. 1) as well as root lengths (Figs 3 

and 4 Expt. 1), NO3
--N (Fig 9 Expt. 2) and N concentrations in soil (Fig 10 Expt. 2)  in our 

study (see previous Chapters), and in other studies that reported NH4
+-N toxicity decreasing 

shoot and root growth (Cruz et al. 2011; Liu et al. 2013; Pan et al. 2016). 

Unlike the other parameters measured, increases in soil pH in our experiments were 

relatively small (albeit significant), occurred only at higher biochar application rates, and were 

not observed at all sampling times (Fig 7 Expt. 1 and Fig 12 Expt. 2). Most studies have found 

increases in soil pH after applying biochar, especially at high application rates and combined 

with N fertiliser application (Carter et al. 2013; Chintala et al. 2014). As in our study, it also 

has been found that changes in soil pH depend on biochar type. Although biochar generally 

increases soil pH, the extent of increase has been shown to depend on the acid-neutralizing 

capacity (Wang, Lei 2013) and amount of extractable base cations of the biochar added as well 

as cation exchange capacity and the initial soil pH (Martinsen et al. 2015). 

The initial soil pH used in our experiments was slightly acidic (pH 5.8), and although we 

did not measure cation exchange capacity (CEC), sandy soils are known to have poor CEC 

(Liang et al. 2006; Brown and Lemon 2016). The relatively limited response of soil pH in our 

experiment may have related to the initial soil pH, given that higher baseline pH levels have 

been found to exhibit a greater response in increasing pH under biochar application (Fig 7 Expt. 

1 and Fig 12 Expt. 2). In our study, the sandy soil used however would suggest an expectation 

of a stronger pH response given the low CEC (Martinsen et al. 2015). Measuring the acid-

neutralizing capacity and amount of extractable base cations of the biochar types we used may 

also be informative in explaining the modest effects on soil pH (Munera-Echeverri et al. 2018). 

Increases in soil pH after biochar application have also been proposed as the mechanism 

behind decreases in soil NH4
+-N concentration (Revell et al. 2012; Oladele et al. 2019). 

However, our results also support the proposition that decreases in soil NH4
+-N concentration 

in the biochar treatments were driven not just by the changes in soil pH, but also by greater 

microbial activity, whereby certain soil microbes play key roles in soil nitrification and thus 

soil fertility (De Boer and Kowalchuk 2001; Pajares and Bohannan 2016). Our findings of 

decreased soil NH4
+-N concentrations (Fig 8 Expt. 2) concomitant with increased NO3

--N (Fig 

9 Expt. 2), increased soil respiration (Fig 11 Expt. 2) and increased pH (Fig 12 Expt. 2) under 

biochar application further support our conjecture above that the biochars used in this study 

also could adsorb the nitrification inhibitor. 
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Emissions of CO2 can be indicative of the extent of microbial activity (Novak et al. 2010; 

Chen et al. 2015). In our study, soil respiration rate, as measured by CO2 emissions, differed 

significantly between the two biochar types, but also changed depending on NH4
+-N 

concentration and sampling period (Fig 11 Expt. 2). Similarly, the previous studies found that 

biochar amendment increased CO2 emissions from soil, and that the increase was greater at 

higher application rates (Zhang et al. 2012; Lu et al. 2014). In contrast, other studies have found 

biochar decreased CO2 emissions from soil (Smith et al. 2010; Shen et al. 2017), or that adding 

low biochar rates to arable soil had no effect on CO2 release (Karhu et al. 2011). Our study also 

revealed that the elevated soil CO2 emissions were transient, and after 45 days of incubation, 

soil amended with wheat chaff, but not oil mallee biochar, showed soil CO2 emissions similar 

to those of control soil (Fig 11G Expt. 2).  

For both biochars, we found a reduction in CO2 emission when measured at 7 d (Figs 

11B Expt. 2). However, the same relationship of CO2 reduction was found between 7 d and 14 

d (Figs 11C and D Expt. 2), with slow declines in the weekly measurement thereafter, until a 

steeper drop between days 35 and 45 (Figs 11F and G Expt. 2). Several studies have reported 

that CO2 emissions decreased over time, ranging from CO2 emissions diminishing after 6 days 

of incubation (Smith et al. 2010), after 35 d (Aguilar-Chávez et al. 2012) and 42 d (Shen et al. 

2017). Our study thus provides further data on the timeframe and trajectory of CO2 emissions 

in soil following application of oil mallee and wheat chaff biochar, and the dependence on the 

rate of biochar application, and concentration of NH4
+-N in soil. Future studies on soil 

respiration should be considered in the context of climate change given that CO2 is a major 

greenhouse gas. Although our results have revealed the effect of biochar type and application 

rate on NH4
+-N toxicity and canola growth, studies on sorption of DCD by biochars and the 

corresponding effects on the nitrification process should be considered. 

 

Conclusions 

Biochar types and their application rates greatly affected soil chemical properties such as 

decreasing NH4
+-N concentration, which significantly increased the capacity of biochar to 

improve canola growth. The oil mallee biochar had the larger capacity for mitigating toxic 

effects of high NH4
+-N, particularly at a high application rate, and was superior compared with 

wheat chaff biochar across all NH4
+-N concentrations in soil. We conclude that biochars, 

particularly oil mallee biochar at 20/ha, can be used in soils with high NH4
+-N concentration, 

with no negative effects on soil properties or plant growth. We recommend our glasshouse 



150 
 

studies to be conducted in field due to their potential use in agricultural systems to improve 

crop growth and yield. 
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Chapter 6 General discussion and conclusion 

The issue of ammonium (NH4
+-N) toxicity is a critical problem worldwide for plants that 

are sensitive to high NH4
+-N concentrations (Esteban et al. 2016), and canola is one such crop 

(Babourina et al. 2007). Ammonium toxicity can affect the development of plant growth and 

cause a decrease in dry matter production of shoots and roots (Lasa et al. 2001; Zhang and 

Rengel 2003), a decrease in plant photosynthesis, low absorption of nutrients (Wiesler 1997), 

and cause symptoms related to the inhibition of enzyme activity and hormone production (Guo 

et al. 2007). As plants require nitrogen (N) for growth, N fertilisers are applied to soils; 

however, this can increase NH4
+-N concentration in soil when N in the form of urea is applied, 

or when nitrification inhibitors are added (Gioacchini et al. 2002). Soil NH4
+-N toxicity can 

also occur under unfavourable conditions (e.g. low and high temperatures) by decreasing 

microbial activity and thereby hampering NH4
+-N conversion to NO3

--N (Malhi and McGill 

1982; Irigoyen et al. 2003).  

Within a crop species (Ariz et al. 2011), genotypes (Cruz et al. 2011; Sarasketa et al. 

2014) can vary in their resistance to high concentrations of NH4
+-N in soil. The objective of 

this thesis was to characterise the resistance of canola genotypes under varying soil NH4
+-N 

concentrations. Canola is a major crop produced primarily for its high oil concentration 

(Gunstone 2009), and is vulnerable to NH4
+-N toxicity (Pan et al. 2016) (covered in Chapters 

3, 4 and 5). We assessed NH4
+-N toxicity by characterising NH4

+-N resistance of canola 

genotypes at the vegetative stage, determining the role of five NH4
+:NO3

- ratios on canola 

genotypes at various developmental stages, and elucidating the role of biochar amendments in 

decreasing NH4
+-N concentration in soil and increasing canola potential to resist NH4

+-N 

toxicity. 

The preliminary and main screening experiments with a range of NH4
+-N concentrations 

allowed us to define a critical NH4
+-N concentration and then characterise 30 canola genotypes 

for NH4
+-N resistance under low and high NH4

+-N concentrations at vegetative stage 1,5 

(Chapter 3).  

We then determined the effect of five NH4
+:NO3

- ratios on NH4
+-N toxicity at vegetative 

and maturity stages on two resistant and two sensitive genotypes (identified in the screening of 

the 30 genotypes, Chapter 3), and we investigated how the NH4
+:NO3

- ratios can decrease 

NH4
+-N toxicity and improve productivity and oil concentration in seed of canola genotypes 

(Chapter 4). The effects of two biochar types (wheat chaff and oil mallee) on NH4
+-N toxicity 
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in canola were also investigated to identify how biochar type and application rate may improve 

canola growth in soils with high NH4
+-N concentration (Chapter 5). 

Prior to this study, there was limited information available on NH4
+-N toxicity in relation 

to canola. Our characterisation of sensitive and resistant genotypes means that, based on our 

findings, plant breeders can select genotypes most suitable for their growing conditions (Hirel 

et al. 2007). We have also provided information that sets the stage for future studies to verify 

the genetic and molecular basis of differences among canola genotypes in their response to 

high NH4
+-N concentrations. Moreover, our results provide information useful for the study of 

mechanistic and genetic basis of the genetic differences between genotypes in their response 

to NH4
+-N. 

In the first screening of 30 canola genotypes (Chapter 3), genotypes were ranked when 

grown under low and high concentrations of NH4
+-N, where shoot and root dry weights were 

used as a criterion to classify the sensitive and resistant genotypes. Our results confirmed that 

canola is a crop highly sensitive to NH4
+-N toxicity, but three genotypes (29, 26 and 16) out of 

30 showed high resistance to NH4
+-N (Figs 5 and 6 Expt. 2 Chapter 3). 

 Study showed that most of the canola genotypes suffered from NH4
+-N toxicity, however 

our study also found that there was genetic variability, allowing us to classify the genotypes 

into resistant and sensitive genotypes, based on their shoot and root dry weight (Figs 5 and 6 

Expt. 2 Chapter 3). Our findings are in line with those from previous studies on maize varieties 

(Tsai et al. 1991; Schortemeyer et al. 1997), beans cultivars (Cruz et al. 2011), rice cultivars 

(Chen et al. 2013) and wheat cultivars (Wang et al. 2016), whereby varieties significantly 

differed in their response to high NH4
+-N concentrations. Other studies have shown that 

symptoms of NH4
+-N toxicity in plants not only involve a decrease in shoot and root growth, 

but can also inhibit nutrient uptake. For example, high NH4
+-N toxicity has been found to 

inhibit the uptake of K+ in barley (Ten Hoopen et al. 2010), Mg2+ and Ca2+ in most plants 

(Bittsánszky et al. 2015) and Cu in cereals (Islam et al. 1980), as well as disruption of regulating 

the transfer of nitrate from roots to the seedling of wheat (Tsai et al. 1991) and barley (Aslam 

et al. 1996). Future studies are required in canola to investigate if NH4
+-N toxicity also inhibits 

these properties. 

Our results from Chapters 3 and 4 allow identification of how different canola genotypes 

respond to different concentrations of NH4
+-N and the selection of optimal genotypes 

according to NH4
+-N concentrations, and ratios of NH4

+-N relative to NO3
--N in soil. By not 

just conducting experiments at the vegetative stage, but also measuring parameters at the 

maturity stage, enabled us to assess key parameters of economic importance, including number 
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of siliques per plant (Fig 9 Expt. 2 Chapter 4), weight of 1000 seeds (Fig 10 Expt. 2 Chapter 

4), seed yield (Fig 11 Expt. 2 Chapter 4), and concentration of oil and protein in seeds (Figs 12 

and 13 Expt. 2 Chapter 4). Our extensive experiments under multiple NH4
+-N concentrations 

and testing various parameters, covered in Chapters 3 and 4, found that G16 was one of the 

most effective genotypes in terms of resistance to NH4
+-N toxicity and relative yield. However, 

further studies are required, including looking at the interaction between resistance to NH4
+-N 

and drought in canola genotypes because of predicted increases in the frequency and severity 

of droughts due to climate change (Li et al. 2009).  

In our study, the increased resistance in sensitive canola genotypes to NH4
+-N could be 

attributed to the increasing concentration of nitrogen in plant tissues (Fig 5 Expt. 1 Chapter 4). 

This is consistent with previous findings that the increased concentration of N in the plant 

tissues occurred through the NH4
+-N assimilation mechanism by converting NH4

+-N to the 

nitrogen in roots and transferring it to the shoot, thereby increasing the resistance of the NH4
+-

sensitive species (Schortemeyer et al. 1997; Bloom et al. 2002; El Omari et al. 2010). The toxic 

effect of NH4
+-N, however, was decreased in the leaf NH4

+-N concentration when combined 

with an application of a small amount of NO3
--N in maize (Schrader et al. 1972) and vegetable 

crops (Ikeda and Osawa 1983) and also showed increased leaf chlorophyll content and 

photosynthetic rate in tomato (Liu and Von Wirén 2017). 

Our experiments have also pointed ways to decrease the toxic effect of NH4
+-N on canola 

growth. Compared to the high concentrations of NH4
+-N that led to poor growth of most canola 

genotypes (Chapter 3), we showed that using NH4
+:NO3

- ratios with low NH4
+-N and high NO3

-

-N proportions decreased NH4
+-N toxicity and improved growth of canola genotypes (Chapter 

4). These results suggest that when a relatively high NO3
--N supply is present relative to NH4

+-

N, canola preferentially takes up NO3
--N, leaving NH4

+-N behind, and therefore does not suffer 

effects of NH4
+-N toxicity (Magalhaes and Huber 1991; Tabatabaei and Bybordi 2012). 

However, a direct assessment of uptake of NH4
+-N with different concentrations of NO3

--N on 

the canola genotypes present is required; such an approach could involve using radioisotopes 

of N (i.e. labelled N-15 ammonium) and then measuring N-15 levels in canola (He et al. 2009), 

or using microelectrode techniques (Babourina et al. 2007). 

Uptake of NH4
+-N by plants not only has an effect on plant growth (Aslam et al. 1996) 

but can also affect the pH of the growing medium (Barak et al. 1997; Zhao et al. 2007). Lofton 

et al. (2010) and Baquy et al. (2017) found that soil pH values between 4.0 and 5.0 had a 

negative impact on canola shoot and root growth. Yet according to our results (Fig 9 Chapter 

3 and Fig 6 Chapter 4), we found that although soil pH decreased in soil when NH4
+-N was 
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applied at high concentrations, the decrease in soil pH was not sufficient (reaching a pH of 5.6) 

to induce soil acidity problems in canola (Lofton et al. 2010; Baquy et al. 2017).  Due to soil 

pH not being excessively low, the poor growth of canola genotypes was directly associated 

with NH4
+-N toxicity. 

With a decrease in growth parameters of many canola genotypes under high NH4
+-N soil 

concentrations, it is evident that failing to address NH4
+-N toxicity could decrease canola 

production and yield. Biochar application has been proposed as a means of soil remediation 

(Tang et al. 2013), and in Chapter 5, we investigated the capacity of biochar to mitigate NH4
+-

N toxicity. We found that biochar application decreased residual soil NH4
+-N concentration, 

especially when biochar was applied at high rates, and with a greater effect for oil mallee 

compared with wheat chaff biochar.  

Our findings of enhanced soil respiration indicate the biochar promoted microbial 

activity (Fig 11 Expt. 2 Chapter 5). Along with our results of increased concentration of NO3
-

-N in biochar-treated soil (Fig 9 Expt. 2 Chapter 5), we suggest that this was at least partly due 

to biochar promoting greater activity of nitrifying microbes (Xu et al. 2014), which in turn 

suggests that biochar interfered with the nitrification inhibitor (dicyandiamide (DCD)) we 

added to the soil to inhibit such bacteria. Further studies specifically looking at nitrifying 

microbes are required to better understand this biochar effect. The enhanced soil respiration 

may also have been attributed to biochar promoting the activity of a wide variety of microbes. 

Future studies could also use meta-barcoding, a promising tool to investigate the functional 

composition of microbial communities, to examine how the soil microbial activity is altered 

under such treatments (Anderson et al. 2011; Jenkins et al. 2017). 

Our findings suggest that biochar may be useful for improving canola growth under 

high NH4
+-N concentrations. We found biochar application lowered the NH4

+-N 

concentration in soil (Fig 8 Expt. 2 Chapter 5) compared to that in experiments covered in 

Chapters 3 and 4 (Fig 8 Expt. 2 Chapter 3 and Fig 6 Expt. 1 Chapter 4). We also found that 

when oil mallee biochar was added together with NH4
+-N to the soil, the conversion of 

NH4
+-N to NO3

--N was gradual rather than immediate (references from Chapter 5), with 

significant effects being observed only after 35 days (Figs 8F and 9 Expt. 2 Chapter 5). The 

effect of biochar on soil N forms and concentrations suggest that biochar may have enabled 

some nitrifying bacteria to escape the DCD inhibition, or rendered the biochar-bound DCD 

ineffective. As discussed in Chapter 5, this is not the first time biochar has been found to 

interact with nitrification inhibitors and cause, over time, both a decrease in soil NH4
+-N 

and an increase in soil NO3
--N (Shi et al. 2015; Keiblinger et al. 2018). Our results are 
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consistent with results of other studies that mixing high biochar application rates with 

nitrification inhibitors has been found to enhance nitrification by promoting the growth of 

the ammonia-oxidizing bacteria (AOB) involved in this process (Nelissen et al. 2012), and 

by decreasing the effect of the nitrification inhibitors DCD (He et al. 2018) and 3,4-

dimethylpyrazole phosphate (DMPP) (Fuertes-Mendizábal et al. 2019). Hence, NH4
+-N 

concentration in soil decreased significantly over time.  

In our study, biochar (particularly oil mallee biochar) increased NO3
--N concentrations 

whilst decreasing NH4
+-N toxicity, promoting canola growth. Other benefits of biochar 

addition to soil have been described (Spokas and Reicosky 2009; Singh et al. 2010; Xu et al. 

2014), including enhanced nutrient availability, enhanced soil microbial communities 

(Lehmann et al. 2011), significantly decreased NO3
--N leaching and increased total N 

concentration in soil (Rondon et al. 2007), ameliorated soil acidity and increased water 

holding capacity (Ouyang et al. 2013; Zheng et al. 2013). We can conclude from our study 

that biochar can promote canola growth and may also play a role in decreasing NH4
+-N 

concentration in soil. However, the mechanisms by which this occurs are unclear. Moreover, 

the differences in oil mallee and wheat chaff biochars suggest an important effect of biochar 

feedstocks. Substantial variations in NH4
+-N and NO3

--N concentrations in the soil were 

observed in the treatments with various biochars (Figs 8 and 9 Expt. 2 Chapter 5), which 

translated to differences in canola growth (Figs 1 and 2 Expt. 1 Chapter 5). These differences 

may be due to the feedstock-dependent physical/chemical properties of biochar.  

Oil mallee and wheat chaff biochars differ in pH, electrical conductivity, percentage of 

carbon (C) and nitrogen (N), C:N ratio and particle size fractions, as well as having different 

effects on plant germination depending on rate of application (Solaiman et al. 2012; Van 

Zwieten et al. 2014). Other studies of wheat chaff and oil mallee biochars have also shown 

they play different roles in N flux. 

We found that oil mallee was more effective than wheat chaff as a biochar feedstock in 

reducing NH4
+-N toxicity in soils, and resulted in improved growth of canola. However, the 

mechanism by which this occurred is unknown. Future studies are required to determine what 

properties of oil mallee biochar are responsible. Nitrate concentration in soils was also 

enhanced under oil mallee biochar. Studies into how these different biochars influence the soil 

microbial assemblages may be insightful (Anderson et al. 2011; Lehmann et al. 2011). 

Another point for future research involves considerations of the initial soil type: our study 

involved a specific type of soil; whether the results observed here are replicated across 
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different soil types requires future investigations, especially given that soil type influences the 

effect of biochar application (Gul et al. 2015).  

Conclusion 

This thesis has achieved the goal of mitigating NH4
+-N toxicity for canola plants by 

decreasing the high concentrations of NH4
+-N in the soil and increasing understanding of the 

sensitivity of canola genotypes to NH4
+-N toxicity. Our results have allowed identification of 

how NH4
+:NO3

- ratios, canola genotypes, and biochar type and application rates can play a role 

in decreasing NH4
+-N concentration in soil and lessening the sensitivity of canola to NH4

+-N. 

As well as characterising how genotypes differ in NH4
+-N resistance (Chapter 3), our results 

demonstrated that by increasing the proportion of NO3
--N in the NH4

+:NO3
- mixtures (Chapter 

4), and by adding oil mallee biochar at a high rate of 20 t/ha (Chapter 5), NH4
+-N toxicity to 

canola was alleviated at least partly. Our study showed that it is possible to grow high yield 

canola in high NH4
+-N conditions with various economical amendments. We propose the 

further work should be conducted in field to study the mechanism of NH4
+-N toxicity in canola 

plants, as well as research into understanding the mechanisms behind how biochar decreases 

the concentration of NH4
+-N in the soil whilst increasing that of NO3

--N. Our proposals to 

increase the resistance of canola genotypes to NH4
+-N toxicity should be taken into account in 

future studies as they are important in increasing global food security.  

 

Future studies 

Our screening experiments identified canola genotypes resistant and sensitive to NH4
+-

N, which will be useful for future studies aimed at identifying molecular differences underlying 

these differential resistance traits, and for optimal selection of canola genotypes under various 

soil conditions. This sets the stage for future studies, which we outline below. 

To allow a greater understanding at the molecular level of the differences between 

sensitive and resistant genotypes, genetic studies are required. A transcriptome analysis with 

microarrays, RNAseq and/or QTL mapping (Jian et al. 2019), using the canola genotypes 

characterised as resistant or sensitive, would enable identification of genes that are up- or 

down-regulated in response to NH4
+-N. This in turn could enable identification of candidate 

genes that regulate N uptake and contribute to assimilation of N and control the capacity to 

utilize NH4
+-N as a N source. Once identified, these genes can be used in transgenic and other 

breeding approaches in order to improve NH4
+-N assimilation and avoid NH4

+-N toxicity. Also, 

by identifying the genes or genetic regions involved, this can allow marker-assisted breeding, 
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gene editing (including CRISPR), and breeding programs to target the genes underlying 

resistance to NH4
+-N toxicity.  

We also recommend future studies to investigate how under high NH4
+-N concentrations 

the NH4
+-N is transported out of the cell, with a focus on modulations of extra- and intracellular 

pH, which is suggested may influence subcellular NH4
+-N concentrations in various organelles 

(Esteban et al. 2016). If differences are found, this would point to the physiological 

mechanisms involved in NH4
+-N resistance, and would assist in the selection and breeding of 

cultivars with enhanced adaptability to NH4
+-N toxicity. 

Although we looked at changes in ammonium in soils between treatments, future studies 

should calculate the nitrogen balance between treatments, including soil mineral nitrogen at 

sowing, and then again at harvest along with shoot and root N content, which this would allow 

understanding of how different genotypes influence N uptake from soil and assimilation into 

the plant (Angus and Grace 2017).  

Our study was limited to looking an N in shoots, but a greater understanding of the 

nitrogen balance in relation to our treatments could be obtained by measuring N mineralization 

in the soil in the pots, as well as in the crop roots. Such measurements may also provide insights 

into the mechanisms of N uptake that are not apparent from the data presented here.  
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Appendix 

 

Effect of the control 60 mg NO3
--N/kg soil on N concentration in shoot of canola genotypes. 

Error bars represent ±SE (n=3) 
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