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Abstract 

Urine patches are the primary sources of nitrate (NO3
- -N) leaching from pastoral dairy farms. 

Since NO3
- -N is the product of nitrification, a clear understanding of the nitrification process 

is a vital step toward the development of effective and efficient mitigation approaches. The 

first step of ammonia (NH4
+) oxidation to hydroxylamine (NH2OH) is catalyzed by the 

ammonia monooxygenase enzyme (AMO), and copper (Cu) is a co-factor in the activity of the 

AMO enzyme. Therefore, manipulating Cu bioavailability through the application of  

Cu-complexing organic compounds such as calcium lignosulphonate (LS) and co-poly  

acrylic-maleic acid (PA-MA) to soil could influence AMO activity and consequently limit the 

nitrification rate in soil. There are no published studies that have examined the effect of 

bioavailable Cu concentration changes on nitrification rate, ammonia-oxidizing bacteria 

(AOB) and archaea (AOA), and NO3
- -N leaching. The overall aim of this thesis is to determine 

the significance of bioavailable Cu in the nitrification process in the context of developing 

novel Cu-complexing organic compounds to inhibit nitrification rate in pastoral soils.  

A soil incubation study was conducted to characterize the relationship between changes in soil 

bioavailable Cu concentration and nitrification rate. This study was conducted using three 

pastoral soils (Pumice, Pallic, and Recent soils) spiked with five Cu levels (0.1, 0.3, 0.5, 1, and 

3 mg kg-1). Treatments of Cu-complexing compounds were separately applied to each Cu level. 

The treatments were urea applied at 300 mg N kg-1, urea + LS at 120 mg kg-1, and urea +  

PA-MA at 10 mg kg-1. Results show that increasing the added Cu concentration from 0.1 to 3 

mg kg-1 increased nitrification rate by 35, 22, and 33% in the Pumice, Pallic, and Recent soils, 

respectively. Application of LS and PA-MA significantly (P ˂  0.05) decreased nitrification rate 

with the mean reduction being 59 and 56%, 32 and 26%, and 39 and 38% in the Pumice, Pallic, 

and Recent soils, respectively at Day 8 relative to the urea-only treatment. To further extend 

knowledge of the relationship between bioavailable Cu and the key nitrifying microorganisms 

in soils, a greenhouse-based pot trial using three soils (Pumice, Pallic, and Recent soils) planted 

with ryegrass and treated with synthetic urine applied at 300 kg N ha-1 and three levels of Cu 

(0, 1, 10, 100 mg added Cu kg-1)  was established. Results show that AOB amoA gene 

abundance increased as a function of increasing added Cu from 1 to 10 mg kg-1 but was 

inhibited at 100 mg added Cu kg-1 in both Pallic and Recent soils. The effect of bioavailable 

Cu was not apparent in the Pumice soil. The increase in AOB amoA gene abundance positively 

correlated with nitrification rate in both the Pallic (r = 0.982, P < 0.01) and Recent soil (r = 
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0.943, P < 0.01) but not in the Pumice soil. There was no effect of increasing Cu concentration 

on AOA amoA gene abundance in all three soils. Results from both incubation and greenhouse 

pot trials provide strong evidence that Cu is an important trace element in the nitrification 

process and reducing Cu can reduce nitrification in soil. However, in order to definitively 

quantify this treatment effect, further field studies were necessary. 

Therefore, a field lysimeter study was conducted using Pumice soil (Manawatu climate) and 

Pallic soil (Canterbury climate). The following treatments were investigated to reduce  

NO3
- -N leaching during late-autumn application; urine only at 600 kg N ha-1, urine + PA-MA 

at 10 kg ha-1, urine + LS at 120 kg ha-1, urine + a split-application of calcium lignosulphonate 

(2LS at same rate, initial and after a month of first application), and urine + ProGibb SG (GA 

at 80 g ha-1) + LS (GA + LS). Another set of treatment applications, urine only, urine + GA 

only, and urine + GA + LS, were applied mid-winter to both soils. The GA was applied to 

improve the effectiveness of these organic compounds during climatic periods of poor plant 

growth. Results showed that there was no significant reduction in mineral N leaching 

associated with the late-autumn application of both PA-MA and LS for the Pumice or Pallic 

soils. However, the application of 2LS reduced mineral N leaching by 16 and 11% in Pumice 

and Pallic soils, respectively, relative to urine-only. The late-autumn inclusion of GA increased 

the effectiveness of LS in both soils. This was confirmed by a significant reduction of mineral 

N leaching by 35% from both Pumice and Pallic soils. Mid-winter application of GA + LS 

significantly reduced mineral N leaching only in the Pumice soil (by 20%) but not in the Pallic 

soil relative to urine-only. In both late-autumn and mid-winter treatments application of the 

different Cu-complexing treatments did not have negative effects on pasture dry matter yield 

in either Pumice or Pallic soils. In this lysimeter study, the mechanistic effect of PA-MA and 

LS on reducing bioavailable, nitrification rate and AOB/AOA amoA gene abundance was not 

investigated. 

A second field lysimeter experiment was established using the Recent soil in Manawatu to 

explore the mechanism of Cu manipulation through the application of LS and PA-MA on 

nitrification rate, AOB/AOA amoA gene abundance, and mineral N leaching. The effect of 

combining organic inhibitors with GA on reducing mineral N leaching was also investigated. 

This study evaluated the same treatments used in the first lysimeter study and applications were 

again conducted at two different seasonal periods (late-autumn and mid-winter). The results 

showed that the effect of PA-MA and 2LS on bioavailable Cu corresponded with a reduction 
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in nitrification rate and AOB amoA gene abundance. The effect of PA-MA and 2LS was 

associated with reduced mineral N leaching by values of 16 and 30%, respectively, relative to 

urine-only. The reduction in mineral N leaching induced by PA-MA and 2LS increased N 

uptake by 25 and 7.8% and herbage DM yield by factors of 11 and 8%, respectively, relative 

to the urine-only. The LS treatment did not induce a significant change of either bioavailable 

Cu or nitrification rate which corresponded to no significant effect on mineral N leaching. The  

late-autumn combination of GA + LS reduced mineral N leaching by 19% relative to  

urine-only, but there was no significant difference in mineral N leaching observed for the 

 mid-winter application relative to urine-only.  

The overall results of this research show that bioavailable Cu is a vital trace element in the 

nitrification process and for AOB functioning in soil. Therefore, reduction in bioavailable Cu 

through the application of Cu-complexing compounds can inhibit nitrification. In this doctoral 

study, the application of Cu-complexing compounds (LS and PA-MA) showed potential to 

inhibit nitrification rate and subsequently reduce mineral N leaching in pastoral systems, but 

their efficacy depends on soil characteristics. Future work is recommended to investigate the 

effect of LS and PA-MA application on nitrous oxide emissions. Further research is 

recommended to investigate the short and long terms effects of these treatments on non-target 

soil microbiota.  

  



iv 
 

Acknowledgements 

I am grateful to my supervisory team Dr Paramsothy Jeyakumar, Dr Peter Bishop, and Prof 

Christopher Anderson for their unconditional and endless support throughout this endeavour. 

To my main supervisor Dr Paramsothy Jeyakumar, thank you for your guidance, positive 

attitude, and ability to make this PhD journey memorable and enjoyable at the same time. 

Thank you for your advice in both academics and personal life. Without your patience and 

encouragement this would not have been achieved. To my co-supervisor Dr Peter Bishop, thank 

you for your knowledge, experience, and field support. All your contribution in both laboratory 

and field work is much appreciated. Thank you for making every challenge look easier. Thank 

you also to Professor Christopher Anderson for your valuable and insightful comments in 

shaping my arguments. Your support and encouragement were extra special.  

I gratefully acknowledge the New Zealand Ministry of Foreign Affairs and Trade for funding 

me and making sure my stay in New Zealand is well look after. Thank you to Dr Geoff Bates 

and Mr Denis Collins for providing resources in conducting my research.  

Many thanks to Dr Anja Schiemann, Dr Neha Jha, Dr Keren Dittmer, Dr Matthew Savoian, Ms 

Lesley Taylor for their technical assistance, fruitful discussions, and allowing me to use their 

labs. Thank you to the Soil lab technicians Mr Ian Furkert, Mr Bob Toes, Mr Ross Wallace for 

their technical assistance for my research.  I am also grateful to Mrs Sharon Wright and Mrs 

Fiona Bardell for assistance in administrative issues. I deeply appreciate my office mates and 

colleagues in the Environmental Sciences Group for their technical assistance, discussions and 

providing company during my stay in New Zealand even during COVID-19 lockdowns. I am 

also thankful to Mrs Vaithehi Jeyakumar for her great hospitality.  

Thank you to my parents, brothers, and sisters for all emotional support while I was away from 

home. Finally, I send my sincere thanks to my lovely wife, Lungile Sifundza and my beautiful 

daughter, Wenzile Sibahle Matse who came at the beginning of this PhD journey. Thank you 

for your patience and support throughout the journey, being away from both of you wasn’t easy 

but we finally made it through. The long mid-night calls were always giving me encouragement 

to wake up every morning to push myself. Thank You!!! 

  



v 
 

Table of contents 

Abstract ....................................................................................................................................... i 

Acknowledgements ................................................................................................................... iv 

Lists of Tables ............................................................................................................................ x 

Lists of Figures ........................................................................................................................ xii 

List of Abbreviations ............................................................................................................... xv 

CHAPTER 1 .............................................................................................................................. 1 
General Introduction .................................................................................................................. 1 

1.1 Background to nitrate leaching in New Zealand pastoral systems ...................................... 1 

1.2 Research objectives .............................................................................................................. 4 

1.3 Thesis outline ....................................................................................................................... 5 

CHAPTER 2 .............................................................................................................................. 7 
Literature review ........................................................................................................................ 7 

2.1 Source of nitrate leaching in New Zealand dairy grazed pasture systems ........................... 8 

2.1.1 Urine patches .................................................................................................................... 8 

2.2 Soil N cycling relating to urine deposition ........................................................................ 10 

2.2.1 Urea hydrolysis ............................................................................................................... 10 

2.2.2 Nitrification ..................................................................................................................... 11 

2.2.3 Nitrate leaching studies in New Zealand grazed pastural systems ................................. 12 

2.3 Environmental and health impacts of nitrate leaching from urine patches ........................ 14 

2.4 Key existing nitrate leaching mitigation strategies ............................................................ 15 

2.4.1 Nitrification inhibitors .................................................................................................... 15 

2.4.2 Use of alternative forages ............................................................................................... 17 

2.4.3 Restricted grazing ........................................................................................................... 18 

2.4.4 Other strategies ............................................................................................................... 19 

2.5 Significance of Cu in the nitrification process ................................................................... 19 

2.6 Manipulating bioavailable Cu as an alternative strategy to reduce nitrification ............... 22 

2.7 Cu-complexing compounds ............................................................................................... 23 

2.7.1 Possible unintended consequences of using organic compounds ................................... 24 

2.8 Gibberellic acid .................................................................................................................. 24 

2.9 Summary and knowledge gaps .......................................................................................... 26 

2.10 Research question ............................................................................................................ 27 

CHAPTER 3 ............................................................................................................................ 30 
Bioavailable Cu can influence nitrification rate in New Zealand dairy farm soils .................. 30 



vi 
 

Graphical abstract .................................................................................................................... 30 

Abstract .................................................................................................................................... 31 

3.1 Introduction ........................................................................................................................ 32 

3.2 Materials and Methods ....................................................................................................... 34 

3.2.1 Effect of organic compounds on native soil bioavailable Cu ......................................... 34 

3.2.2 Treatment application and soil analysis .......................................................................... 36 

3.2.3 Effect of Cu and Cu-complexing compounds on nitrification rate ................................. 36 

3.2.4 Statistical analysis ........................................................................................................... 39 

3.3 Results ................................................................................................................................ 39 

3.3.1 Effect of organic compounds on reducing native soil bioavailable Cu .......................... 39 

3.3.2 Reduction in bioavailable Cu concentration during the nitrification experiment ........... 39 

3.3.3 Effect of adding Cu and HMWOAs on mineral N concentrations ................................. 43 

3.4 Discussion .......................................................................................................................... 47 

3.4.1 Effect of increasing bioavailable Cu concentration and application of Cu-complexing 
compounds in influencing nitrification rate ............................................................................. 47 

3.5 Conclusion ......................................................................................................................... 55 

CHAPTER 4 ............................................................................................................................ 56 
Copper induces Nitrification by Ammonia-Oxidizing Bacteria and Archaea in Pastoral Soils
.................................................................................................................................................. 56 

Graphical abstract .................................................................................................................... 56 

Abstract .................................................................................................................................... 57 

4.1 Introduction ........................................................................................................................ 58 

4.2 Materials and Methods ....................................................................................................... 60 

4.2.1 Soil collection and characterization ................................................................................ 60 

4.2.2 Treatments and application ............................................................................................. 61 

4.2.3 Synthetic urine preparation and application ................................................................... 62 

4.2.4 Plant and soil sampling ................................................................................................... 62 

4.2.5 Soil analysis .................................................................................................................... 63 

4.2.6 Quality control measures ................................................................................................ 64 

4.2.7 Soil DNA extraction and quantitative polymerase chain reaction (qPCR)..................... 64 

4.2.8 Statistical analysis ........................................................................................................... 66 

4.3 RESULTS .......................................................................................................................... 66 

4.3.1 Changes in bioavailable Cu concentration ...................................................................... 66 

4.3.2 Soil NH4
+ -N and NO3

- -N concentration ....................................................................... 68 

4.3.3 Bacterial and archaeal population in soil ........................................................................ 69 



vii 
 

4.3.4 AOB/AOA amoA gene abundance in soil ...................................................................... 72 

4.3.5 Perennial ryegrass growth ............................................................................................... 74 

4.4 Discussion .......................................................................................................................... 76 

4.4.1 Dynamics of the NH4
+ -N and NO3

- -N .......................................................................... 76 

4.4.2 Effect of Cu application on NH4
+ -N oxidation to NO3

- -N ............................................ 76 

4.4.3 Changes in microbial population and AOB/AOA amoA gene abundance ..................... 79 

4.4.4 Effect of treatments on perennial ryegrass growth ......................................................... 80 

4.5 Conclusion ......................................................................................................................... 81 

CHAPTER 5 ............................................................................................................................ 83 
Nitrate leaching mitigation options in two dairy pastoral soils and climatic conditions in New 
Zealand ..................................................................................................................................... 83 

Graphical abstract .................................................................................................................... 83 

Abstract .................................................................................................................................... 84 

5.1 Introduction ........................................................................................................................ 85 

5.2 Materials and Methods ....................................................................................................... 87 

5.2.1 Experimental sites and soils ............................................................................................ 87 

5.2.2 Lysimeters collection and pastures ................................................................................. 88 

5.2.3 Experimental Design ....................................................................................................... 89 

5.2.4 Treatments application .................................................................................................... 89 

5.2.5 Drainage water collection and analysis........................................................................... 91 

5.2.6 Dry matter (DM) yield .................................................................................................... 91 

5.2.7 Herbage analysis ............................................................................................................. 91 

5.2.8 Soil mineral N analysis ................................................................................................... 92 

5.2.9 Climatic data ................................................................................................................... 92 

5.2.10 Statistical analysis and quality control .......................................................................... 93 

5.3 Results ................................................................................................................................ 93 

5.3.1 Rainfall and Temperature ............................................................................................... 93 

5.3.2 Late-autumn treatments application ................................................................................ 95 

5.3.3 Mid-winter treatments application .................................................................................. 99 

5.4 Discussion ........................................................................................................................ 102 

5.4.1 Leachate mineral N ....................................................................................................... 102 

5.4.2 Pasture N uptake and dry matter yield .......................................................................... 105 

5.4.3 Herbage Cu uptake ........................................................................................................ 106 

5.4.4 Soil mineral N and N recovered in the system ............................................................. 107 

5.5 Conclusions ...................................................................................................................... 108 



viii 
 

CHAPTER 6 .......................................................................................................................... 110 
Nitrification rate in dairy cattle urine patches can be inhibited by changing soil bioavailable 
Cu concentration .................................................................................................................... 110 

Graphical Abstract ................................................................................................................. 110 

Abstract .................................................................................................................................. 111 

6.1 Introduction ...................................................................................................................... 112 

6.2 Materials and Methods ..................................................................................................... 114 

6.2.1 Site and soil type ........................................................................................................... 114 

6.2.2 Soil column preparation ................................................................................................ 114 

6.2.3 Treatments and application ........................................................................................... 115 

6.2.4 Soil sampling ................................................................................................................ 116 

6.2.5 Soil chemical analysis ................................................................................................... 117 

6.2.6 Soil DNA extraction and real-time quantitative PCR ................................................... 117 

6.2.7 Drainage water collection and analysis......................................................................... 118 

6.2.8 Herbage sampling and analysis ..................................................................................... 118 

6.2.9 Climatic data ................................................................................................................. 118 

6.2.10 Data analysis and net nitrification rate calculation ..................................................... 118 

6.3 Results .............................................................................................................................. 119 

6.3.1 Climatic data and drainage ............................................................................................ 119 

6.3.2 Soil bioavailable Cu ...................................................................................................... 119 

6.3.3 Late-autumn NH4
+ -N and NO3

- -N concentration ....................................................... 120 

6.3.4 Mid-winter NH4
+ -N and NO3

- -N concentration .......................................................... 122 

6.3.5 Net nitrification rate ...................................................................................................... 124 

6.3.6 Abundance of AOB and AOA amoA gene ................................................................... 126 

6.3.7 Mineral N leaching (NO3
- -N and NH4

+ -N) ................................................................. 128 

6.3.8 Cumulative N uptake and cumulative DM yield .......................................................... 130 

6.4 Discussion ........................................................................................................................ 132 

6.4.1 Application of organic inhibitors .................................................................................. 132 

6.4.2 Effect of a growth hormone on mineral N leaching ..................................................... 135 

6.5 Conclusion ....................................................................................................................... 137 

CHAPTER 7 .......................................................................................................................... 138 
Integrated discussion: Important findings, implications of the research and suggestions for 
future work ............................................................................................................................. 138 

7.1 Introduction: Research summary ..................................................................................... 138 

7.1.1 Why was this work conducted? .................................................................................... 138 

7.1.2 What we already know? ................................................................................................ 139 



ix 
 

7.1.3 Research aim? ............................................................................................................... 139 

7.1.4 How was it undertaken? ................................................................................................ 140 

7.2 Key findings ..................................................................................................................... 141 

7.3 Importance of these key findings to primary production ................................................. 144 

7.3.1 In the pastoral farming systems .................................................................................... 144 

7.3.2 Potential use of this findings in the horticulture industry ............................................. 145 

7.3.3 Recommendations for future studies ............................................................................ 146 

References .............................................................................................................................. 148 

Appendix 1. Supporting Information for Chapter 4............................................................... 162 

Appendix 2. Supporting Information for Chapter 5............................................................... 165 

Appendix 3. Supporting Information for Chapter 6............................................................... 174 

 

  



x 
 

Lists of Tables 

Table 2.1 Reported NO3
- -N leaching from individual urine application conducted in 

lysimeter studies of ryegrass-white clover mixture. .................................................... 13 

Table 2.2 The effect of different Cu concentration on nitrification rate and activity of 
nitrifying bacteria. ........................................................................................................ 21 

Table 2.3 Effect of GA application on pasture growth. .......................................................... 25 

Table 3.1 Selected chemical properties of Pumice, Pallic, and Recent soils used in the 
study. ............................................................................................................................ 35 

Table 3.2 Effect of Cu, DCD, and Cu-complexing organic compounds soil 
amendments on net nitrification rate............................................................................ 54 

Table 4.1 Soil chemical characteristics ................................................................................... 61 

Table 4.2 The different primers and primer sequence used in the qPCR reaction. ................. 65 

Table 4.3 The different primer’s reaction conditions. ............................................................. 66 

Table 5.1 Selected soil basic properties analysed prior to treatment application. .................. 88 

Table 5.2 Description of late-autumn treatments applied in the Pumice soil lysimeters 
on 09 June 2020 and in the Pallic soil lysimeters on 27 May 2020. ............................ 90 

Table 5.3 Description of mid-winter treatments applied in the Pumice soil lysimeters 
on 29 July 2020 and in the Pallic soil lysimeters on 26 August 2020. ........................ 90 

Table 5.4 Cumulative NO3
− -N leaching, cumulative NH4

+ -N leaching, and total 
mineral N following late-autumn treatment application in the Pumice soil for 
the period 09 June 2020 to 15 December 2020 and Pallic soil for the period 27 
May to 16 December 2020. .......................................................................................... 96 

Table 5.5 Cumulative N uptake (kg N ha-1), and cumulative DM yield (kg DM ha-1) 
following late-autumn treatment application in the Pumice soil for the period 
09 June 2020 to 15 December 2020 and Pallic soil for the period 27 May to 16 
December 2020. ........................................................................................................... 97 

Table 5.6 Soil NO3
- -N, NH4

+ -N, and soil total mineral N analysed at the end of the 
experiment following late-autumn treatment application in the Pumice and 
Pallic soils. ................................................................................................................... 99 

Table 5.7 Cumulative NO3
− -N leaching, cumulative NH4

+ -N leaching, and total 
mineral N following mid-winter treatment application in the Pumice soil for 
the period 29 July 2020 to 15 December 2020 and Pallic soil for the period 26 
August 2020 to 16 December 2020. .......................................................................... 100 

Table 5.8 Cumulative N uptake (kg N ha-1), and cumulative DM yield (kg DM ha-1) 
following mid-winter treatment application in the Pumice soil for the period 
29 July 2020 to 15 December 2020 and Pallic soil for the period 26 August 
2020 to 16 December 2020. ....................................................................................... 101 

Table 5.9 Soil NO3
- -N, NH4

+ -N, and soil total mineral N analysed at the end of the 
experiment following mid-winter treatment application in the Pumice and 
Pallic soils lysimeters. ................................................................................................ 102 



xi 
 

Table 5.10 Percentage (%) of applied N recovered in soil, herbage, leachate, and 
unaccounted N in the late-autumn and mid-winter treatments urine application.
.................................................................................................................................... 108 

Table 6.1 Summary of determined soil properties ................................................................ 115 

Table 6.2 Details of treatments applied in late-autumn (applied 25 May 2021 to 16 
November 202) and mid-winter (applied 25 July 2021 to 16 November 2021). 
DCD, LS, and PA-MA were used in this study as nitrification inhibitors................. 116 

Table 6.3 Late-autumn and mid-winter treatment application cumulative NO3
- -N 

leaching, cumulative NH4
+ -N leaching, and total mineral N leaching (kg N ha-

1). ................................................................................................................................ 130 

Table 6.4 Late-autumn and mid-winter treatment application cumulative N uptake, % 
N uptake changes relative to urine-only, cumulative yield, % yield changes 
relative to urine-only. ................................................................................................. 131 

 

  



xii 
 

Lists of Figures 

Figure 2.1 Dark green overgrown pasture represents urine patches in dairy grazed 
pasture. ........................................................................................................................... 9 

Figure 2.2 The two steps process of the nitrification. ............................................................. 12 

Figure 3.1 Effect of DCD and organic compounds on the bioavailable Cu 
concentration in the Pumice and Pallic soil. Vertical error bars indicate 
standard deviation of means (n = 3). Different letters indicate significant 
differences among treatments with same sampling day. ............................................. 41 

Figure 3.2 Bioavailable Cu concentration for the Pumice, Pallic, and Recent soils on 
Day 4 (a) and Day 8 (b) as a function of added DCD and organic compounds 
after urea application. Vertical error bars indicate standard deviation of mean 
(n = 3). .......................................................................................................................... 42 

Figure 3.3 NH4
+ -N concentration in extract from the Pumice, Pallic, and Recent soils 

on (a) Day 4 and (b) Day 8 as a function of added Cu, DCD, and organic 
compounds. Vertical error bars indicate standard deviation of means (n = 3). ........... 44 

Figure 3.4 NO3
- -N concentration in extract from the Pumice, Pallic and Recent soils 

on (a) Day 4 and (b) Day 8 as a function of added Cu, DCD and organic 
compounds. Vertical Error bars indicate standard deviation of means (n = 3)............ 46 

Figure 3.5 Relationship of nitrification rate increase with bioavailable Cu 
concentrations on Pumice (a), Pallic (b), and Recent soils (c), and added Cu 
concentrations levels on Pumice (d), Pallic (e), and Recent soils (d). ......................... 48 

Figure 3.6 Effect of increasing Cu concentration on net nitrification rate in the urea-
only treated soil. Vertical errors bars indicate standard deviation of means (n 
= 3).  Different letters following each other are significantly different at P < 
0.05............................................................................................................................... 52 

Figure 3.7 Correlation of bioavailable Cu concentration with net nitrification rate in 
the urea-only treatment for the Pumice, Pallic, and Recent soils. ............................... 53 

Figure 4.1 The average day and night temperatures during the glasshouse experiment.
...................................................................................................................................... 63 

Figure 4.2 Bioavailable Cu concentration in Pumice, Pallic, and Recent soils as a 
function of treatments and sampling time. Error bars indicate standard 
deviation of mean (n = 3). Control = no urine and Cu: Cu0 = urine only at 300 
mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 = urine + 10 mg Cu kg-

1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. ............................................................... 67 

Figure 4.3 NH4
+-N and NO3

- -N concentration for Pumice, Pallic, and Recent soils as 
a function of treatments and sampling time. Error bars indicate standard 
deviation of mean (n = 3). Control = no urine and Cu: Cu0 = urine only at 300 
mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 = urine + 10 mg Cu kg-

1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. ............................................................... 70 

Figure 4.4 Abundance of bacterial and archaeal 16S rRNA for Pumice, Pallic, and 
Recent soils as a function of treatments and sampling time. Different small 
letters in the same sampling day represent significant difference (P < 0.05). 
Vertical error bars represent standard deviation of mean (n = 3). Control = no 
urine and Cu: Cu0 = urine only at 300 mg N kg-1 soil: Cu1 = urine + 1 mg Cu 



xiii 
 

kg-1 soil: Cu10 = urine + 10 mg Cu kg-1 soil: Cu100 = urine + 100 mg Cu kg-

1 soil. ............................................................................................................................ 71 

Figure 4.5 Abundance of AOB/AOA amoA gene for Pumice, Pallic, and Recent soils 
as a function of treatments and sampling time. Different small letters in the 
same sampling day represent significant difference (P < 0.05). Vertical error 
bars represent standard deviation of mean (n = 3). Control = no urine and Cu: 
Cu0 = urine only at 300 mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 
= urine + 10 mg Cu kg-1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. .......................... 73 

Figure 4.6 Shoot and root dry weight for the Pumice, Pallic, and Recent soils as a 
function of treatments and sampling time. Vertical error bars indicate standard 
deviation of mean (n = 3). Control = no urine and Cu: Cu0 = urine only at 300 
mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 = urine + 10 mg Cu kg-

1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. ............................................................... 75 

Figure 4.7 Ratio of NO3
- -N/NH4

+ -N for Pumice, Pallic, and Recent soils as a function 
of treatments and sampling time. Error bars indicate standard deviation of 
mean (n = 3). The control treatment was excluded because no urine was added 
in this treatment and day 0 was before urine addition. Cu0 = urine only at 300 
mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 = urine + 10 mg Cu kg-

1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. ............................................................... 78 

Figure 5.1 Daily total rainfall, soil water deficit, measured drainage, cumulative 
drainage, and average soil temperature (10 cm) at the (a) Manawatu and (b) 
Canterbury site during the experimental period of May 2020 to December 
2020. The red arrow shows the late-autumn treatment application, while the 
green arrow shows the mid-winter treatment application. ........................................... 94 

Figure 5.2 Late-autumn treatment application herbage Cu concentration in the Pumice 
(a) and Pallic soils (b). ................................................................................................. 98 

Figure 6.1 Daily total rainfall, soil water deficit, measured drainage, cumulative 
drainage, and average soil temperature at 10 cm depth during the experimental 
period. The black and broken line arrow shows the late-autumn treatment 
application, while the black and solid line arrow shows the mid-winter 
treatment application. ................................................................................................. 119 

Figure 6.2 Bioavailable Cu after late-autumn (A) and mid-winter (B) treatment 
application as a function of treatment and sampling time. Vertical error bars 
indicate standard deviation (n = 4)............................................................................. 121 

Figure 6.3 NH4
+ -N concentration (A) and NO3

- -N concentration (B) following late-
autumn treatment application; and NH4

+ -N concentration (C) and  NO3
- -N 

concentration (D) following mid-winter treatment application. Vertical error 
bars indicate standard deviation of mean (n = 4). ...................................................... 123 

Figure 6.4 Net nitrification rate at the different sampling intervals as influenced by 
the application of late-autumn (A) and mid-winter (B) treatments. Correlation 
between bioavailable Cu and net nitrification rate during the experimental 
period in late-autumn (C) and mid-winter (D). .......................................................... 125 

Figure 6.5 Late-autumn treatment application on AOB amoA gene abundance (A) 
and AOA amoA gene abundance (B) as a function of treatments and sampling 
time. Vertical error bars represent standard deviation of mean (n = 4). 
Correlation between AOB amoA gene abundance and bioavailable Cu (C), and 



xiv 
 

AOA amoA gene abundance and bioavailable Cu (D)in late-autumn treatment.
.................................................................................................................................... 127 

Figure 6.6 Mid-winter treatment application on AOB amoA gene abundance (A) and 
AOA amoA gene abundance (B) as a function of treatments and sampling 
time. Vertical error bars represent standard deviation of mean (n = 4). 
Correlation between AOB amoA gene abundance and bioavailable Cu (C), and 
AOA amoA gene abundance and bioavailable Cu (D) in mid-winter treatment.
.................................................................................................................................... 129 

 

  



xv 
 

List of Abbreviations 

AOA  Ammonia-Oxidizing Archaea 

AOB Ammonia-Oxidizing Bacteria 

AMO Ammonia monooxygenase 

ANOVA Analysis of Variance 

CEC Cation Exchange Capacity 

Cu Copper 

DCD Dicyandiamide 

DM Dry Matter 

DMPP 3,4-dimethypyrazole phosphate 

DW Dry Weight 

GA  Gibberellic Acid 

h hour 

HAO hydroxylamine oxidoreductase 

ICDD International Centre for Diffraction Data 

LS  Calcium Lignosulphonate 

MP-AES Microwave Plasma Atomic Emission Spectroscopy 

MPI Ministry of Primary Industries 

N Nitrogen 

NZ  New Zealand 

NIWA National Institute of Water and Atmosphere 

PA-MA Co-poly acrylic-maleic acid 

PCR Polymerase Chain Reaction 

qPCR Quantitative Polymerase Chain Reaction 

WFPS Water-Filled Pore Space 

WHC Water Holding Capacity



1 
 

CHAPTER 1  

General Introduction 

1.1 Background to nitrate leaching in New Zealand pastoral systems 

The burgeoning world population has resulted in rapid global demand for dairy products 

(OECD and FAO 2020) and New Zealand’s (NZ) dairy industry is striving to meet global 

demand (Christensen et al. 2019). The number of dairy cows in NZ has increased by 134% 

from 2.09 million in 1975/76 to 4.9 million in 2020/21 (DairyNZ 2021). To sustain production, 

highly intensive grazing systems have been adopted across NZ, based primarily on a pasture 

mixture of white clover (Trifolium repens L.) and perennial ryegrass (Lolium perenne L.). 

Nitrogen (N) fertiliser is generally applied at rates of 100-190 kg N ha-1 yr-1 to meet animal 

foraging demand (Ministry for the Environment 2021). However, approximately 70-95% of 

the ingested N is excreted in urine resulting in highly concentrated but small areas known as 

urine patches where the N concentration can range from 200–2000 kg N ha-1 (Selbie et al. 

2015). This is orders of magnitude higher than the pasture’s N requirement (Aarons et al. 2017; 

Smith et al. 1985). Therefore, the excess N is leached from the soil as nitrate (NO3
- -N) in 

drainage water and contaminates both ground and surface water. The increase in NO3
- -N 

concentration in water sources can have detrimental effects to both human and animal health. 

For example, NO3
- -N higher than 11.2 mg L-1 NO3

- -N in drinking water can result in 

methaemoglobinaemia in babies and abortions in cattle (Fan and Steinberg 1996). While 

concentrations of 0.4 mg L-1 NO3
- -N can expedite algal blooms and eutrophication of water 

bodies (Larned et al. 2016).  Therefore, decreasing NO3
- -N leaching from urine patches is 

important to lowering the environmental impact of the NZ dairy industry. 
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In an attempt to reduce NO3
- -N leaching losses from grazed pastures, different approaches and 

techniques have been implemented in NZ. These include the application of nitrification 

inhibitors to soil (e.g.: dicyandiamide (DCD), 3,4-Dimethylpyrazole phosphate (DMPP)), the 

use of alternative forage species such as plantain (Plantago lanceolatae L.) and chicory 

(Cichorium intybus L.), and restricted grazing (Christensen et al. 2019; Di and Cameron 2005a; 

Di et al. 2016; Mangwe et al. 2019; Nguyen et al. 2022a). Even though the application of 

inhibitors has proved effective in reducing NO3
- -N leaching, the discovery of residues in milk 

and dairy products has limited their application to grazed pastures (Ministry of Primary 

Industries 2013) and the prevalence of chemical residues in the environment is a major 

constraint on the use of chemicals in farm systems. While, for chicory and plantain, research 

conducted by Nguyen et al. (2022b) and  Glassey et al. (2013) showed that persistence of these 

forage species, the pasture sward is significantly reduced after two growing seasons. As a 

result, they might need re-sowing after every two growing seasons which can be costly to 

farmers. Therefore, further exploration of alternative strategies to reduce the environmental 

effects of nitrification are necessary.   

Previous studies have shown that the first process of nitrification is facilitated by ammonia 

oxidizers (Lin et al. 2022; Norton and Ouyang 2019). These ammonia oxidizers are able to 

perform nitrification because they possess the ammonia monooxygenase enzyme (AMO) 

encoded in the amoA gene (Ayub et al. 2022). The first step of ammonium (NH4
+ -N) oxidation 

to hydroxylamine (NH2OH) in the nitrification process is catalysed by the AMO enzyme 

(Soler-Jofra et al. 2021). There is literature evidence that copper (Cu) is the main cofactor of 

the AMO enzyme. For example, in a pure cell culture of Arithrobacter arilaitensis, He et al. 

(2019) demonstrated that by increasing Cu from 0.05 to 0.1 mg L-1, the NH4
+ -N oxidation and 

total N removal increased by 11.5 and 8.8% relative to no Cu treatment. Wagner et al. (2018) 

showed that <0.0015 mg L-1 Cu increased NH4
+ -N oxidation in water treatment plant up to 
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150% within 2-3 weeks of application. Some studies have identified that Cu deficiency can 

affect NH4
+ -N oxidation in wastewater treatments due to the binding of Cu with organic matter 

in wastewater (Gwak et al. 2020; Koike et al. 2022). Even though Cu has been reported to play 

a key role in nitrification, no studies have investigated the relationship between the 

concentration of available Cu (Cu bioavailability) and N cycling in soils and this presents a 

new strategy that can be explored for NZ farming systems. 

Copper bioavailability in soil can be manipulated using a range of Cu-complexing organic 

compounds that could potentially leave no residues in the soil system. Organic compounds 

such as calcium lignosulphonate (LS) and co-poly acrylic- maleic acid (PA-MA) are rich in 

carboxylic, hydroxyl, and phenolic groups that can complex with Cu2+ in the soil thus reducing 

their availability (Feng et al. 2020; Xia et al. 2019; Yang et al. 2020). In literature, there were 

no studies found to have been conducted in NZ or internationally to explore the applicability, 

efficiency, and effectiveness of this approach in pastoral systems. However, the main challenge 

is that NO3
- -N leaching in NZ grazing systems is generally more severe between late-autumn 

and mid-winter when plant N uptake and growth is restricted. Therefore, even if inhibitor 

applications are effective in reducing the oxidation of NH4
+ -N for that specific period, poor N 

uptake and plant growth will limit inhibitor effectiveness in reducing the rate of N leaching. 

To overcome such a challenge, application of an external growth stimulant such as Gibberellic 

acid (GA) during periods of low plant growth can be explored. Improving N uptake and pasture 

growth can provide a complimentary mechanism to the inhibition effect by inhibitors in soil.  

Research presented in this thesis was therefore guided by the need to develop a sustainable, 

low-cost approach to reduce NO3
- -N leaching at field level by manipulating bioavailable Cu 

in soil and increasing N uptake in periods of low N uptake. The objective of the work is to help 

NZ agriculture systems to minimize environmental contamination associated with N losses 
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from urine patches, while improving N use efficiency. This will further help dairy farmers to 

comply with the environmental regulations on water quality.  

1.2 Research objectives 

The research conducted for this thesis had a clear hypothesis, that bioavailable Cu in soil is a 

main limiting factor for nitrification, and that an increase in bioavailable Cu will increase 

nitrification, while a reduction in bioavailable Cu, induced through the application of  

Cu-complexing compounds, will reduce nitrification. Further, increasing pasture N uptake 

during periods of low growth can improve the effectiveness of inhibitors in reducing NO3
- -N 

leaching.  

The specific objectives supporting the hypothesis were: 

1) To characterise the relationship between the changes in bioavailable Cu concentration 

and nitrification rate in dairy-grazed pastural soils. 

2) To investigate the influence of bioavailable Cu concentration in soil on the abundance 

of ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (AOA). 

3) To determine the effect of Cu-complexing organic compounds on NO3
- -N leaching in 

two contrasting soil types under different climatic conditions in a field lysimeter study.  

4) To investigate the effect of combining a plant growth stimulant GA with  

Cu-complexing organic compounds on NO3
- -N leaching.  

5) To examine the effect of reduced bioavailable Cu concentration on nitrification rate, 

AOB and AOA amoA gene abundance and NO3
- -N leaching under field condition.  
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1.3 Thesis outline 

This thesis consists of seven chapters, the first two Chapters comprise of a general 

introduction and literature review. Chapters 3-6 are research Chapters prepared as 

published journal articles. As a result, there might be REPETITIONS IN CONCEPTS 

AND ANALYTICAL PROCEDURES.   

Chapter 1 is the general introduction which provides a general overview of the main research 

idea including the hypothesis and main objectives of the thesis. 

Chapter 2 is a literature review that explores the context of the study with particular focus on 

(a) the source of NO3
- -N leaching, (b) soil N cycling relating to urine deposition, (c) existing 

N loss mitigation strategies, (d) the significance of Cu in the nitrification process, and (e) 

application of GA as a complimentary treatment to organic inhibitors. 

Chapter 3 describes an incubation experiment where three NZ pastoral soils (Pumice, Pallic, 

and Recent soils) were treated with different Cu concentrations and two Cu-complexing 

compounds (LS and PA-MA). This experiment aimed to characterise the relationship between 

bioavailable Cu and nitrification rate in the three soils.  

Chapter 4 describes a greenhouse experiment examining the response of AOB and AOA to 

different Cu concentrations. This Chapter provides further evidence on the relationship 

between bioavailable Cu and nitrification rate that was elucidated in Chapter 3 in terms of AOB 

and AOA amoA gene abundance.  

Chapter 5 explores the potential effect of LS and PA-MA (tested in Chapter 3) on reducing 

mineral N leaching in the Pumice and Pallic soils under different climatic conditions in a field 

lysimeter study. A further objective of this Chapter was to investigate the effect of co-treatment 

application of LS and GA in both late-autumn and mid-winter application.  
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Chapter 6 describes a controlled study which used Cu-complexing organic compounds (LS and 

PA-MA) to reduce bioavailable soil Cu concentrations with assessment of the effect on 

nitrification rate, AOB and AOA amoA gene abundance and the resulting NO3
- -N leaching in 

a field environment using the Manawatu Recent soil. A further objective was to understand the 

mechanism of co-treatment of LS and GA in reducing NO3
- -N leaching. 

Chapter 7 outlines the general findings of this research work, the application of the thesis 

findings to farming systems, and outlines possible future research work that could build on the 

findings of the current study. 
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CHAPTER 2  

Literature review 

 

This chapter covers a thorough literature survey to address the main objectives of this thesis 

as presented in Chapter 1. This literature will include: 

a) The source of NO3
- -N in NZ dairy grazed pasture system  

b) Soil N cycling relating to urine deposition 

c) Existing NO3
- -N leaching mitigation strategies in NZ and their limitations 

d) The significance of Cu in influencing nitrification and how Cu can be manipulated to 

reduce NO3
- -N leaching at field scale. 

e) The use of plant growth stimulants as a complimentary mechanism to increase plant N 

uptake. 

The reviewed literature on this research provides a thorough understanding of the above 

topics. This will further help to identify the key knowledge gaps that exist in literature.  
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2.1 Source of nitrate leaching in New Zealand dairy grazed pasture systems 

Legume-ryegrass based pastoral farming is the dominant farming system in NZ dairy grazed 

pasture systems. To meet dairy cows’ food demand, synthetic N fertilisers are applied 

strategically in split-applications of about 20-50 kg N ha-1 during spring, summer, and autumn. 

In addition to chemical fertilisers, some farmers apply dairy effluent constituting  5% dry 

matter and 140-670 mg N L-1 and their application is normally determined by the soil moisture 

content at an average rate of approximately 30 m3 ha-1 (Longhurst et al. 2000; van der Weerden 

et al. 2016). 

Apart from direct losses of the applied N fertiliser, the main challenge in grazed pasture systems 

is that only 5-30% is converted into milk and the rest (70-95%) is excreted in urine and dung 

(Oenema et al. 2005). The average N content in dung is 2.0-2.8% on dry matter basis and 

approximately only 20-25% of faecal N is water-soluble (Haynes and Williams 1993). 

However, one advantage about the N returned into the soil from dung is that: it is slowly 

available, and plants can utilise this or the N can become immobilised rather than being lost to 

the environment. The majority of the N (about 70%) returned by the dairy cows is contained in 

the urine and about 90% of the N in the urine is in the form of urea (Cameron et al. 2013). This 

urine is deposited in small and more concentrated spots known as urine patches. 

2.1.1 Urine patches 

Urine patches are small areas in grazed pasture resulting from the deposition of highly 

concentrated dairy cows’ urine. On average, each cow can urinates about  0.30 to 7.83 L  

event-1,  averaging 2.1 L event-1 (Saggar et al. 2004; Selbie et al. 2015) and each cow is 

estimated to urinate 9-14.1 events day-1 on average (Mangwe et al. 2019; Selbie et al. 2015). 

The urine N concentration in each urine patch can range between 200 to 2000 kg N ha-1 
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(Bristow et al. 1992; Bryant et al. 2017; Selbie et al. 2015). For example, Bristow et al. (1992) 

found that for dairy cattle grazing white clover-ryegrass mixture, the total N concentration in 

urine can reach 11 g N L-1. 

The deposition of highly N concentrated urine onto grazed pastures results in highly localised 

concentrations of available N, mainly as urea. This often exceed the pasture N requirement 

which is expected to be between 300 and 700 kg N ha-1 yr-1. Thus, urine patches are 

characterised by dark green pasture compared to other pastures in nearby surroundings. Each 

dairy cow urine patch has an estimated area of around 0.14-0.49 m2 patch-1 (Moir et al. 2011; 

Selbie et al. 2015), with an average of 0.24 m2 patch-1. Urine patches cover about 20-30% of 

the total pasture area per year, depending on the number of cows (Moir et al. 2011).  

 

Figure 2.1 Dark green overgrown pasture represents urine patches in dairy grazed pasture. 
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Soil N surplus  results in the soil when the N loading rate exceeds plant N demand, especially 

during periods of slow pasture growth and this creates a point source of NO3
- -N leaching in 

grazed pasture systems during drainage events. According to Selbie et al. (2015), an average 

of 18% of the deposited urinary N is lost through NO3
- -N leaching. However, these losses are 

highly dependent on many soil factors such as soil moisture, soil pH, soil organic matter content 

and soil type. The variability of N losses from urine patches also depends on the urine volume 

and frequency, urine composition and the concentration of N in the urine (Dijkstra et al. 2013; 

Nguyen et al. 2022a). Urine patches have been identified as the main ‘hot spots’ of NO3
- -N 

leaching in dairy grazed pastoral systems. 

2.2 Soil N cycling relating to urine deposition 

2.2.1 Urea hydrolysis 

About 90% of the excreted N in the urine is in the form of urea. Therefore, upon deposition 

into the soil, the urea in urine is immediately hydrolysed through soil urease activity to form 

ammonium carbonate (Gao and Zhao 2022; Mendes et al. 2017). The ammonium carbonate is 

further hydrolysed by urease enzyme to NH4
+/NH3, however some of this NH3 is lost from soil 

through volatilisation as NH3 gas (Zhongqi et al. 2016) (Equation 2.1). 

(𝑁𝐻2)2𝐶𝑂 + 2𝐻2𝑂 → (𝑁𝐻4)2𝐶𝑂3 ↔ 𝑁𝐻4
+ + 𝑁𝐻3 ↑ +𝐶𝑂2 + 𝑂𝐻−                   Equation 2.1  

Dijkstra et al. (2013) reported that approximately 80% of the urine is hydrolysed within 48 h 

and hydroxide ions (OH-) generated during the reaction will cause an increase in soil pH 

(approximately pH 8) depending on soil type. The increase in pH generally lasts for about 5 

days (Gao and Zhao 2022). 
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2.2.2 Nitrification 

Nitrification is known as the biological oxidation of NH4
+ ions. This is a two-step process 

mainly carried out by the autotrophic microorganism under aerobic conditions. The first step 

is a rate-limited step mainly involving ammonia-oxidation. The NH4
+ ions are first oxidised to 

NH2OH facilitated by the Cu dependant AMO enzyme, then from NH2OH to nitrite (NO2
-) by 

the hydroxylamine oxidoreductase (HAO) enzyme (Bozal-Leorri et al. 2022) (Figure 2.2). The 

first important step of nitrification is mainly driven by the AMO enzyme found in soil AOB 

such as Nitrosospira and Nitrosomonas and AOA such as Nitrosopumilus maritimus and 

Nitrososphaera viennensis (Hayatsu et al. 2021). In general, NH4
+ -N concentration and soil 

pH have been shown as the main factors in environmental differentiation of these oxidisers 

(Lin et al. 2021). For example, kinetic analysis has shown that AOB have lower affinity to 

NH3/NH4
+ than AOA thus AOB have high dominance in higher NH4

+ -N conditions (Ouyang 

et al. 2017; Prosser and Nicol 2012). Further, the AOA have been demonstrated to have higher 

survival under acidic soil conditions (pH range 4.0 to 5.5) than AOB (He et al. 2020). For 

example, AOA Nitrosotalea devanaterra is acidophilic and will completely stop functioning 

under neutral and alkaline conditions (Lehtovirta-Morley et al. 2011). 

The second process involves the conversion of NO2
- to NO3

- by nitrite-oxidizing bacteria 

(NOB) (Figure 2.2). This process is catalysed by the nitrite oxidoreductase (NOX) enzyme 

(Wrage et al. 2001), and this reaction happens very fast. As a result, NO2
- does not often 

accumulate in the soil (Cameron et al. 2013). In general, the nitrification process occurs within 

14-29 days of urine deposition. However, this process is highly dependent on several soil 

factors such as soil pH, temperature, moisture and aeration, and soil organic matter content 

(Sahrawat 2008; Zhang et al. 2023).  
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Figure 2.2 The two step process of the nitrification. AOB: ammonia oxidizing bacteria; AOA: 
ammonia oxidizing archaea; NOB: nitrite oxidizing bacteria; AMO: ammonia monooxygenase 
enzyme; HAO: hydroxylamine oxidoreductase enzyme; NOX: nitrite oxidoreductase. 

2.2.3 Nitrate leaching studies in New Zealand grazed pastural systems 

The predominant form of N leached from the soil is NO3
- -N, and this is because NO3

- -N is a 

negatively charged ion, which is repelled by the net negative charge of most soils, implying 

that it does not bind to the soil. On the other hand, NH4
+ -N is a positively charged ion, held 

electrostatically by the negatively charged clay surfaces and functional groups of organic 

matter (Cameron et al. 2013). In dairy systems most of the NO3
- -N is leached from urine 

patches. Field lysimeter studies have shown that application of urine at 600 to 1000 kg N ha-1 

to mixed ryegrass-white clover pasture will increase autumn NO3
- -N leaching in the range of 

85 to 500 kg N ha-1 (Bishop and Jeyakumar 2021; Di and Cameron 2012; Malcolm et al. 2014) 

(Table 2.1).The magnitude of reported leaching indicates that there is an urgent need for 

research to find ways to mitigate NO3
- -N losses from soil NZ grazed system. 
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Table 2.1 Reported NO3
- -N leaching from individual urine application conducted in lysimeter studies 

of ryegrass-white clover pastures. 

Urine rate 
(kg N ha-1) 

Application 
period 

Soil type/place Drainage 
(mm) 

NO3
- -N 

leaching 
(kg N ha-1) 

Reference 

600 Late-autumn Lismore stony silt 
loam/Hororata 

  115   146 (Matse et al. 
2022b) 

600 Late-autumn Immature orthic 
pumice 
soil/Palmerston 
North 

  121   290 

(Bishop and 
Jeyakumar 
2021) 600 Late-autumn Lismore stony silt 

loam/Canterbury 
  85   321 

775 Autumn Karatau loamy 
sand/Taupo 

  348   114 (Menneer et 
al. 2008) 

1000 Autumn Templeton fine 
sandy soil/Lincoln 

  430-500   300-416 (Malcolm et 
al. 2014) 

664 Autumn Templeton sandy 
loam/Lincoln 

  400-450   113 

(Woods et al. 
2018) 700 Autumn Templeton sandy 

loam/ Lincoln 
  400-450   113 

1000 Autumn Templeton fine 
sandy 
loam/Lincoln 

  550   629 (Di and 
Cameron 
2012) 

 

Nitrate leaching is generally high during the late-autumn, winter and early spring months when 

the plant uptake of NO3
- -N is low due to cooler conditions, and when drainage is occurring 

from soil due to water inputs exceeding the evapotranspiration demand (Cameron et al. 2013; 

Wild and Cameron 1980). Dry summers in NZ can result in high NO3
- -N accumulation in the 

soil surface due to low plant growth and low N uptake, and this NO3
- -N can be leached over 

the subsequent winter (Stout et al. 2000). Di et al. (1999) reported that application of 200 kg N 

ha-1 ammonium fertiliser (NH4Cl) in autumn resulted in N leaching of 15-19% of input 

compared to 8-11% when applied in spring. A lysimeter study conducted by Bjorneberg et al. 

(1996) on grass/clover (Lolium perennel/Trifolium repens) mixtures under sandy soils revealed 
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that the application of urea at 400 kg N ha-1 together with urine at 1000 kg N ha-1, increased 

the NO3
- -N leaching from 6 kg N ha-1 to 120 kg N ha-1 yr-1 when the seasons changed from 

summer to winter. In a study conducted by Wilcock et al. (1999), the total yield of N in the 

Toenepi catchment in the Waikato region increased from 0 to 35 kg ha-1 yr-1 when the seasons 

moved from summer to winter. This was a result of high-density animals depositing high 

amounts of urine during the dry summer that leached into streams during heavy winter rainfalls. 

The percentage of leached NO3
- -N in urine patches depends on several factors such as soil 

type, plant N uptake, soil temperature, amount of accumulated N in the soil (Bishop and 

Jeyakumar 2021; Di and Cameron 2002a; Wei et al. 2021). 

2.3 Environmental and health impacts of nitrate leaching from urine 

patches 

Nitrate leaching from urine patches in dairy pastoral systems is a serious environmental 

problem. In NZ, agricultural intensification over the last decades has significantly contributed 

to environmental issues such as NO3
- -N leaching. In NZ, the dairy industry is the main 

contributor to NO3
- -N leaching through urine patches. Leaching of NO3

- -N from these urine 

patches results to contamination of lakes, streams, rivers, and groundwater. According to the 

World Health Organization (WHO) and NZ standards, a NO3
- -N concentration higher than    

11.3 mg NO3
- -N L-1 in drinking water is hazardous to human and animal health. Higher  

NO3
- -N concentration in drinking water can lead to metamoglobinaea (blue baby syndrome) 

in babies and higher susceptibility to colorectal cancer (Richards et al. 2021). Apart from 

human health, concentrations of 0.4 mg NO3
- -N L-1 can also contribute to algal blooms and 

eutrophication in water bodies. This can have severe effects on water quality and freshwater 

ecology.  
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2.4 Key existing nitrate leaching mitigation strategies 

In the last few decades, different approaches have been developed and implemented to 

minimise N losses from grazed pastures. The dairy industry has been actively involved in 

implementing best practices and guidelines to try to reduce the environmental threat posed by 

N losses. 

2.4.1 Nitrification inhibitors  

Nitrification inhibitors are compounds which have the ability to reduce the conversion of NH4
+ 

-N to NO3
- -N in applied urine patches. The mechanism for nitrification inhibitors in reducing 

N losses has been associated with complete blocking of the active site of the AMO enzyme or 

by chelating with the Cu in soil solution thus reducing the substrate for the enzyme AMO, or 

by completely killing the soil microbes responsible for the nitrification process.  

Different compounds have been used and shown to have potential to inhibit nitrification, 

however, only a few products are commercially available. Inhibitors such as 1DMPP, 2DCD, 

and Nitrapyrin have been extensively applied and reviewed (Adhikari et al. 2021; Di and 

Cameron 2012).  

Zaman and Blennerhassett (2010) conducted a field lysimeter study in a Paparua silt loam soil 

under perennial ryegrass-white clover, applied with 600 kg N ha-1 urine during 2007-2008, and 

they found that application of DCD at 10 kg ha-1 significantly reduced NO3
- -N leaching by 

55%, and 10% in autumn and spring, respectively. Di and Cameron (2002b) reported that the 

application of urine at 1000 kg N ha-1 and DCD at 15 kg ha-1 significantly decreased  

NO3
- -N leaching by 42% and 76% in spring and autumn, respectively. Cameron et al. (2014), 

 
1 3,4-Dimethylpyrazole phosphate 
2 Dicyandiamide 
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investigated the effectiveness of applying DCD between April to July in a 3-year trial at a rate 

of 10 kg ha-1 to reduce NO3
- -N leaching from Templeton silt loam soil in Canterbury which 

received 700 kg N ha-1 synthetic urine. They reported that DCD reduced the NO3
- -N leaching 

by 48-69%. A field experiment conducted by McDowell and Houlbrooke (2009) showed that 

application of DCD at 15 kg ha-1 to triticale winter forage crop  which received 300 kg N ha-1  

as urine in May 2007 to May 2008, significantly reduced (P < 0.05) NO3
- -N leaching  by 39%.  

In a field lysimeter study conducted by Di and Cameron (2012) in Waikato Horitiu silt loam 

soil under mixed perennial ryegrass and white clover, applied with 1000 kg N ha-1 during  

late-autumn, they reported that application of DMPP at 5 kg ha-1 significantly reduced  

NO3
- -N leaching by 28% in late-autumn. Bishop and Jeyakumar (2021) reported that 

application of DMPP at 1.5 and 6 kg ha-1 reduced NO3
- -N leaching by 18 and 32% in Wairakei 

Pumice soil and by 13 and 29% in Stony Lismore soil in late-autumn, respectively. 

Even though inhibitors have proved effective and efficient in reducing N losses, the discovery 

of residual concentrations in the environment have limited their use. In 2012, around 19% of 

manufactured skim milk powder was detected with DCD residues (Ministry of Primary 

Industries 2013). Despite being there no international Codex limit for DCD residues in milk, 

companies voluntarily withdrew sales of DCD in 2013 to ensure no detectable residues in milk. 

Since the withdrawal of DCD sales in NZ, there has been a pause in the research and 

development of new products to reduce NO3
- -N leaching. Further, the unintended 

consequences of inhibitors such as DMPP and Nitrapyrin in soils, plants, animals systems, 

animal products and surrounding environments remain unknown (Adhikari et al. 2021) and 

these unknown consequences have  limited their adoption. 
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2.4.2 Use of alternative forages 

Researchers have highlighted the potential of certain plants such as Plantain (Plantago 

lanceolata) and Chicory (Cichorium intybus) to reduce N losses from livestock systems by 

several potential mechanisms, including: a reduction in excreta N concentration output (Bryant 

et al. 2017), and/ or through affecting nitrifier activity in the soil through secretion of plant 

exudates (Gardiner et al. 2018). Carlton et al. (2019) reported that inclusion of 30% plantain to 

perennial ryegrass white clover mixture grown in Paparua fine sandy loam soil, decreased  

NO3
- -N leaching by 82%, and 74% in December (summer) and February (late summer), 

respectively compared to 100% perennial ryegrass-white clover mixture (700 kg N ha-1 applied 

N concentration). Box et al. (2017) found that cows fed 100% plantain in late autumn 2015 and 

early spring 2015 excreted less urinary N concentration compared to cows feeding only pure 

perennial-white clover mixture. The authors stated that the reduction in urinary N concentration 

resulted in a 55 and 53% reduction in NO3
- -N leaching in late autumn and early spring, 

respectively. On the other hand, Mangwe et al. (2019) demonstrated that dairy cows grazing 

100% chicory in summer reduced urinary N concentration by 3.7-fold relative to cows grazing 

perennial ryegrass-white clover mixture. In an indoor feeding study conducted by Minneé et 

al. (2017) feeding dairy cattle a diet comprising of 40% chicory daily (dry matter intake) 

reduced urine N concentration by 38% relative to feeding perennial ryegrass-white clover only. 

Ledgard et al. (2015) reported that reduction in urine N concentration by 50% can correspond 

with a 65% reduction in N leaching rates. 

While previous studies have shown the benefits of forage crops in reducing NO3
- -N loss, a 

detailed study conducted by Stafford et al. (2016) describes how chicory and plantain can 

accumulate a higher Cd concentration when compared to other species. These authors found 

that chicory and plantain had a mean Cd concentration of 1.82 mg Cd kg-1 and 0.80 mg Cd  
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kg-1, respectively, which was significantly higher than 0.103 mg kg-1, and 0.035 mg kg-1 

accumulated by ryegrass and white clover, respectively. A drawback to these two species is the 

potential health risk they pose through the increased accumulation of Cd in the kidneys and 

livers of livestock and their subsequent entry into the food chain. Further, Nguyen et al. (2022b) 

and Glassey et al. (2013) demonstrated that the total pasture content of plantain and chicory 

significantly declines after two growing seasons. As an adaptation strategy, a review by Li and 

Kemp (2005) suggested that farmers may need to re-establish pasture after two growing 

seasons. Adoption of this management practice can be costly to farmers.  

2.4.3 Restricted grazing 

The objective of restricted grazing is to reduce the time spent by the animals grazing outside 

(Schils et al. 2006) to decrease dung and urine deposition into the soil (Ledgard et al. 2006; 

Luo et al. 2006). Collected excreta is instead collected from hard surfaces and then applied out 

to the pasture at targeted rates and optimum time when the risk for N losses is minimal.  

Christensen et al. (2019) reported allowing dairy cows to graze perennial ryegrass-white clover 

mixture for only 4 h during the day and night. This significantly reduced (P < 0.05) NO3
- -N 

leaching (52%) when compared to allowing them to feed 7 h a day and 12 h per night on a 

Pallic soil. De Klein et al. (2006) found that allowing dairy cows (2.7 cows ha-1) to graze 

perennial ryegrass-white clover mixture for only 3 h per day significantly reduced (P < 0.05) 

NO3
- -N leaching (40%) compared to when animals graze for 24 h during winter/autumn on 

Pukemutu Mottled Fragic Pallic soil. 

However, this system needs high financial investment in the building of infrastructure and 

buying supplementing feed, and widespread adoption would increase the cost of milk 

production in NZ (Laven and Holmes 2008). Furthermore, the management of the large 

quantities of farm effluent and manure in these systems is a challenge because approximately 
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80 % of NH3 emissions from agriculture are produced from effluent stores (Anderson et al. 

2003). 

2.4.4 Other strategies 

Several other studies have been conducted on different techniques such as: 

• Adding salts like sodium chloride to cows’ diet to increase water intake which is 

believed to increase the frequency of urination. This leads to deposit more urine patches 

with low N loading rate due to the dilution effect of urinary N (Ledgard et al. 2015; 

Spek et al. 2012).  

• Development of devices to spread urine as animals urinate to prevent the deposition of 

highly concentrated urine in patches (J. Hanly and M. Hedges, personal 

communication, 09 December 2022). 

However, all these studies are still under research, therefore there is a need to develop 

innovative and practical techniques that farmers can use to effectively mitigate the NO3
- -N 

leaching.  

2.5 Significance of Cu in the nitrification process 

Copper is one essential trace element needed for enzyme functioning in the nitrification process 

(Wagner et al. 2019; Zhao et al. 2022). Ammonia monooxygenase enzyme encoded in the 

amoA gene of the AOB/AOA is responsible for the first process of NH4
+ -N oxidation into 

NH2OH (Ayub et al. 2022; Musiani et al. 2020). Two lines of evidence suggest that Cu is the 

main cofactor of the AMO enzyme. Firstly, the presence of Cu-reducing compounds inhibits 

nitrification by reducing AMO activity, and secondly, addition of Cu to a Cu deficient 

environment increases the AMO activity in pure cell culture. For example,  Gwak et al. (2020) 
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reported that application of organic amendments into soil that can complex with Cu hinders 

nitrification, and further stated that this could be mitigated through the application of Cu 

containing amendments such as copper sulphate. Vandevivere et al. (1998) found that the 

presence of small amounts of Cu ligands in sewage significantly reduced the oxidation of   

NH4
+ -N in sewage, which might be due to the complexation reaction of Cu in AMO with the 

ligands. 

In an in-vitro experiment Ensign et al. (1993) investigated the effect of Cu addition on the 

function of the AMO enzyme produced by the nitrifying bacterium Nitrosomonas europaea. 

They reported that the addition of 0.13 mg ml-1 CuCl2 to cell extracts resulted in stimulation of 

both ammonia dependant O2 consumption and NO2
- production by 5-to-15 fold. Wagner et al. 

(2016) found that addition of 5 µg Cu L-1 resulted to 14-fold NH4
+ -N oxidation increase within 

57 days of application. Furthermore, Wagner et al. (2019) reported that an initial NH4
+ effluent 

concentration of 0.18 mg NH4
+ -N L-1 in water treatment sand filters was significantly 

decreased to 0.02 mg NH4
+ -N L-1 within 20 days after addition of a 1 µg Cu L-1 dose. However, 

all these studies are related to the application of Cu to water not soil. 

In an analysis of concentration of Cu application, there is no exact range evidenced in the 

literature which exclusively stimulates or inhibits nitrification (Table 2.2). For example, 

Tomlinson et al. (1966), found that 4 mg Cu L-1 gave approximately 75% inhibition of  

NH4
+ -N oxidation in pure culture of Nitrosomonas europaea, however, approximately 200 mg 

Cu L-1 was required to achieve the same effect in nitrifying activated sludge. At present, no 

studies have been conducted to analyse the effect of adding Cu-complexing organic material 

to reduce Cu bioavailability and subsequently reduce the nitrification process in agriculture.  
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Table 2.2 The effect of different Cu concentration on nitrification rate and activity of nitrifying bacteria. 

Cu Concentration range (mg L-1) Effect of Cu on nitrification and AMO function  Reference 
 0 - 0.56 In the presence of 0.06 mg Cu L-1, the pure cell culture of Nitrosomonas 

europaea  
Increased nitrite production by 91 % compared to control.  

(Loveless and Painter 1968) 

 0 - 0.006 Increasing Cu to less than 0.005 mg Cu L-1 significantly increased 
nitrification by approximately 14-folds 

(Wagner et al. 2016) 

0 - 0.5 Increasing Cu concentration from 0.05 to 0.1 mg Cu L-1 in cell culture of 
Arthrobacter arilaitensis (strain Y-10) significantly increased, 

• ammonia oxidation by 11.51% 
• Total nitrogen removal by 8.8% 
• Above 0.25 mg Cu L-1 inhibited growth  

(He et al. 2019) 

0 - 10 Increasing Cu from 0 to 10 mg Cu L-1 in cell culture of Cupriavidus sp.S1 
reduced nitrification rate by 33.69%. 

(Sun et al. 2016)  

Extractable Cu 0 – 6 In Cecil limed soil,  
• 1 mg extractable Cu L-1 stimulated soil nitrification compared to 

control. 
• Further increase in extractable Cu inhibited nitrification. 

(Cela and Sumner 2002) 

0.1  Nitrosomonas europaea in pure cell culture increased nitrification by 
approximately 10% compared to control. 

(Tomlinson et al. 1966)   

4  Nitrosomonas europaea in pure cell culture inhibited nitrification by 
approximately 75% relative to control.  

(Tomlinson et al. 1966) 

200  Nitrosomonas europaea in sludge inhibited nitrification by 75%. (Tomlinson et al. 1966) 
Note: Cu concentration refers to added Cu unless specified.  
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2.6 Manipulating bioavailable Cu as an alternative strategy to reduce 

nitrification 

Several incubation and in-vitro studies in literature have established that Cu is an important 

element in the nitrification process. However, there are no field studies which have been 

conducted to assess how changes in bioavailable Cu in soil can influence nitrification rate. 

There is a clear need to establish studies that explore how reducing bioavailable Cu can affect 

the functioning of the nitrifying microorganisms in soil. Reducing bioavailable Cu can reduce 

the available Cu for the AMO activity which is responsible for the first step thus inhibiting the 

oxidation of NH4
+ -N to NO3

- -N.  However, the effectiveness and efficiency of this technique 

highly depends on the Cu-reducing amendment applied functional groups. Functional groups 

are a specific group of atoms or bonds within compound that is for the characteristic’s chemical 

reactions of that compound (Blondel 2003). Therefore, amendments with a high number of 

functional groups can be more effective than compounds with less functional groups and which 

are highly degradable in soil. No study in literature was found to have tested this potential 

technique of reducing bioavailable Cu to inhibit nitrification. This could be a potential cost-

effective strategy for reducing NO3
- -N leaching in dairy systems. 

Several amendments in literature have been discussed to reduce Cu bioavailability in soil. 

Synthetic compounds such as Ethylenediaminetetraacetic (EDTA) and Diethylenetriamine 

pentaacetate (DTPA) have been widely studied and applied (Chen et al. 2022). These chemical 

compounds can react with Cu in soil and form stable complexes with Cu (Lv et al. 2018). 

Several studies have demonstrated that these compounds can efficiently reduce metal 

concentration in soil. However, they are extremely expensive to be used in large quantities 

(Allen and Chen 1993). Furthermore, they have long term soil residual effects which can alter 

soil properties (Zupanc et al. 2014), soil microbial community (Kaurin et al. 2021), and soil 
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mineral composition (Guo et al. 2019; Zhang et al. 2013). Therefore, this review focusses on 

potential organic amendments that can be applicable in agriculture with less residual effect or 

without causing detrimental effects to plant growth.   

2.7 Cu-complexing compounds  

Copper-complexing organic compounds consists of different functional groups such as 

carboxyl (-COOH), hydroxyl (-OH) and phenol which can form stable complexes with metals 

ions in the soil (Yan et al. 2013). Humic and fulvic acid are the two most studied organic 

compounds in agricultural systems (He et al. 2016). 

Soler-Rovira et al. (2010) found that the Cu-complexing ability of humic acid increased with 

an increase in functional groups and emphasised that acidic functional moieties such as N, S 

and O in humic acid play an important role in Cu behaviour. Li et al. (2010) studied the 

adsorption of Cu and Zn from aqueous solution to humic acid and found that Cu adsorption 

greatly increased by 15.7 % when compared to the control after 3 h of incubation with 4 mg  

L-1 of humic acid (pH 5) at 20 ℃. Ali et al. (2015) studied the effects of fulvic acid application 

on the alleviation of chromium (Cr) toxicity in wheat plants grown in sand and soil pots. They 

found that after 4 months, addition of fulvic at 1.5 mg L-1 concentration significantly (P <0.05) 

reduced the Cr concentration in all parts of wheat when compared to non-treated soils. 

The Cu-complexing compounds formed through polymerisation of low molecular weight 

organic acids have also been used to reduce Cu bioavailability in soil. Qiu and Mao (2013) 

found that the removal efficiency of Cu2+ from an aqueous solution was increased as much as 

98% by using the copolymer of maleic acid and acrylic acid (PMA-100) at 10 mg L-1 

concentration. The authors observed that the binding affinity of PMA-100 with trace metal ions 

decreased in the order Cu2+ > Zn2+ >Ni2+ > Mn2+, indicating that Cu2+ has the highest affinity 
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towards PMA-100. Xia et al. (2019) compared the removal efficiencies of  

carboxy-alkylthiosuccinic acid (CETSA), a co-polymer of maleic acid and acrylic acid 

(MA/AA) and ethylenediamine tetraacetic acid (EDTA) in the amelioration of Cd2+, Pb2+, and 

Zn2+ toxicity at different application concentrations. They found CETSA to show the greatest 

efficiency of the three absorbents in reducing heavy metal at a concentration of 100 mg L-1. 

Suanon et al. (2016) reported that application of N, N-Bis (Carboxymethyl) glutamic acid at a 

concentration of 100 mg L-1 resulted in free Cu ion removal efficiency of 81.2% from sewage 

sludge at equilibrium (pH=3.3). These studies provide evidence that the application of organic 

compounds can influence the availability of Cu in the soil. 

2.7.1 Possible unintended consequences of using organic compounds  

The following consequences might result from the application of organic compounds: 

1) Copper deficiency in NZ soils is an existing concern and farmers spend money on 

providing livestock with Cu supplements. Therefore, reducing bioavailable Cu in the 

soil might further worsen the Cu deficiency in pasture. 

2) Applied organic compounds might complex with other micronutrients in the soil thus 

reducing plant growth, pasture nutrition uptake, and pasture yield. 

3) These organic compounds might have residual toxic effects on plant growth and the 

microbial community in the soil which might affect nutrient cycling in the soil. 

2.8 Gibberellic acid  

Since the NO3
- -N leaching is a serious issue during periods of low plant N uptake and growth 

due to cooler temperatures, there is a need to complement the effect of inhibitors in pasture 

systems. Some studies have suggested that exogenous application of a plant growth stimulant, 

GA, can help to increase plant N uptake in periods of low plant growth (Matthew et al. 2009; 
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Parsons et al. 2013). Gibberellic acid is a plant stimulant first discovered in Japan (1935) and 

has been identified to be responsible for plant stem and leaves elongation (Matthew et al. 2009). 

Several studies have shown increased growth and dry matter accumulation induced by GA 

application in pasture (Table 2.3). For example, the application of GA at 20 g GA ha-1 increased 

pasture DM yield by 13-107% relative to control in five different experimental sites (Zaman et 

al. 2014). Parsons et al. (2013) and Zaman et al. (2014) have reported that the application of 

GA is more effective when applied in cooler temperatures  than in summer periods.   

Although several studies have demonstrated the potential of GA to increase plant growth, there 

are no studies that have investigated the use of GA as a complimentary plant stimulant with 

Cu-complexing compounds used to reduce NO3
- -N leaching in pasture systems. This lack of 

information in literature presents an opportunity for the current research study to explore how 

GA can be applied to improve the potential of organic compounds to reduce NO3
- -N leaching 

in pastoral systems. 

Table 2.3 Effect of GA application on pasture growth. 

Pasture  Soil type (Place) GA rate  
(g GA ha-1) 

Effect of GA on 
pasture DM yield 
relative to control 
(% increase) 

Reference 

Perennial 
ryegrass-white 
clover mixture  

Wakanui silt loam 
(Canterbury) 

8 45-74 (Bryant et al. 
2016) 

     

Perennial 
ryegrass-white 
clover mixture 

Silt loam (Lincoln) 20 18.31 

(Zaman et al. 
2014) 

Lismore Silt loam 
(Ashburton) 

20 106.67 

Pukemutu Pallic soil 
(Alexandra) 

20 31.69 

Whakapara silt loam 
(Whangarei) 

20 24.92 

Brunt silt loam 
(Matamata) 

20 12.96 

     
Perennial 
ryegrass-white 
clover mixture 

Paparua sandy loam 
(Canterbury) 

24 39 (van Rossum et 
al. 2013) 
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2.9  Summary and knowledge gaps 

Literature evidence shows that urine patches in dairy-grazed pasture soils are the main factor 

of NO3
- -N leaching and a source of serious environmental problems such as water pollution. 

Even though several mitigation strategies have been applied to reduce NO3
- -N leaching from 

urine patches, there is no fully adopted strategy implemented at the field level. Therefore, there 

is still an urgent need to underpin new strategies that can be adopted by farmers at the field 

level to reduce NO3
- -N leaching while also increasing their production. This literature survey 

indicated that NO3
- -N is a product of the nitrification process, initiated by the oxidation of 

NH4
+ -N to NH2OH. Previous studies have demonstrated that this first step of NH4

+ -N 

oxidation is catalysed by the AMO enzyme and Cu is the main co-factor in its functioning. 

However, studies have only analysed the effect of Cu on nitrification in water treatment plants, 

not in soils. Specifically, no studies have investigated the significance of Cu in influencing the 

nitrification process and the AOB/AOA amoA genes in NZ pastoral soils. The literature review 

also identified a need to characterise the relationship between Cu and the nitrification process 

in soils.  

Since Cu is a critical element for the functioning of the AMO enzyme, the complexation of Cu 

with Cu-complexing organic compounds in soil may limit NH4
+ -N oxidation. Available 

literature suggests that the presence of Cu ligands in water treatment plants has reduced NH4
+ 

oxidation. However, no studies have explored this strategy of applying Cu-complexing 

compounds to limit nitrification rate in agricultural systems. Literature has demonstrated that 

several organic compounds can be used to reduce bioavailable Cu in soils. Among these, the 

application of compounds with low-cost and no or low residual effects, such as LS and  

PA-MA, is more desirable. Therefore, LS and PA-MA can be applied to the soil as Cu-

complexing compounds. However, there is no study found in the literature investigating the 
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effect of reducing bioavailable Cu through the application of LS and PA-MA as a strategy to 

minimise NO3
- -N leaching in urine patches.  

The review of literature has also shown that the effectiveness of inhibitors in the soil is reduced 

by poor plant growth due to cool winter temperatures. The reduction in plant N uptake results 

in available N in the soil which becomes susceptible to leaching during drainage events. To 

overcome this challenge, literature shows that the application of a plant stimulant such as GA 

could enhance plant N uptake even under cool temperatures. However, no study has examined 

the co-treatment application of GA with organic compounds as a complementary strategy in 

terms of reducing NO3
- -N leaching. It is therefore important to investigate the effect of 

combining GA and organic compounds to achieve effective N use efficiency.  

2.10 Research questions 

The literature survey has identified key knowledge gaps that limit understanding of how 

manipulating bioavailable Cu can be applied as a strategy to reduce NO3
- -N leaching in dairy 

pastoral systems. The overall aim of this research is to investigate the significance of Cu in the 

nitrification process and determine how manipulating bioavailable Cu through the application 

of LS and PA-MA can influence the nitrification process and the abundance of  

ammonia-oxidizing microorganisms in soil. The research work in this PhD thesis has been 

designed to address three identified knowledge gaps.  

The first knowledge gap is lack of understanding in the relationship between bioavailable Cu, 

nitrification rate, and the AOB/AOA amoA gene abundance in the soil. The following specific 

questions have been identified to address this research gap: 

1. How does increasing bioavailable Cu in soil influence the nitrification rate in soil? 

2. Do soil characteristics influence bioavailable Cu concentration? 
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3. Does increasing bioavailable Cu in soil influence the AOB/AOA amoA gene 

abundance? 

4. Which ammonia-oxidizing microorganisms are impacted by increasing bioavailable Cu 

in soil? 

5. Does the application of LS and PA-MA reduce bioavailable Cu in soil? 

6. Does bioavailable Cu reduction influence the nitrification rate and AOB/AOA amoA 

gene abundance in soil? 

The second knowledge gap relates to the need to investigate the effect of reducing bioavailable 

Cu concentration as a strategy to minimise NO3
- -N leaching in urine patches. The following 

questions have been identified to understand this research gap.  

1. Can the application of LS and PA-MA reduce bioavailable Cu in a field environment? 

2. Can the reduction in bioavailable Cu have an impact on the nitrification rate and 

AOB/AOA amoA gene abundance under field conditions?  

3. Does the reduction in bioavailable Cu by LS and PA-MA correspond with a reduction 

in NO3
- -N leaching under field conditions? 

4. Is the effect of LS and PA-MA on reducing NO3
- -N leaching the same under different 

soils and climatic conditions?  

5. What is the effect of LS and PA-MA on pasture growth?  

The third knowledge gap is the limited studies that investigated the co-treatment application of 

GA with LS as a complementary strategy to enhance the effectiveness of LS in reducing  

NO3
- -N leaching. The following questions have been identified to address this research gap: 

1. Does the external application of a plant stimulant increase pasture N uptake? 

2. Is there any difference in pasture N uptake between GA and LS combined compared to 

a single application of either GA or LS? 
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3. In which season does the combination of GA and LS perform exceptionally well? 

4. How does the combination of GA and LS perform in different soils and climatic 

conditions? 

The experimental Chapters in this research have been executed to provide more understanding 

of the above research gaps and further explore possible answers (where possible) to the specific 

questions. 
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CHAPTER 3  

Bioavailable Cu can influence nitrification rate in New 

Zealand dairy farm soils 

This chapter was published in the Journal of Soils and Sediments in 2021. Citation: 

Matse, D.T., Jeyakumar, P., Bishop, P., and Anderson, C. W. N., (2022). Bioavailable Copper can 
influence nitrification rate in New Zealand farm soils. Journal of Soils and Sediments. 22(3), 916-
930. doi: 10.1007/s11368-021-03113-8.  

The literature survey in Chapter 2 demonstrated that the AMO enzyme is responsible for the 

first step of NH4
+ -N oxidation to NH2OH, and Cu is the main-cofactor in AMO enzyme 

activity. However, there is limited literature that explains the relationship between Cu and 

nitrification rate in agricultural soils. Therefore, Chapter 3 aims to characterise the relationship 

between bioavailable Cu concentration and nitrification rate in different soil types. 

Manipulating soil bioavailable Cu concentration using different organic compounds is also 

examined in this Chapter.  

Graphical abstract 

 

https://doi.org/10.1007/s11368-021-03113-8
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Abstract 

The AMO enzyme catalyses the first step of NH4
+ oxidation into NH2OH, and Cu is the main 

co-factor in its functioning. It is hypothesised that bioavailable Cu in soil is a limiting factor 

for nitrification and that an increase in bioavailable Cu will increase nitrification, while a 

reduction in bioavailable Cu, induced through the application of Cu-complexing compounds, 

will reduce nitrification. Hence, this study aimed to characterise the relationship between 

bioavailable Cu concentration and nitrification rate in dairy grazed pasture systems. An 

incubation study was undertaken using three contrasting soils (Pumice, Pallic, and Recent soils) 

and organic compounds. The three soils were spiked with five levels of Cu (0.1, 0.3, 0.5, 1, and 

3 mg kg-1) and incubated for 14 days before amendment with treatments. Four treatments were 

separately applied to each Cu level: urea only (300 mg N kg-1), dicyandiamide (DCD) (10 mg 

kg-1) + urea, calcium lignosulphonate (LS) (120 mg kg-1) + urea, and co-poly acrylic-maleic 

acid (PA-MA) (10 mg kg-1) + urea. After 4 and 8 Days of incubation, the soil was extracted 

and analysed for bioavailable Cu and mineral N (NO3
- -N, NH4

+ -N) to establish the effect of 

bioavailable Cu on nitrification rate. The dose response of nitrification rate to Cu was also 

computed. The nitrification rates at Day 8 significantly (P < 0.05) increased by 35, 22, and 

33% in the Pumice, Pallic, and Recent soils, respectively when the soil added Cu increased 

from 0.1 to 3 mg kg-1. Application of LS and PA-MA significantly (P ˂ 0.05) decreased 

nitrification rate with the mean reduction being 59 and 56%, 32 and 26%, and 39 and 38% in 

the Pumice, Pallic, and Recent soils, respectively at Day 8 relative to the urea-only treatment. 

These results indicated that increasing bioavailable Cu significantly increased nitrification rate 

and suggested that the application of Cu-complexing compounds to soil could potentially 

mitigate the positive effect of soil Cu on nitrification rate and underpin new advances in the 

development of nitrification inhibitors. 

Key words: Nitrification; Cu-complexing; Bioavailable Cu; Organic compounds. 
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3.1 Introduction 

New Zealand dairy production is based on a pastoral system where animals graze N-rich 

pastures mainly composed of white clover (Trifolium repens L.) and perennial ryegrass (Lolium 

perenne L.). Excess protein N ingested by dairy cows is excreted in urine (Kebreab et al. 2001) 

and this results in urine patches. The N load in urine patches on an average NZ dairy farm 

ranges from 200 to 2000 kg N ha-1  (Di and Cameron 2002a; Selbie et al. 2015) and this high 

application rate can exceed the N requirements of pasture (Cai and Akiyama 2016; Smith et al. 

1985). This excess N can leach through the soil as NO3
- -N in drainage water and contaminates 

both ground and surface water (Bishop and Jeyakumar 2021). Urine patches are therefore hot 

spots of N losses in grazed pasture systems and previous research has shown that urine patches 

are the dominant source of N leaching in the NZ environment (Ledgard et al. 2009). To reduce 

NO3
- -N leaching a range of mitigation approaches have been proposed, including; the 

application of nitrification inhibitors to soil (e.g. DCD and DMPP), the use of low protein N 

forage species such as plantain (Plantago lanceolatae L.) and chicory (Cichorium intybus L.), 

and restricted grazing (Carlton et al. 2019; Christensen et al. 2019; Dai et al. 2013; Mangwe et 

al. 2019). However, these mitigations have encountered problems in their widespread 

application to farm systems.  For example, while inhibitors have proved effective in reducing 

NO3
- -N leaching, the discovery of residues in milk and dairy products has effectively excluded 

their use in grazed pastures (Marsden et al. 2015; Pal et al. 2016). For chicory and plantain, 

research conducted by Stafford et al. (2016) showed that these two forages accumulate 

significantly higher cadmium (Cd) concentrations than ryegrass and clover, from even low Cd 

soils, and this has raised questions over the potential risk of increased transfer of Cd to animals 

grazing these forage crops. Current approaches therefore have several constraints, and further 

exploration of mitigation strategies to reduce NO3
- -N leaching is necessary.  
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Nitrification is a critical process in the N cycle which involves the oxidation of NH4
+ -N into 

NO3
- -N via NO2

-. The NH4
+ -N oxidation in nitrification is performed by two distinct nitrifying 

groups known as AOB and AOA (Gwak et al. 2020; Prosser and Nicol 2012). During 

nitrification NH4
+ -N is first oxidised to NH2OH by the AMO enzyme. Hydroxylamine is then 

oxidized to NO2
- by the hydroxylamine oxidoreductase enzyme and to NO3

- -N by the nitrite 

oxidoreductase enzyme (Preena et al. 2021). Nitrification in soil is dependent on AMO activity 

which is responsible for the first step of this reaction (Arp et al. 2002; Li et al. 2018; Tao et al. 

2017). Literature evidence shows that the enzyme AMO contains an active Cu site and 

therefore Cu is a main cofactor for AMO activity (Gorman-Lewis et al. 2019; Wagner et al. 

2019). Ensign et al. (1993) reported that the addition of 0.13 mg mL-1 CuCl2 to cell culture of 

Nitrosomonas europaea resulted in the stimulation of both NH4
+ -N reduction and NO2

- 

production by 5-to-15 fold. Wagner et al. (2016) demonstrated that addition of up to 0.005 mg 

L-1 Cu stimulated nitrification in a drinking water production plant. Further, other studies have 

observed that Cu deficiency in wastewater treatments results to low NH4
+ -N oxidation (Bédard 

and Knowles 1989; Vandevivere et al. 1998).  

Several compounds such as ethylenediaminetetraacetic acid (EDTA) and diethylenetriamine 

pentaacetate (DTPA) have been shown to reduce the concentration of soil soluble and 

extractable Cu (often referred to as bioavailable Cu) in soils by forming complexes with Cu 

(Pinto et al. 2014; Xu et al. 2020). However, studies have identified these compounds as 

expensive and residual levels in soil are associated with environmental concerns (Jez and 

Lestan 2016). Organic compounds such as humic acid and co-polymers of maleic and acrylic 

acid have also been demonstrated to complex with Cu in soil (dos Santos et al. 2020; He et al. 

2016) via carboxyl (-COOH) and hydroxyl (-OH) functional groups (Xia et al. 2019; Yan et al. 

2013; Yang and Hodson 2019). The hypothesis of this study was that these compounds could 

be used to reduce the bioavailable Cu concentration in soil and therefore inhibit AMO enzymic 



34 
 

activity, and consequently nitrification rate.  However, limited studies have examined the effect 

of bioavailable Cu concentration on nitrification rate in soils, and no previous research has 

explored the potential for the use of Cu-complexing organic compounds to mitigate N loss in 

NZ pastoral soils.  

The current research work was therefore conducted to examine (a) the effect of organic 

compounds on soil bioavailable Cu concentration, (b) the effect of bioavailable Cu on 

nitrification rate, and therefore (c) the effect of organic compound amendments on nitrification 

rates in pastoral soils. 

3.2 Materials and Methods  

Two incubation experiments were conducted to achieve the objectives of this work. The first 

incubation was a preliminary experiment (without Cu addition) to determine the effect of  

Cu- complexing compounds on the bioavailable Cu concentration in two soils (Pumice and 

Pallic soils). The second incubation (with Cu addition) investigated the effect of Cu and  

Cu-complexing compounds on nitrification rate using three soils (Pumice, Pallic, and Recent 

soils). 

3.2.1 Effect of organic compounds on native soil bioavailable Cu 

3.2.1.1 Soil collection and characterization 

Bulk samples of topsoil were collected (0-20 cm depth) from two dairy farms located in the 

Wairakei (38°33'0.60"S, 176°13'43.97"E) and Canterbury (43°34'13.15"S, 171°55'47.33"E) 

regions of NZ. The deeper soil sampling depth represented the average effective rooting depth 

of some pasture species like white clover in different soils (Talbot et al. 2021). These soils 

were representative of the Orthic Pumice Soil (Wairakei) and Pallic Firm Brown (Canterbury) 

soil orders of NZ (Typic Udivitrand and Typic Dystrustept, respectively in the US Soil 



35 
 

Taxonomy Classification; (Hewitt 2010)). Field moist soil was sieved immediately after 

collection through a <2-mm stainless sieve and stored at ˂4 ℃ before further use. Soil physio-

chemical parameters were measured on a sub-sample of fresh soil (Table 3.1). Gravimetric soil 

water content was calculated after oven-drying at 105 ℃ for 48 h. Soil pH was determined at 

a soil: water suspension ratio of 1:2.5 using a pH meter (acumen 910, Fisher Scientific Ltd, 

Pittsburgh, PA, USA). Extractable aluminium (Al) and iron (Fe) were measured using the acid 

ammonium oxalate extraction method (Blakemore 1987) with analysis  performed using  MP-

AES (4200 MP-AES, Agilent, USA). Soil cation exchange capacity (CEC) was measured using 

the semi-micro leaching method (Blakemore 1987) with analysis using MP-AES (4200 MP-

AES, Agilent, USA). The total soil N and carbon (C) content was quantified on ring-ground 

soil using a Vario MACRO cube CHNS elemental Analyser (Elementa Anlysensysteme Gmbh, 

Hanau, Germany). 

Table 3.1 Selected chemical properties of Pumice, Pallic, and Recent soils used in the study. 

Soil parameters    Pumice soil  Pallic soil  Recent soil 

Soil pH (H2O)  5.80 ±0.03  5.00 ±0.03  5.80 ±0.03 

%Fe  0.31 ±0.01  0.43 ±0.01  0.20 ±0.01 

%Al  0.97 ±0.03  0.38 ±0.01  0.06 ±0.01 

%C  3.77 ±0.12  4.12 ±0.02  0.53 ±0.03 

%N  0.22 ±0.01  0.37 ±0.01  0.08 ±0.01 

CEC1 (cmolc kg-1)  21.10 ±0.59  9.10 ±0.59  11.90 ±0.59 

NH4
+ (mg kg-1)  1.50 ±0.50  16.05 ±3.03  1.04 ±0.38 

NO3
- (mg kg-1)  71.55 ±3.71  200.26 ±10.41  28.98 ±3.61 

Bioavailable Cu (mg kg-1)  0.27 ±0.01  0.15 ±0.01  0.13 ±0.01 

WHC2 (%)  80.03 ±0.01  45.34 ±0.01  31.02 ±0.01 
1Cation Exchange Capacity (CEC), 2Water Holding Capacity (WHC), and numbers after ± are standard 
deviation (n = 5). 
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3.2.2 Treatment application and soil analysis 

Ten grams of field moist soil was added into replicate 50 ml centrifuge tubes and treated with 

one of five chemicals to complex with Cu: control (water), DCD at 10 mg kg-1, LS at 120 mg 

kg-1, poly maleic acid (PMA) at 10 mg kg-1, and PA-MA at 10 mg kg-1.  In this study we used 

120 mg kg-1 of LS based on results from a previous study by Bishop and Jeyakumar (2021). 

They found that 120 kg LS ha-1 was the potential application rate. All application rates were 

calculated on a dry weight basis. Each treatment was replicated three times, and in total 30 

centrifuge tubes were used for this experiment, considering two sampling time periods. The 

treated soils were incubated at <4℃ to minimise microbial activity such as mineralisation of 

organic matter, which could potentially use Cu in soil during this process. The soil was 

maintained at 60% water capacity throughout the incubation period. Sampling was performed 

at Days 3 and 7 after the application of treatments by extracting the whole 10 g soil in the 

centrifuge tube with 30 ml 0.05 M CaCl2. The Cu concentration in the extract solution 

(bioavailable Cu) was quantified using graphite furnace atomic absorption spectrophotometry 

(900Z PerkinElmer, PinAAcle). 

3.2.3 Effect of Cu and Cu-complexing compounds on nitrification rate 

3.2.3.1 Soils 

Three dominant NZ pasture soil types with contrasting soil characteristics (Pumice, Pallic, and 

Recent soils) were selected for this second incubation. In addition to the soils used in the 

preliminary incubation, Manawatu Recent soil (Dystric Fluventic Eutrudept according to US 

Soil Taxonomy Classification; (Hewitt 2010)) was collected from the dairy No.1 farm, Massey 

University, Palmerston North (40°23'0.95"S, 175°36'36.16"E). Soil chemical analysis were 

undertaken as described in section 3.2.1.1. 
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3.2.3.2 Treatments 

Subsamples of field moist soil (10 g) were separately spiked with a calculated amount of copper 

sulphate (CuSO4.5H2O) in replicate 50 ml centrifuge tubes to achieve 5 Cu treatments; 0.1, 0.3, 

0.5, 1, and 3 mg Cu kg-1 with thirty samples (5 treatments*3 replicates*2 sampling times) per 

treatment in each soil. This Cu concentrations were proposed based on literature survey  

(Table 2.2) (Cela and Sumner 2002; He et al. 2019; Tomlinson et al. 1966). The treated soils 

were then incubated for 14 days at 25 ℃ to equilibrate Cu with the soil matrix. Each Cu 

treatment for each soil was subsequently amended with five different treatments; control (only 

Cu), N applied as urea at 300 mg N kg-1, DCD at 10 mg kg-1 + 300 mg N kg-1 as urea, LS at 

120 mg kg-1 + 300 mg N kg-1 as urea, and PA-MA at 10 mg kg-1 + 300 mg N kg-1 as urea. DCD 

was used as a standard reference material for nitrification reduction (Di and Cameron 2002b; 

Di et al. 2007). The tubes were loosely closed and further incubated for 8 days at 25 ℃, and 

bioavailable Cu and mineral N was measured at Days 4 and 8.  

3.2.3.3 Bioavailable Cu and mineral N extraction 

For each 10 g soil in an incubation tube, 30 ml of 0.05 M CaCl2 was added, and bioavailable 

Cu extracted in an end-over-end shaker for 2 h. The solution was centrifuged at 1100 g for 10 

min and the supernatant was filtered through Whatman 42 filter papers. The residual soil after 

centrifuging was further extracted for NH4
+ -N/NO3

- -N measurement. Briefly, 30 ml of 2 M 

KCl was added and NH4
+ -N/NO3

- -N was extracted with the same procedure used for 

bioavailable Cu. Both extractants were stored at <4 ℃ and analysed within three days. 

Bioavailable Cu was analysed using graphite furnace atomic absorption spectrophotometry 

(900Z PerkinElmer, PinAAcle). Soil extracted NH4
+ -N and NO3

- -N concentrations were 

analysed in the CaCl2 and KCl extract supernatant using Technicon autoanalyzer (Blakemore 
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1987). Concentrations in each extract were summed to calculate the extractable concentration 

of NH4
+ -N and NO3

- -N. 

3.2.3.4 Net nitrification rate calculation 

Net nitrification rate was calculated using equation 3.1 based  on the work of Chen et al. (2015):  

𝑁𝐻4
+ − 𝑁 𝑘𝑔−1 𝑑𝑎𝑦−1  =  (𝑁𝐻4

+−𝑁)𝑑4−(𝑁𝐻4
+ −𝑁)𝑑8

𝑡
                                          Equation 3.1                          

Where (NH4
+ -N)d4 is the extracted NH4

+ -N concentration at Day 4, (NH4
+ -N)d8 is the extracted 

NH4
+ -N concentration at Day 8, and t is the number of days between the two sampling dates. 

3.2.3.5 Dose response curve 

The dose response of nitrification rate on bioavailable Cu and added Cu was assessed using the 

dose response software of origin 9.0 according to equation 3.2 outlined by Dawson et al. 

(2012): 

𝑦 = 𝐴1 + 𝐴2−𝐴1
1+𝑒(𝑙𝑜𝑔𝑥0−𝑥)∗ 𝑐                                                    Equation 3.2       

Where y is the % increase in nitrification rate; A1 is the bottom asymptote (minimum value); 

A2 is the top asymptote (maximum value); logxo is the log to base 10 of the Cu concentration, 

x is the EC50, and c is the fitting parameter. 

3.2.3.6 Quality control measures 

All laboratory equipment was cleaned with 2% HCl overnight, followed by deionized water, 

and dried before use. Two certified standard reference materials were used for quality control: 

National Institute of Standards and Technology SRM 2710a, Montana soil (3420 ±0.005 mg 

Cu kg-1); and SRM 1573a, tomato leaves (4.70 ± 0.14 mg Cu kg-1). The mean Cu concentration 
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in the Montana soil and Tomato leaves was within 93.8-97.0% and 91.8-95.6%, of the certified 

values, respectively. 

3.2.4 Statistical analysis 

All results presented in this work were analysed and tested for normality using SPSS ver. 24.0 

(SPSS Inc., USA) statistical software and significant differences between treatment means 

were performed using Turkey test. Linear regression analysis was performed using SPSS 

regression model. Graphs were drawn using SigmaPlot® ver.14.0 (Systat Software Inc., San 

Jose, CA, USA). 

3.3 Results 

3.3.1 Effect of organic compounds on reducing native soil bioavailable Cu  

Incubation with DCD, LS, PMA, and PA-MA significantly (P < 0.05) reduced the bioavailable 

Cu concentration of the Pumice soil by 8, 17, 26, and 31%, respectively at Day 3, and by 12, 

66, 52, and 61%, respectively at Day 7 when compared to the control treatment (Figure 3.1). 

Similarly, for the Pallic soil, application of DCD, LS, PMA, and PA-MA significantly  

(P < 0.05) reduced the bioavailable Cu concentration by 9, 43, 41, and 30%, respectively at 

Day 3 and by 10, 66, 48, and 52%, respectively at Day 7 when compared to control (Figure 

3.1). Based on the results from this experiment, LS and PA-MA were selected for further 

testing of their potential to inhibit nitrification through reducing bioavailable Cu concentration. 

3.3.2 Reduction in bioavailable Cu concentration during the nitrification experiment 

The control treatment (Cu only) showed significantly (P < 0.05) higher levels of bioavailable 

Cu concentration in soil solution compared to the other treatments at each Cu treatment level 

in the Recent soil, and when greater than 0.5 mg Cu kg-1 was added to the Pumice and Pallic 
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soils (Figure 3.2). Addition of urea significantly (P < 0.05) reduced the bioavailable Cu 

concentration relative to the control for an added Cu concentration of 0.3 mg kg-1 and greater 

in the Pallic and Recent soils, and 0.5 mg kg-1 and greater in the Pumice soil (Figure 3.2). When 

compared to the urea-only treatment, application of DCD induced a further significant  

(P < 0.05) decrease in bioavailable Cu concentration for all three soils on both Days 4 and 8 

when the added Cu concentration was greater than 1 mg Cu kg-1. Generally, application of LS, 

and PA-MA induced a significant (P < 0.05) decrease in bioavailable Cu concentration for the 

1 and 3 mg added Cu kg-1 treatments in all three soils in comparison to urea-treated soils, with 

the order of decrease being LS > PA-MA on both Days 4 and 8. Overall, significant differences 

due to treatment effect were observed for the higher added Cu concentration levels in all three 

soils. 
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Figure 3.1 Effect of DCD and organic compounds on the bioavailable Cu concentration in the Pumice 
and Pallic soil. Vertical error bars indicate standard deviation of means (n = 3). Different letters indicate 
significant differences among treatments with same sampling day. 
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Figure 3.2 Bioavailable Cu concentration for the Pumice, Pallic, and Recent soils on Day 4 (a) and Day 
8 (b) as a function of added DCD and organic compounds after urea application. Vertical error bars 
indicate standard deviation of mean (n = 3). 
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3.3.3 Effect of adding Cu and HMWOAs on mineral N concentrations 

3.3.3.1 NH4
+ - N concentrations 

The increasing Cu concentration in the Pumice soil was associated with a significant decrease 

in the NH4
+ -N concentration for the urea-only treatments at Day 4 (Figure 3.3). However, there 

was no significant (P > 0.05) decrease in NH4
+ -N concentrations in the Pallic and Recent soils 

for the urea-only treatments as a function of increasing Cu concentrations at Day 4. At Day 8 

there was a significant reduction (P < 0.05) in the extracted NH4
+ -N concentration in all three 

soils amended with urea only, for an added Cu concentration of 0.1-3 mg kg-1. 

At Day 4 there was no significant difference in NH4
+ -N concentration between the DCD, LS, 

and PA-MA treatments and the urea-only treatment in the Recent soil, although for the Pallic 

and Pumice soils a significantly (P < 0.05) greater NH4
+ -N concentration was recorded for 

these treatments at Day 4 relative to urea-only for soils where the added Cu concentration was 

0.5 mg kg-1 and greater (Figure 3.3). DCD significantly (P < 0.05) increased the NH4
+ -N 

concentration in extracts by an average of 114, 41, and 52% in the Pumice, Pallic, and Recent 

soils, respectively, at Day 8 over the urea-only treatment. The increase in NH4
+ -N 

concentration induced by the LS and PA-MA treatments relative to urea at Day 8 was lower 

than for DCD, but significant (P < 0.05) with average values of 59 and 56% for Pumice, 32 

and 26% for Pallic, and 39 and 38% for the Recent soil, respectively. Overall, DCD resulted in 

a significantly (P < 0.05) higher NH4
+ -N concentration relative to LS and PA-MA in the 

Pumice soil, but no significant differences were observed in the Pallic and Recent soils.  
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Figure 3.3 NH4
+ -N concentration in extract from the Pumice, Pallic, and Recent soils on (a) Day 4 and 

(b) Day 8 as a function of added Cu, DCD, and organic compounds. Vertical error bars indicate standard 
deviation of means (n = 3). 
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3.3.3.2 NO3
- -N concentration 

Application of Cu to all three soils (Pumice, Pallic, and Recent soils) had no significant effect 

on the NO3
- -N concentration at Day 4 for the urea-only treatment. Similarly, no applied 

treatments induced a significant change in the extracted NO3
- -N concentration at Day 4 relative 

to the urea-only treatment (Figure 3.4). At Day 8 there was no significant effect of Cu on the 

NO3
- -N for the Pallic soil, but in the Recent and Pumice soils increasing Cu concentration was 

associated with a significant increase in the NO3
- -N concentration for the urea-only treatments. 

The NO3
- -N concentration increased by 36 and 61 mg kg-1, respectively, in the Recent and 

Pumice soils as a function of increasing Cu concentration. Application of DCD significantly 

(P < 0.05) reduced the NO3
- -N concentration by an average of 45, 16, and 62% in the Pumice, 

Pallic, and Recent soils, respectively, at Day 8 relative to the urea-only treatment. The LS and 

PA-MA treatments also significantly (P < 0.05) reduced the extract NO3
- -N concentrations by 

an average of 17 and 17% in the Pumice soil, 10 and 10% in the Pallic soil, and by 28 and 31% 

in the Recent soil, respectively, compared to the urea-only (Figure 3.4). The NO3
- -N 

concentration significantly increased from Day 4 to Day 8 in the Pumice soil, but not in the 

Pallic or Recent soil.  
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Figure 3.4 NO3
- -N concentration in extract from the Pumice, Pallic and Recent soils on (a) Day 4 and 

(b) Day 8 as a function of added Cu, DCD and organic compounds. Vertical Error bars indicate standard 
deviation of means (n = 3). 



47 
 

3.3.3.3 Dose response model 

Results from the dose result experiment confirm that nitrification rate increased as a function 

of the Cu concentration in soil (Figure 3.5). The bioavailable Cu concentration corresponding 

to a 50% increase nitrification rate (EC50) for the Pumice, Pallic, and Recent soils was 0.027 

mg kg-1 (R2 = 0.898), 0.036 mg kg-1 (R2 = 0.991), and 0.010 mg kg-1 (R2 = 0.957), respectively 

(Figure 3.5 a-c). The corresponding EC50 values for the total added Cu concentration were 

0.293 mg kg-1 (R2 = 0.933), 0.697 mg kg-1 (R2 = 0.999), and 0.430 mg kg-1 (R2 = 0.985), 

respectively (Figure 3.5 d-f). 

3.4 Discussion 

3.4.1 Effect of increasing bioavailable Cu concentration and application of Cu-complexing 

compounds in influencing nitrification rate 

Bioavailability has been widely defined by different researchers (Alexander 2000; Ruby et al. 

1996). In this study bioavailable Cu is defined as the fraction of the total soil Cu concentration 

that exists in an available and extractable form. This includes the free Cu2+ ion species that is 

readily available for microbe adsorption or utilisation (Petruzzelli 1989). Therefore, in this 

work, the results are described in terms of bioavailable Cu concentration, not total Cu 

concentration.  

This work aimed to investigate the effect of organic compounds on reducing the concentration 

of bioavailable Cu in the soil and to explore the relationship between the soil concentration of 

bioavailable Cu and nitrification rate. These findings show that the application of LS, PA-MA, 

and PMA to soil significantly (P ˂0.05) reduced the bioavailable Cu concentration relative to 

the control treatment in both incubations (Figure 3.1 and Figure 3.2). 
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Figure 3.5 Relationship of nitrification rate increase with bioavailable Cu concentrations on Pumice 
(a), Pallic (b), and Recent soils (c), and added Cu concentrations levels on Pumice (d), Pallic (e), and 
Recent soils (d). 
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These findings agree with other studies which have reported a reduction in soil metal 

concentration in soil solution due to the application of these organic compounds (Qi et al. 2017; 

Tang et al. 2019; Zhao et al. 2019). For example, Suanon et al. (2016) reported that the 

application of N,N-Bis (Carboxymethyl) glutamic acid reduced solution Cu in sewage sludge 

by 81.2%. Li et al. (2010) studied the adsorption of Cu in aqueous solution onto humic acid 

and found that Cu adsorption was increased approximately 2-fold, 3 h after application of 4 mg 

humic acid L-1 at 20 ℃, pH=5. It is proposed that the reduction in bioavailable Cu induced by 

LS, PA-MA, and PMA was associated with the presence of carboxyl (-COOH) and hydroxyl 

(-OH) functional groups in the organic compounds which can complex with Cu and thereby 

reduce its bioavailability in the soil.  

Copper has been defined as an essential trace element  required for NH4
+ -N oxidation by AOA 

and AOB due to the presence of essential mono- and dinuclear Cu centers within the key 

enzyme AMO (Lieberman and Rosenzweig 2005). In this doctoral research, soil NH4
+ -N 

concentration was used to quantify the effect of Cu on nitrification rate due to the greater 

stability of NH4
+ -N in soil; NO3

- -N is highly susceptible to reduction by denitrifying bacteria. 

Takeda et al. (2021) reported that denitrification increases with soil NO3
- -N availability. The 

results showed a significant (P < 0.05) increase in nitrification rate for all urea-only treated 

soils, and this increase in nitrification rate was inferred to be associated with an increase in 

bioavailable Cu concentration in the soil (Figure 3.2). It is therefore proposed that the presence 

of Cu stimulates AMO microbial activity which subsequently resulted in increased nitrification 

rate. These results agree with other studies that have analysed the effect of Cu on increasing 

NH4
+ -N oxidation in pure cell culture. Zhang and Edwards (2010) reported that an increase in 

solution Cu concentration from 0 to 20 µg L-1 increased NH4
+ oxidation from 45 to 60%. He et 

al. (2019) reported that increasing Cu concentration from 0.05 to 0.1 mg L-1 significantly  

(P < 0.05) increased NH4
+ -N and total N removal efficiency of strain Y-10 by 11.5 and 8.81% 
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in pure culture, respectively. Wagner et al. (2016) found that addition of up to 0.005 mg  

Cu L-1 resulted in a 14-fold increase in NH4
+ -N and NO2

- oxidation in drinking water. These 

results demonstrate that the bioavailable Cu concentration necessary to cause a 50% increase 

in nitrification rate was lower in the Recent soil (0.010 mg kg-1) than in the Pumice soil (0.026 

mg kg-1) and Pallic (0.036 mg kg-1) soil (Figure 3.5 a-c). The lower EC50 value in the Recent 

soil meant bioavailable Cu was more effective in stimulating nitrifying bacteria on a unit 

concentration basis than in the other soils. This difference between the Recent soil and the other 

two soils might be associated with the differences in soil properties (Table 3.1). The higher 

percent C and Fe in the Pumice and Pallic soils, might have also complexed with Cu in soil 

solution  (Zhang et al. 2021). The complexing of bioavailable Cu with organic matter and  

Fe-oxides might have increased the EC50 value (Figure 3.5).  

To further explore the effect of added Cu on nitrification, the net nitrification rate, expressed 

as NH4
+ -N lost per day, was calculated (Figure 3.6). Addition of 0.1 to 3 mg Cu kg-1 soil 

significantly increased the net nitrification rate in the urea-only treatment by 43-71% in the 

Pallic soil and 21-80% in the Recent soil (Figure 3.6). For the Pumice soil there was a nominal 

increase of 13% across this range of added Cu. Net nitrification rate in the Pallic soil was 

significantly lower than in the Recent and Pumice soils for all treatments (Figure 3.6) and this 

could be due to the low soil pH in the Pallic soil (5.0) compared to the Recent (5.8) and Pumice 

(5.8) soils. Mével and Prieur (2000) demonstrated that the abundance and activity of nitrifying 

bacteria is soil pH dependent. They found optimal nitrification potential at pH 7.5-8, with 

maximum growth across a pH range of 6.0-6.5. Zhang et al. (2012b) found that nitrification 

activity of Bacillus methylotrophicus strain L7 significantly increased when the pH was above 

6.0 but was restricted at pH below 5.5. 
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In this study, it was  observed that the urea-only treatment had a significantly (P < 0.05) lower 

bioavailable Cu concentration in all soil types in comparison to the control (Figure 3.2) and it 

is  proposed that this can be explained in terms of a change in microbial activity after the 

addition of urea. Chen et al. (2015) showed that application of urea to soil induces an increase 

in populations of ammonia oxidizers. These authors found that addition of 200 mg kg-1 urea to 

a soil incubation resulted in an approximately 1.2- and 3.1-fold increase in AOA and AOB 

amoA gene copies compared to control. An increase in amoA gene copies results in increased 

utilisation and complexation of Cu by enzyme activity associated with nitrifying bacteria which 

may reduce the bioavailable concentration of Cu in soil. This theory is supported by the 

observation of a positive relationship between net nitrification rate and bioavailable Cu 

concentration in the Pallic soils (R2 = 0.625, P > 0.05) and Recent (R2 = 0.706, P < 0.01) 

amended with urea only (Figure 3.7).  

The current study demonstrates that the application of DCD, LS, and PA-MA treatments 

significantly (P < 0.05) reduced nitrification rate in all soils relative to the urea-only treated 

soil at Day 8 (Figure 3.3) and this corresponded with lower net nitrification rates (Table 3.2). 

Numerous studies have reported the effectiveness of DCD as a nitrification inhibitor in both 

incubation and field studies (Di and Cameron 2005b; Guo et al. 2014). These results show that 

the addition of DCD to soil significantly (P < 0.05) reduced bioavailable Cu concentration, and 

this provides experimental evidence of the chelating effect of DCD on Cu (Figure 3.1 and 

Figure 3.2), supporting the hypothesis that nitrification rates are affected by changes in soil 

bioavailable Cu concentration.  
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Figure 3.6 Effect of increasing Cu concentration on net nitrification rate in the urea-only treated soil. 
Vertical errors bars indicate standard deviation of means (n = 3).  Different letters following each other 
are significantly different at P < 0.05. 
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Figure 3.7 Correlation of bioavailable Cu concentration with net nitrification rate in the urea-only 
treatment for the Pumice, Pallic, and Recent soils. 
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Table 3.2 Effect of Cu, DCD, and Cu-complexing organic compounds soil amendments on net 
nitrification rate. 

Note: Numbers after ± are standard deviation of three replicates. Values in each column, followed by different 
letters within a column for each soil, are significantly different at P < 0.05. 

Similarly, the reduction in nitrification rate associated with LS and PA-MA treatments was 

mainly due to a reduction in the bioavailable Cu concentration in the soil induced by these soil 

amendments: complexation of Cu induced Cu deficiency, and consequentially affected AMO 

activity for nitrification. This hypothesis has literature precedent. Copper deficiency has been 

shown to be a limiting factor in nitrification in wastewater treatments plants due to 

complexation of  Cu with organic matter (Wagner et al. 2016).  Reyes et al. (2020) found that 

adding 1 µM of chelator TETA to Nitrososphaera viennensis culture significantly reduced 

NH4
+ -N oxidation, NO2

- production and cell growth due to a reduction in available Cu2+. Gwak 

et al. (2020) found that addition of 50 µM histidine decreased the growth rate of soil AOA 

strain Nitrososphaera viennensis by 56-82% compared to a control without histidine. All these 

studies support the theory of an effect of bioavailable Cu on AOA and AOB functioning in the 

nitrification process. 

 Net nitrification rate (mg NH4+-N kg-1 day-1)  
Treatments  0.1 mg Cu kg-1 0.3 mg Cu kg-1 0.5 mg Cu kg-1 1 mg Cu kg-1 3 mg Cu kg-1 

Pumice soil  

Urea-only 41.40 ± 2.5 a 47.02 ± 1.0 a 43.08 ± 6.7 a 43.04 ± 2.7 a 36.02 ± 1.4 a 
Urea + DCD 31.40 ± 3.5 a 12.88 ± 3.1 c 9.63 ± 1.9 c 13.85 ± 1.7 c 27.88 ± 1.5 b 
Urea + LS 33.88 ± 4.8 a 35.19 ± 1.5 b 18.60 ± 2.6 bc 31.49 ± 3.5 b 29.36 ± 2.8 b 
Urea + PA-MA 37.73 ± 6.4 a 34.26 ± 1.6 b 25.70 ± 2.8 b 36.48 ± 5.2 ab 20.56 ± 3.6 c 

 Pallic soil  
Urea only 5.79 ± 1.6 a 9.89 ± 0.8 a 9.90 ± 1.7 a 8.89 ± 1.3 a 8.27 ± 2.3 a 
Urea + DCD 3.14 ± 0.9 ab 1.66 ± 0.4 c 7.45 ± 1.2 a 1.72 ± 0.1 c 4.32 ± 0.5 a 
Urea + LS 2.13 ± 1.9 b 6.49 ± 1.1 b 8.43 ± 1.4 a 1.71 ± 0.2 c 6.30 ± 1.6 a 
Urea + PA-MA 2.43 ± 0.2 ab 4.53 ± 0.7 b 9.26 ± 0.6 a 4.60 ± 1.5 b 6.78 ± 1.3 a 

 Recent soil  
Urea-only 31.98 ± 1.2 a 38.64 ± 0.6 a 50.20 ± 1.2 a 57.61 ± 2.5 a 54.69 ± 1.3 a 
Urea + DCD 12.58 ± 2.6 c 28.17 ± 2.7 c 29.31 ± 2.5 b 34.63 ± 4.0 b 27.29 ± 2.7 c 
Urea + LS 20.22 ± 2.6 b 37.37 ± 0.5 ab 35.08 ± 4.2 b 40.70 ± 2.2 b 36.99 ± 2.6 b 
Urea + PA-MA 20.63 ± 1.2 b 33.98 ± 1.9 b 34.82 ±1.7 b 38.52 ± 2.5 b 36.85 ± 1.1 b 
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3.5 Conclusion 

This study provides a strong link between nitrification rate and bioavailable Cu concentration 

in soils. Dose response shows that increasing Cu concentration in soil significantly increases 

nitrification rate. Application of DCD, LS, and PA-MA to all soils significantly reduced the 

bioavailable Cu concentration and this induced deficiency and significantly reduced the 

nitrification rate for amended soils. It is proposed that these treatments limited the activity of 

the AMO enzyme, which depends on Cu as co-factor. The results of this study enhance 

understanding of the mechanism of nitrification and could underpin the ongoing development 

of nitrification inhibitors. Further work is needed to field test the nitrification response to 

variable rates of LS and PA-MA.
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CHAPTER 4  

Copper induces Nitrification by Ammonia-Oxidizing 

Bacteria and Archaea in Pastoral Soils 

This chapter was published in the Journal of Environmental Quality in 2022. Citation: 

Matse, D. T., Jeyakumar, P., Bishop, P., & Anderson, C. W. N., (2023). Copper induces 
nitrification by ammonia-oxidizing bacteria and archaea in pastoral soils. Journal of Environmental 
Quality. 52, 49-63. doi: 10.1002/jeq2.20440.  
 

The results presented in Chapter 3 showed that increasing bioavailable soil Cu increased 

nitrification, but did not perform microbial profiling. Therefore, in Chapter 4, a greenhouse pot 

trial demonstrates the effect of increasing bioavailable Cu concentration on nitrification rate, 

AOB/AOB population, and AOB/AOA amoA gene abundance in the same soils used in 

Chapter 3.    

Graphical abstract 

 

https://doi.org/10.1002/jeq2.20440
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Abstract 

Copper (Cu) is the main co-factor in the functioning of the AMO enzyme, which is responsible 

for the first step of ammonia oxidation. This study reports a greenhouse-based pot experiment 

that examines the response of AOB and AOA to different bioavailable Cu concentrations in 

three pastoral soils (Pumice, Pallic, and Recent soils) planted with ryegrass (Lolium perenne 

L.). Five treatments were used: control (no urine and Cu), urine-only at 300 mg N kg-1 soil 

(Cu0), urine + 1 mg Cu kg-1 soil (Cu1), urine + 10 mg Cu kg-1 soil (Cu10), and urine + 100 mg 

Cu kg-1 soil (Cu100). Pots were destructively sampled at day 0, 1, 7, 15, and 25 after urine 

application. AOB/AOA amoA gene abundance was analysed by real-time quantitative 

polymerase chain reaction at Days 1 and 15. AOB amoA gene abundance increased 2.1- and 

2.5-fold in the Pallic soil, and 10.0- and 22.6-fold in the Recent soil for the Cu10 compared 

with Cu0 on Days 1 and 15, respectively. In contrast, the Cu100 was associated with a reduction 

in AOB amoA gene abundance in the Pallic and Recent soils but not in the Pumice soil. This 

may be due to the influence of soil cation exchange capacity differences on the bioavailable 

Cu. Bioavailable Cu in the Pallic and Recent soils influenced nitrification and AOB amoA gene 

abundance, as evidenced by the strong positive correlation between bioavailable Cu, 

nitrification, and AOB amoA. However, bioavailable Cu did not influence the nitrification and 

AOA amoA gene abundance increase.  

Key words: Bioavailable copper; Nitrification; Ammonia-oxidizing bacteria;  

Ammonia-oxidizing archaea. 
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4.1 Introduction 

Grazing livestock inefficiently utilise ingested N (Kebreab et al. 2001). About 80% of ingested 

N is excreted with urine and several studies have shown that a significant proportion of N can 

be lost from the soil via NO3
- -N leaching before it can be taken up by plants (Di and Cameron 

2002a; Di and Cameron 2016). Leached NO3
- -N can trigger environmental problems such as 

water and air pollution (Rex et al. 2021; Richards et al. 2021; Yu et al. 2019), and science-led 

strategies to improve NO3
- -N management are actively sought to decrease the impact of N 

losses.  

Nitrification is a naturally-occurring process that describes the microbial oxidation of  

NH4
+ -N to NO3

- -N via NO2
-. The first step of the nitrification process is performed by AOB 

and AOA (Carey et al. 2016; Prosser and Nicol 2012). There are unique biological 

characteristics between AOB and AOA that are mostly influenced by environmental conditions 

(Lu et al. 2020; Prosser et al. 2020). For example, oxidizing bacteria have low affinity of  

NH4
+ -N, and several studies have reported AOB to be dominant in high NH4

+ -N soils (Carey 

et al. 2016; Jia and Conrad 2009). In contrast, AOA are dominant in low NH4
+ -N conditions 

because of their high affinity to NH4
+ -N (Nicol et al. 2008; Rütting et al. 2021; Ying et al. 

2010). Both AOB and AOA possess the AMO enzyme encoded in the amoA gene, which is 

responsible for catalysing  the first and often rate limiting step of NH4
+ -N oxidation into 

NH2OH (Principi et al. 2009).  

Previous studies demonstrated that the AMO enzyme contains a Cu-active site, making Cu a 

co-factor in the functioning of the enzyme (Hooper et al. 1997; McCarty 1999). For example, 

Vandevivere et al. (1998) showed that application of 5 mg Cu L-1 as CuSO4 improved  

NH4
+ -N oxidation in sewage sludge, while Wagner et al. (2016) found that increasing the Cu 

dose from 0.05 to 5 µg Cu L-1 significantly increased NH4
+ -N oxidation during water 
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treatment. However, several studies present contrasting results on the effect of Cu on NH4
+ -N 

oxidation (Loveless and Painter 1968; Wagner et al. 2016). Cela and Sumner (2002) 

demonstrated that a water-extractable Cu concentration above 3.8 mg kg-1 severely inhibited 

nitrification in three soils. He et al. (2018) reported that a Cu concentration above 100 mg Cu 

kg-1 significantly reduced AOB amoA gene transcripts in an incubation study with a  

Fluvo-aquic soil (Shondong, China) relative to a control. Scientific literature, therefore, 

indicates that there is a lack of clear evidence on the relationship between Cu concentrations in 

soils and AOB/AOA functioning genes.  

In Chapter 3 Cu is identified as an important trace element in the process of nitrification in 

three pastoral soils (Pumice, Pallic, and Recent soils). The data demonstrated that reducing the 

Cu concentration in these soils negatively affected the nitrification rate in the soil. However, 

relative changes in the profile of ammonia nitrifiers were not determined. Therefore, to provide 

direct evidence of the significance of Cu on microbial nitrification processes, the current study 

was conducted to evaluate the effect of Cu on bacterial and archaeal population, and 

AOB/AOA amoA gene expression.  In this study, amoA gene abundance has been used to 

quantify the AMO enzyme activity responsible for the first step of ammonia oxidation. To my 

knowledge, no study has previously explored the relationship between bioavailable Cu and 

AOB/AOA in pastoral soils.  

The present study examines the response of bacterial and archaeal total population, and 

AOB/AOA amoA gene abundance, to different Cu concentrations in pastoral soils. The 

objective was to quantify the effect of bioavailable Cu on AOA/AOB and nitrification rate in 

the context of research programmes that are developing nitrification inhibitors for dairy 

pastoral systems. The aim of this work is to provide new insights into the relationship between 

Cu and ammonia nitrifiers in pastoral soils.  
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4.2 Materials and Methods 

4.2.1 Soil collection and characterization 

Bulk topsoil samples of Pumice, Pallic, and Recent soils were sampled to a depth of 20 cm. 

The soils were representative of the Orthic Pumice soil, Pallic Firm Brown, and Manawatu 

Recent soil in terms of the NZ soil orders (Typic Dystrustept, Typic Dystrustept, and Dystric 

Fluventic Eutrudept, respectively, according to the U.S. Soil Taxonomy classification; (Hewitt 

2010)). Pumice soil was collected from a farm near Stratford in the Taranaki region (39°20'9"S, 

174°18'20"E), Pallic soil was collected from the Canterbury region (43°34'13.15"S, 

171°55'47.33"E), and Recent soil was collected from the Dairy 1 farm located at Massey 

University (40°23'0.95"S, 175°36'36.16"E). Soil samples were sieved through <2 mm stainless 

steel sieve and divided into two portions. The first portion was air-dried for soil pH and cation 

exchange capacity determination. The second portion was stored fresh at ˂4 ℃ for less than a 

week to minimise any changes that might occur before use in the pot experiment described in 

this paper. Sub-samples were analysed for mineral N, moisture, and water holding capacity. 

All soil chemical properties were analysed using the methods described in section 3.2.1.1. A 

summary of chemical parameters is presented in Table 4.1. These soils are the dominant soils 

in NZ under dairy pastoral system and were used in this study because they present contrasting 

soil properties. 
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 Table 4.1 Soil chemical characteristics 

Parameter  Pumice soil Pallic soil Recent soil 

Soil pH   5.8 5.2 5.8 

NH4
+ -N (mg kg-1)   1.68 3.02 2.22 

NO3
- -N (mg kg-1)   21.40 38.01 24.29 

Bioavailable Cu (mg kg-1)   0.28 0.19 0.11 

Exchangeable cations (cmolc kg-1)   

Ca   3.4 3.5 4.5 

Mg   0.76 0.58 1.15 

K    0.33 0.46 0.44 

Na   0.09 0.08 0.11 
aCEC (cmolc kg-1)   20 13 11 
bBS (%)   27 36 56 
cWHC (%)   80.6 45.9 31.5 

Note: aCEC = Cation Exchange Capacity; bBS = Base Saturation; cWHC = water holding capacity 

4.2.2 Treatments and application 

This study was conducted using five treatments with three replicates of five sets in each soil: 

control (no urine and no Cu), urine-only at 300 mg N kg-1 (Cu0), urine + 1 mg Cu kg-1 (Cu1), 

urine + 10 mg Cu kg-1 (Cu10), and urine + 100 mg Cu kg-1 (Cu100). The applied Cu 

concentration ranges were selected based on conditions of deficiency, sufficiency, and toxicity 

with respect to the bioavailable Cu concentration in soil (Cela and Sumner 2002). Hydrated 

copper sulphate (CuSO4.5H2O) was used as the Cu source, with application rate calculated 

using the dry weight (DW) of the different soils to achieve the required concentrations. Field 

moist soil (0.5 kg) was spiked with the specified treatment and filled into each pot (11.5 cm 

top internal diameter x 10.4 cm slopping height). Soil spiking and mixing were done as 

described by Ubeynarayana et al. (2021). Soils were incubated for 3 weeks at 25 ℃ to 

equilibrate the Cu with the soil matrix. The soil was maintained at 70% water-filled pore space 

throughout the incubation period by weighing pots every after 2 days and maintaining the 

moisture content with deionised water.  
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Pots were transferred into the greenhouse at the Massey University Plant Growth Unit after 21 

days of soil incubation and were arranged in a randomized complete block design. Perennial 

ryegrass (Lolium perenne L. ‘Maxsyn NEA4’) seeds (20 seeds pot-1) were planted to model the 

dominant pasture cover for NZ dairy soils. Ryegrass was thinned to maintain 15 plants pot-1 

after 7 days of germination. Ryegrass was then allowed to establish for four weeks before urine 

application.  

4.2.3 Synthetic urine preparation and application 

Synthetic urine was prepared using the formulation described by Clough et al. (1998): urea 

applied at 11.7 g L-1, glycine at 2.90 g L-1, KHCO3 at 13.98 g L-1, K2SO4 at 1.38 g L-1, and 

KCl at 5.04 g L-1. Four weeks after ryegrass establishment, a calculated amount of synthetic 

urine was applied at an equivalent rate of 300 mg N kg-1 to all treatments except the no-urine 

control. Daily watering was done after weighing each pot to ensure 70% water-filled pore space 

during the ryegrass growth period. Average day and night temperatures were recorded over the 

time period from synthetic urine application to last harvest (Figure 4.1). 

4.2.4 Plant and soil sampling 

Destructive pot sampling was done in the lab at Day 0 (before urine application), and at Day 

1, 7, 15, and 25 after urine application (three replicates sampled at each time point). A total of 

225 samples were collected throughout the experimental period (5 treatments x 3 replicates x 

3 soils x 5 times). Plants were gently pulled from the soil by hand, and rhizosphere soil around 

the roots was removed by shaking before roots were washed several times using tap water. The 

ryegrass shoots and roots were separated using a set of stainless steel scissors (Matse et al. 

2020). The DW of shoot and root biomass was recorded after oven-drying at 65 ℃ for 72 h. 

During sampling, the field moist soil from each pot was homogenised and subsampled into two 
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parts. The first part was immediately stored at -20 ℃ for soil DNA extraction. The second part 

was kept at <4 ℃ for NH4
+ -N and NO3

- -N, and bioavailable Cu analysis.  

 

Figure 4.1 The average day and night temperatures during the glasshouse experiment.  

4.2.5 Soil analysis 

Soil bioavailable Cu concentration was measured through extraction of 5 g field moist soil with 

30 ml, 0.05 CaCl2 in an end-over-end shaker for 2 h. The resulting extraction was centrifuged 

at 1,100 g for 10 min, then filtered through Whatman 42 filter papers before analysis of 

bioavailable concentration Cu using microwave plasma atomic emission spectroscopy (4200 

MP-AES, Agilent).  

Soil mineral NH4
+ -N and NO3

- -N concentration was measured through extracting 5 g field 

moist soil with 30 ml, 2 M KCl in an end-over-end shaker for 1 h. The resulting extraction was 
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centrifuged at 1,100 g for 10 min then filtered through Whatman 42 filter papers before analysis 

of soil mineral NH4
+ -N and NO3

- -N concentration using a Technicon autoanalyzer (Blakemore 

1987).  

4.2.6 Quality control measures 

Two certified standard reference materials (SRM 2710a, Montana soil and SRM 1573a, tomato 

leaves) were analysed during all sample runs. Recovery concentrations of the tomato leaves 

and Montana soil ranged from 92.4 to 98% and 93.4 to 98.6%, respectively, of certified Cu 

concentration values. Further, blanks and samples of known concentrations were included after 

ten samples in each run. In addition, the instrument itself triplicated each sample analysis as a 

default setting.  

4.2.7 Soil DNA extraction and quantitative polymerase chain reaction (qPCR) 

Dai et al. (2013) indicated that the ammonia oxidiser activities peak approximately 15 d after 

treatment application. Therefore, soil sampling was done only on Day 1 and 15 for the 

microbial gene analysis. Soil DNA was extracted from 0.25 g of soil using the PowerSoil DNA 

Isolation Kit (MO BIO Laboratories, Carlsbad, CA, USA) following the manufacturer’s 

protocol. DNA quantity was confirmed by the ratio of absorbance at 260 and 280 nm using a 

NanoDrop ® ND-1000 (Thermo Fisher Scientific Inc., USA). The quality of the DNA was 

further confirmed using gel electrophoresis (1.5% TAE-Agarose gel, Tris-acetate-EDTA).  

Quantitative polymerase chain reaction (qPCR) of AOB amoA, AOA amoA, bacterial 16S 

rRNA, and archaeal 16S rRNA was performed on a LightCycler® 480II (Roche, software 

release 1.5.1.62 SP3) based on the fluorescence intensity during amplification using SsoFast™ 

EvaGreen® Supermix (Bio-Rad Laboratories Inc., USA). Each DNA soil sample was analysed 

in duplicate during the qPCR reaction. The primers used, sequences, and qPCR conditions are 
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outlined in Table 4.2 and Table 4.3. The qPCR reaction mixture (total of 10 µL) contained 1 

µL of 10-fold diluted DNA samples, 1x SsoFast™ EvaGreen® Supermix, and 0.52 µL of each 

forward and reverse primer. The qPCR standard curves were performed using DNA samples 

with known concentration serially diluted ranging from 102 to 107. The qPCR efficiency for 

each primer pair ranged between 89 and 98%. Each DNA soil sample was analysed in duplicate 

during the qPCR reaction. Each qPCR 96-plate run contained triplicates of non-template 

control samples for each primer pair. The copy of target gene per gram of soil was calculated 

according to Behrens et al. (2008). 

Table 4.2 The different primers and primer sequence used in the qPCR reaction. 

Target 
group 

Primers  Length of 
amplicon 
(bp) 

Sequence (5’-3’ Annealing 
temp (℃) 

Reference  

AOB-
amoA 

amoA-1F  
  490 

GGGGHTTYTACTGGTGGT 
  54 

(Rotthauwe 
et al. 1997) 

amoA-2R CCCCTCKGSAAAGCCTTCTTC 

AOA-
amoA 

Arch-amoAF 
  635 

STAATGGTCTGGCTTAGACG 
  54 

(Francis et 
al. 2005) 

Arch-amoAR GCGGCCATCCATCTGTATGT 

Bacterial 
16S 
rRNA 

27F 
  530 

AGAGTTTGATCMTGGCTCAG 
  56 

(Mao et al. 
2012) 

519R GWATTACCGCGGCKGCTG 

Archaea 
16S 
rRNA 

A364AF 
 
A934BR   554 

CGGGGYGCASCAGGCGCGAA 
 
GTGCTCCCCCGCCAATTCCT   56 

(Blöchl et 
al. 1997; 
Großkopf 
et al. 1998) 
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Table 4.3 The different primer’s reaction conditions. 

Target 
group 

Primers  Sequence (5’-3’ Thermal cycling 

AOB-
amoA 

amoA-1F  GGGGHTTYTACTGGTGGT 94℃-120 s, 94℃-20 s, 40 cycles; 

amoA-2R CCCCTCKGSAAAGCCTTCTTC 54℃-30 s, 72℃-30 s, 72℃-180 s 

AOA-
amoA 

Arch-amoAF STAATGGTCTGGCTTAGACG 94℃-120 s, 94℃-20 s, 40 cycles; 

Arch-amoAR GCGGCCATCCATCTGTATGT 54℃-30 s, 72℃-30 s, 72℃-180 s 

Bacterial 
16S rRNA 

27F AGAGTTTGATCMTGGCTCAG 94℃-120 s, 94℃-20 s, 40 cycles; 

519R GWATTACCGCGGCKGCTG 56℃-30 s, 72℃-30 s, 72℃-180 s 

Archaea 
16S rRNA 

A364AF CGGGGYGCASCAGGCGCGAA 94℃-120 s, 94℃-20 s, 40 cycles; 

A934BR GTGCTCCCCCGCCAATTCCT 56℃-30 s, 72℃-30 s, 72℃-180 s 

4.2.8 Statistical analysis 

All results presented in this work were tested for normality and analysis of variance (ANOVA) 

followed by Turkey’s post hoc test to determine significant differences between applied 

treatments means using Minitab (Version 19. Minitab Inc., USA). 

4.3 RESULTS 

4.3.1 Changes in bioavailable Cu concentration 

There was a trend toward increasing bioavailable Cu concentration in soil as a function of the 

applied Cu (Figure 4.2). For the Pumice soil, the Cu1 treatment did not induce significant 

changes in bioavailable Cu relative to Cu0, while the Cu10 treatment showed a nominal 

increase with time. The Cu100 treatment increased bioavailable Cu across all samplings 

relative to the Cu0 treatment. For the Pallic soil, no clear changes were induced by the 

application of the Cu1 treatment relative to Cu0. The Cu10 and Cu100 treatments increased 

bioavailable Cu at all sampling days relative to Cu0. In the Recent soil, all Cu treatments (Cu1, 

Cu10, and Cu100) showed increased bioavailable Cu for all sampling days relative to the Cu0 

treatment (Figure 4.2). 
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Figure 4.2 Bioavailable Cu concentration in Pumice, Pallic, and Recent soils as a function of treatments 
and sampling time. Error bars indicate standard deviation of mean (n = 3). Control = no urine and Cu: 
Cu0 = urine only at 300 mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 = urine + 10 mg Cu kg-

1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. 
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4.3.2 Soil NH4+ -N and NO3- -N concentration 

Copper had no effect on the NH4
+ -N concentration for the Pumice soil but a variable effect on 

the NH4
+ -N concentration for the Pallic and Recent soils (Figure 4.3). For the Pumice soil, 

there was no significant change in NH4
+ -N concentration associated with any treatment, with 

the exception of the Cu100 treatment on Day 7, which was significantly lower than the Cu0 

treatment. For the Pallic soil, there was no significant change in the NH4
+ -N concentration 

induced by the Cu1 treatment at any sampling time relative to the Cu0 treatment. However, the 

Cu10 treatment reduced the NH4
+ -N concentration by a factor of 23 and 40% compared with 

Cu0 on Days 1 and 7, respectively (Figure 4.3). The Cu100 treatment was associated with an 

increase in NH4
+ -N concentration by factors of 18 and 106% relative to the Cu0 at Days 1 and 

7, respectively. For the Recent soil, the Cu1 treatment reduced the NH4
+ -N concentration by a 

factor of 24 and 45% relative to the Cu0 treatment, at Days 1 and 7, respectively. There was a 

similar reduction for the Cu10 treatment, by 32 and 39% at Days 1 and 7, respectively. In the 

Cu100-treated soil, there was a nominal increase in NH4
+ -N relative to the Cu0 treatment but 

this was only apparent on Day 1 (Figure 4.3). 

The NO3
- -N concentration was influenced by Cu treatment in all three soils. For the Pumice 

soil, there was a reduction in NO3
- -N concentration induced by the application of Cu1 and 

Cu10 at Days 7 and 15 (Figure 4.3). There was no consistent effect of the Cu100 treatment on 

soil NO3
- -N concentration in the Pumice soil relative to the Cu0 treatment. For the Pallic soil, 

there was no significant effect of the Cu1 treatment on soil NO3
- -N concentration relative to 

the Cu0 treatment at any sampling time, however the Cu10 treatment increased the NO3
- -N 

concentration by values of 205 and 37% at Days 1 and 7, respectively. The Cu100 treatment 

showed a nominal reduction in NO3
- -N concentration at Days 7 and 15 compared with Cu0. 

For the Recent soil, the Cu1 treatment increased the NO3
- -N concentration by 38 and 18% on 



69 
 

both Days 1 and 7, respectively, relative to Cu0. The Cu10 treatment increased the NO3
- -N 

concentration by 145 and 48% (relative to Cu0) at Days 1 and 7, respectively (Figure 4.3). In 

contrast, the Cu100 treatment reduced the NO3
- -N concentration by factors of 27 and 31% at 

Days 1 and 7, respectively. 

4.3.3 Bacterial and archaeal population in soil 

The total bacterial and archaeal population in the soil was analysed based on the abundance of 

16S rRNA (Figure 4.4). There was no effect of the Cu1 treatment on bacterial population when 

compared to the Cu0 treatments in any of the three soils at either Day 1 or 15. Similarly, there 

was no significant increase in bacterial population that could be attributed to Cu10 and Cu100 

for the Pumice soil. However, the bacterial population in the Cu10 soil was increased by  

1.4- and 1.5-fold in the Pallic soil, and 1.6- and 3.3-fold in the Recent soil, for Days 1 and 15, 

respectively relative to the Cu0 treatment.  

The archaeal population in the control treatment was higher in all three soils relative to the Cu0 

treatment irrespective of sampling time (Figure 4.4). Application of urine to the Cu1 and Cu10 

treatments did not change the archaeal population relative to Cu0 treatments at any sampling 

time for any of the three soils. The Cu100 treatment showed higher archaeal population in the 

Pumice and Recent soils relative to the lower Cu treatments at both sampling times, although 

this increase was not apparent for the Pallic soil. 
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Figure 4.3 NH4
+-N and NO3

- -N concentration for Pumice, Pallic, and Recent soils as a function of 
treatments and sampling time. Error bars indicate standard deviation of mean (n = 3). Control = no 
urine and Cu: Cu0 = urine only at 300 mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 = urine + 
10 mg Cu kg-1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. 
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Figure 4.4 Abundance of bacterial and archaeal 16S rRNA for Pumice, Pallic, and Recent soils as a 
function of treatments and sampling time. Different small letters in the same sampling day represent 
significant difference (P < 0.05). Vertical error bars represent standard deviation of mean (n = 3). 
Control = no urine and Cu: Cu0 = urine only at 300 mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: 
Cu10 = urine + 10 mg Cu kg-1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. 
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4.3.4 AOB/AOA amoA gene abundance in soil 

There were no significant differences in AOB amoA gene abundance between the Cu0 and Cu1 

treatment for all three soils at all sampling times (Figure 4.5). However, for the Cu10 treatment, 

AOB amoA gene abundance increased 2.1- and 2.5-fold in the Pallic soil and 10.0- and  

22.6-fold in the Recent soil relative to the Cu0 treatment on Days 1 and 15, respectively  

(Figure 4.5). This increase was not apparent for the Pumice soil. After application of the Cu100 

treatment, AOB amoA abundance increased 1.2- and 1.2-fold in the Pumice soil relative to the 

Cu0 treatment on Days 1 and 15, respectively. In contrast, for the Cu100 treatment, AOB amoA 

gene abundance reduced 2.6- and 2.5-fold in the Pallic soil and 7.4- and 1.3-fold in the Recent 

soil relative to the Cu0 on Days 1 and 15, respectively. 

Generally, there was an increase in AOA amoA gene abundance in the control treatment 

(relative to the urine treatments) in all three soils for both sampling times (Figure 4.5). There 

were no significant changes in AOA amoA gene abundance associated with the Cu1 or Cu10 

treatments on Days 1 and 15 for all three soils relative to Cu0 treatment, but there was an 

increase in abundance for the Pallic and Recent soils at the Cu100 treatment level on Days 1 

and 15 (Figure 4.5). There was no effect of Cu100 treatment on AOA amoA gene abundance 

for the Pumice soil. 
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Figure 4.5 Abundance of AOB/AOA amoA gene for Pumice, Pallic, and Recent soils as a function of 
treatments and sampling time. Different small letters in the same sampling day represent significant 
difference (P < 0.05). Vertical error bars represent standard deviation of mean (n = 3). Control = no 
urine and Cu: Cu0 = urine only at 300 mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 = urine + 
10 mg Cu kg-1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. 
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4.3.5 Perennial ryegrass growth 

There was a trend towards increasing shoot DW as a function of time and treatment for all three 

soils. For the Cu0, Cu1, and Cu2 treatments, there were no significant differences in mean DW 

between for the Pumice and Pallic soils (Figure 4.6). The Cu1 and Cu10 treatments increased 

the shoot DW by an average of 64 and 83%, respectively, for the Recent soil relative to Cu0. 

For the Cu100 treatment, there was no significant effect in DW for the Pumice soil relative to 

Cu0 treatment. There was a general trend for reduced DW associated with the Cu100 treatment 

relative to the lower Cu levels for the Pallic and Recent soils. An increase in shoot DW due to 

the Cu100 treatment relative to Cu0 was only recorded for the Recent soil on Day 25  

(Figure 4.6). 

Root DW tended to increase for the Cu1 and Cu10 treated soils relative to the Cu0 treatment, 

but DW gains were mitigated by the Cu100 treatment (Figure 4.6). An increase in root DW 

due to the Cu1 treatment was recorded in all samplings for the Recent soil, with no clear 

changes for the Pumice and Pallic soils. Similarly, there were no changes in root DW for the 

Cu10 treatment recorded for the Pumice and Pallic soils, but there was a significant increase in 

the Recent soil after Day 1. Generally, there was no effect in root DW induced by the Cu100 

treatment in the Pumice soil. However, there was reduction in root DW induced by the Cu100 

treatment for the Pallic and Recent soils relative to the Cu0 treatment. 
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Figure 4.6 Shoot and root dry weight for the Pumice, Pallic, and Recent soils as a function of treatments 
and sampling time. Vertical error bars indicate standard deviation of mean (n = 3). Control = no urine 
and Cu: Cu0 = urine only at 300 mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 = urine + 10 
mg Cu kg-1 soil: Cu100 = urine + 100 mg Cu kg-1 soil. 
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4.4 Discussion  

4.4.1 Dynamics of the NH4+ -N and NO3- -N 

Following urine application to the soils of this study there was an increase in NH4
+ -N 

concentration that is attributed to the rapid hydrolysis of urea in the urine by the urease enzyme 

(Cameron et al. 2013). Within 15 days after urine application, there was rapid oxidation of 

NH4
+ -N to NO3

- -N, which resulted in accumulation of NO3
- -N in the soil (Figure 4.3). These 

observations are consistent with results reported in previous studies (Duan et al. 2019; Hink et 

al. 2018; Williams and Haynes 2000). The rapid nitrification rate observed in this study, may 

have been influenced by optimal environmental conditions during this experimental period 

such as temperature, soil moisture and N availability (Cameron et al. 2013). It is proposed that 

the decline in NO3
- -N after 15 days is associated with N uptake by grass.  

4.4.2 Effect of Cu application on NH4+ -N oxidation to NO3- -N 

Significant changes in the NH4
+ -N and NO3

- -N concentrations in soil were induced by Cu 

treatments, with the change varying between soils. The lower Cu treatment induced a reduction 

in NH4
+ -N in the Recent soil, whereas the Cu10 treatment induced a significant reduction in 

both the Recent and Pallic soils (Figure 4.3). The reduction in NH4
+ -N corresponded with an 

increase in NO3
- -N concentration in soil; this demonstrates that there was an increase in the 

oxidation of NH4
+ -N to NO3

- -N. There was correlation between the increase in NO3
- -N with 

an increase in the bioavailable Cu concentration in both soils (Pallic soil, r = 0.748, P < 0.05 

[Appendix 1 Table A1.2] and Recent soil, r = 0.937, P < 0.01 [Appendix 1 Table A1.3]). To 

further analyse the effect of the different Cu concentrations on changes in mineral N, the ratio 

of NO3
- -N/NH4

+ -N was calculated (Chen et al. 2021) (Figure 4.7). The ratio of NO3
- -N/NH4

+ 

-N quantified for the Cu10 treatment was greater in the Pallic and Recent soils, providing strong 

evidence that this treatment had a significant effect on nitrification rate in these two soils. 
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Copper has been reported in various pure cell incubation and water treatment studies to play a 

significant role in ammonia oxidation (Gwak et al. 2020; Matse et al. 2022a; Wagner et al. 

2019). For example, in Chapter 3 it is demonstrated that increasing the Cu concentration from 

0.1 to 3 mg Cu kg-1 significantly increased the soil nitrification rate. Results from the current 

Chapter therefore provide strong evidence that the change in NH4
+ -N in the Pallic and Recent 

soils was influenced by the Cu concentration in the soil. In the Pumice soil, there was no change 

in NH4
+ -N concentration induced by the Cu1 or Cu 10 treatments, suggesting that these Cu 

treatments did not effect the bioavailable Cu concentration in the Pumice soil.  

Increasing the applied Cu concentration to 100 mg kg-1 (Cu100 treatment) induced a significant 

increase in bioavailable Cu concentration in all three soils (Figure 4.2), and this was associated 

with a higher NH4
+ -N concentration in the Pallic and Recent soils (Figure 4.3). The higher 

NH4
+ -N concentration corresponded with a lower NO3

- -N concentration, demonstrating that 

the high Cu level reduced nitrification in both soils, which may be due to Cu inducing toxicity 

to nitrifying microbes. The ratio of NO3
- -N/NH4

+ -N showed a reduction for the Cu100 

treatment, providing evidence that this treatment had a toxicity effect to the nitrifying microbes 

(Figure 4.7). However, this reduction in nitrification and ratio of NO3
- -N/NH4

+ -N was not 

observed in the Pumice soil, where the absolute concentration of bioavailable Cu, while 

significantly greater than the control, was 6-8 times lower than in the Pallic and Recent soils. 

The difference in bioavailable Cu between the Pumice soil and the other two soils may be 

associated with differences in soil properties. The higher cation exchange capacity (CEC) of 

the Pumice soil compared with the Recent and Pallic soils (Table 4.1) may have led to greater 

adsorption of added Cu through formation of organo-metal complexes reducing the 

concentration of Cu in soil solution (Gao et al. 1997; Rieuwerts et al. 1998). In Chapter 3, it is 

reported that this Pumice soil was high in percentage Al and Fe oxides. These soil components 

may have complexed with Cu, reducing the bioavailable Cu concentration (Rieuwerts 2007). 
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Figure 4.7 Ratio of NO3
- -N/NH4

+ -N for Pumice, Pallic, and Recent soils as a function of treatments 
and sampling time. Error bars indicate standard deviation of mean (n = 3). The control treatment was 
excluded because no urine was added in this treatment and day 0 was before urine addition. Cu0 = urine 
only at 300 mg N kg-1 soil: Cu1 = urine + 1 mg Cu kg-1 soil: Cu10 = urine + 10 mg Cu kg-1 soil: Cu100 
= urine + 100 mg Cu kg-1 soil. 
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4.4.3 Changes in microbial population and AOB/AOA amoA gene abundance 

Results from this Chapter show that bacterial populations were dominant in the Pumice and 

Recent soils, but that archaeal populations were dominant in the Pallic soil (Figure 4.4). The low 

soil pH of the Pallic soil (5.2) compared to the Pumice (5.8) and Recent soil (5.8) may have 

been one of the key factors that increased the dominance of AOA over AOB in this soil. 

Dominance of AOA over AOB under conditions of low soil pH has been reported in several 

other studies (Gubry-Rangin et al. 2010; Waggoner et al. 2021; Zhang et al. 2012a). However, 

literature does not clearly describe whether numerical dominance at genomic level has an effect 

at the functional level. 

An increase in the AOA population was observed when the NH4
+ -N concentration was low 

(control) (Figure 4.4). This trend has been observed in other studies (Di et al. 2010; Huérfano 

et al. 2022; Ouyang et al. 2017; Waggoner et al. 2021) and has been associated with the ability 

of AOA to thrive under conditions of low NH4
+ -N availability. In the present study, AOB 

abundance dominated at higher NH4
+ -N availability (Day 1). This can be associated with the 

greater tolerance of AOB to high NH4
+ -N concentration, which may be inhibitory to AOA 

(Ouyang et al. 2017), or due to the greater competition for substrate by AOB.  

In terms of the Cu effect across the different soils, these results show that the Cu10 treatment 

significantly increased AOB amoA gene abundance in both the Pallic and Recent soils relative 

to all other applied treatments. This can be attributed to a beneficial increase in bioavailable 

Cu concentration in both of these soils. The greater AOB amoA abundance for the Pallic and 

Recent soils at the Cu10 treatment levels corresponded with a reduction in NH4
+ -N and 

significantly higher NO3
- -N recorded on Days 1 and 7 (Figure 4.3), demonstrating that 

nitrification in these soils was Cu limited. This data provides strong evidence that bioavailable 

Cu plays a significant role in influencing AOB amoA abundance in soil through a correlation 
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between bioavailable Cu and AOB amoA (Pallic soil r = 0.702, P < 0.05 [Appendix 1 Table 

A1.2] and Recent soil r = 0.940, P < 0.01 [Appendix 1 Table A1.3]). With respect to AOA 

amoA gene abundance, there were no significant changes associated with the application of the 

Cu1 and Cu10 treated soils relative to the Cu0 treatment. Therefore, it can be concluded that 

the AOA amoA was not the dominant nitrifier responsible for nitrification rate at these Cu 

levels.    

Soil Cu at the Cu100 treatment level inhibited AOB amoA abundance in the Pallic and Recent 

soils. The inhibition of Cu to AOB amoA in the present study was substantiated by the higher 

NH4
+ -N concentration and lower NO3

- -N in the Cu100 treatment (Figure 4.3), indicative of 

low nitrification taking place for this treatment. However, the toxicity effect of the Cu100 

treatment was not observed in the Pumice soil. This was associated with the low bioavailable 

Cu concentration recorded in the Pumice soil (Figure 4.2) relative to the other two soils.  

The AOA amoA gene showed greater abundance under the Cu100 treatment for both the Pallic 

and Recent soils. This behaviour was reported by He et al. (2018), where the AOA amoA gene 

showed greater dominance in a high Cu environment (100 mg kg-1 added Cu) than the AOB 

amoA gene. The greater tolerance of AOA to higher Cu concentration is associated with greater 

cell wall membrane rigidity than AOB, making this barrier less permeable to ions (Kandler and 

König 1998).   

4.4.4 Effect of treatments on perennial ryegrass growth 

The presence of Cu in soil at the Cu1 or Cu10 treatment level increased ryegrass shoot and root 

DW in the Recent soil (Figure 4.6); this can be attributed to the increase in bioavailable Cu in 

the soil (Figure 4.2). Copper is an important micronutrient in plant growth that is responsible 

for various metabolic processes and for the synthesis of chlorophyll (Rehman et al. 2019). 

Similar results were reported by Kumar et al. (1990), where application of 5 mg Cu kg-1 to soil 
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resulted in a significant increase in shoot and root DW yield and increased N uptake by wheat 

(Triticum aestivum L.) plants. In the Pumice and Pallic soils, the Cu1 and Cu10 treatments did 

not increase shoot and root DW. This was because the concentration of Cu added in these 

treatments was insufficient to stimulate plant growth (no deficiency) or because the Cu 

concentration in soil was already at a level sufficient to support plant growth (sufficiency). 

These data show that the Cu concentration in the Recent soil is deficient for plant growth. 

The reduction in root growth for the Recent and Pallic soils (Figure 4.6), associated with the 

highest Cu treatment (Cu100), suggests this level of applied Cu was toxic to ryegrass. Previous 

studies reported plant Cu toxicity at a similar treatment level. Yan et al. (2006) reported that 

100 mg kg-1 added Cu reduced average rice (Oryza sativa L.) grain yield and straw height by 

17.37 and 13.74%, respectively, relative to a control treatment. Xu et al. (2006) also found that 

application of 100 mg Cu kg-1 significantly decreased rice growth and grain by 22.13 and 

10.76%, respectively. Copper growth inhibition effect was more apparent in ryegrass roots than 

shoots, possibly due to the limited translocation of Cu from root to shoots reported by Bolan et 

al. (2003). However, no Cu induced toxicity was apparent for the Pumice soil; this can be 

attribute to the limited increase in bioavailable Cu concentration for this soil compared with 

the other two soils.  

4.5 Conclusion  

The results obtained from the present study demonstrated that a bioavailable Cu concentration 

of up to 0.24 mg kg-1 in the Pallic soil and 0.33 mg kg-1 in the Recent soil increased nitrification 

rate. However, a bioavailable Cu concentration above 6 mg Cu kg-1 (Cu100 treatment) inhibited 

nitrifying bacteria and reduced nitrification rate in both these soils. For the Pumice soil, a 

bioavailable Cu concentration of up 0.8 mg Cu kg-1 did not induce an increase in nitrification 

rate and AOB/AOA amoA gene abundance. These results showed that AOA amoA is more 
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resistant to Cu than AOB amoA due to the greater abundance of AOA amoA at higher 

bioavailable Cu concentrations. Bioavailable Cu was the main factor in the Pallic and Recent 

soils influencing both nitrification and AOB amoA gene abundance as evidenced by the strong 

positive correlation between bioavailable concentration, nitrification, and AOB amoA. The 

results from this study will help expedite the development of new inhibitors to reduce NO3
- -N 

leaching in pastoral dairy systems.
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CHAPTER 5  

Nitrate leaching mitigation options in two dairy pastoral 

soils and climatic conditions in New Zealand 

This chapter was published in the Plants Journal in 2022. Citation: 

Matse, D. T., Jeyakumar, P., Bishop, P., & Anderson, C. W. N., (2022). Nitrate leaching mitigation 
options in two dairy pastoral soils and climatic conditions in New Zealand. Plants. 11(8): 24-30. doi: 
10.3390/plants11182430. 
 

Results in Chapter 3 showed that the organic compounds of LS and PA-MA have the potential 

to inhibit nitrification rate under controlled conditions. The next important step is to examine 

the potential application of these treatments in different soils under different climate and field 

management conditions. Therefore, a field lysimeter study discussed in Chapter 5 investigated 

the application of LS, PA-MA, and co-treatment of LS with GA on reducing NO3
- -N leaching 

in the Pumice soil under a Manawatu climate and Pallic soil under a Canterbury climate 

conditions.  

Graphical abstract 

 

https://doi.org/10.3390/plants11182430
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Abstract  

This lysimeter study investigated the effects of late-autumn application of DCD, PA-MA, LS, 

a split-application of calcium lignosulphonate (2LS), and a combination of GA and LS  

(GA + LS) to reduce N leaching losses in lysimeter field sites at Manawatu (using Orthic 

Pumice soil) and Canterbury (using Pallic Orthic brown soil), NZ. The study was conducted 

between May and December 2020 (beginning in late-autumn). In a second application,  

urine-only, GA-only and GA + LS treatments were applied in July 2020 (mid-winter) on both 

sites. Results showed that late-autumn application of DCD, 2LS and GA + LS reduced mineral 

N leaching by 8, 16, and 35% in the Pumice soil, and by 34, 11, and 35% in the Pallic soil, 

respectively when compared to urine-only. There was no significant increase in cumulative 

herbage N uptake and yield between urine-treated lysimeters at both sites. Mid-winter 

application of GA and GA + LS reduced mineral N leaching by 23 and 20%, respectively, in 

the Pumice soil relative to the urine-only treated lysimeters. On the contrary there was no 

significant reduction in the Pallic soil. These results demonstrate the potential application of 

these treatments to different soils under different climate and management conditions. 

Keywords: Organic inhibitors; Gibberellic acid; Urine patches; Nitrate leaching 
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5.1 Introduction 

Nitrogen leaching from agricultural systems is a global environmental concern. In NZ, pastoral 

dairy farming is mainly characterised by dairy cows feeding outside all year round in pastures 

mainly dominated by perennial ryegrass (Lolium perenne L.) and white clover (Trifolium 

repens L.) (Talbot et al. 2021). However, dairy cows only utilise a fraction (5-30%) of ingested 

N from these pastures, and a higher proportion (70-95%) of N is excreted with the urine 

resulting into small areas of highly concentrated N in pastures known as urine patches (Oenema 

et al. 2005). The urinary N concentration at each urine patch ranges from 200 to 2000 kg N  

ha-1 (Di and Cameron 2002a; Selbie et al. 2015) and usually this N rate exceeds plant N uptake. 

Therefore, the residual N becomes susceptible to leaching as NO3
- -N into water sources. 

Nitrate concentrations greater than 11.2 mg L-1 NO3
- -N in both surface and drinking water are 

deemed harmful to both human and animal health (Fan and Steinberg 1996). While 

concentrations above 0.4 mg L-1 NO3
- -N may accelerate algal blooms and eutrophication of 

water bodies (Larned et al. 2016), thus reducing water quality. Decreasing the amount of  

NO3
- -N leaching from urine patches is therefore important for lowering environmental 

impacts.  

Different approaches have been developed and implemented to minimise N losses from grazed 

pastures (Malcolm et al. 2022; Meng et al. 2021). The use of nitrification inhibitors such as 

DCD and DMPP have been shown to reduce urine patch NO3
- -N leaching in soils with high 

risk of leaching (Di and Cameron 2016; Meng et al. 2021). Reductions ranging from 10 to 76% 

relative to untreated urine patches have been shown in lysimeter studies (Di and Cameron 2012; 

Zaman and Nguyen 2012). Nitrification inhibitors have been shown (Duff et al. 2022; Shi et 

al. 2017) to reduce NO3
- -N leaching through reducing the first step of the nitrification process: 

the oxidation of NH4
+ -N to NH2OH. However, in practice, a range of regulatory and technical 

constraints have limited their widespread use. Companies voluntarily withdrew the sales of 
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DCD in NZ following the detection of DCD residues in export milk powder in 2012 (Ministry 

of Primary Industries 2013). While, for DMPP, efficiency is known to be highly influenced by 

site conditions such as soil properties and climate, which implies that widespread deployment 

is difficult (Barth et al. 2001; Nair et al. 2021). Therefore, there is still a need to develop new 

inhibitors to reduce the environmental consequences associated with dairy farming. 

In Chapter 3, it was observed that organic compounds have the ability to inhibit nitrification. 

The results demonstrated that the application of LS and PA-MA can slow nitrification, and the 

effect was associated with a reduction in soil bioavailable Cu. Calcium lignosulphonate is 

derived from the wood pulp industry and contains high levels of phenolic groups, while PA-

MA is an acrylic acid-maleic acid copolymer solution. These compounds have shown a great 

potential to inhibit nitrification in a controlled environment and reduce the potential for 

leaching (Chapter 3). The research described in this Chapter is the first field study conducted 

to evaluate the effectiveness of LS and PA-MA in reducing NO3
- -N leaching from urine 

patches under a wide range of soils and climatic conditions.  

The main challenge in reducing NO3
- -N leaching in NZ is that the peak NO3

- -N leaching 

period in grazed pastural systems coincides with slow N uptake due to low temperatures (i.e., 

winter season). To overcome this shortfall in N uptake, Parsons et al. (2013) proposed the 

application of a plant growth stimulant, GA, to enhance plant growth and subsequent pasture 

N uptake. However, only Woods et al. (2016) examined the potential effect of GA in reducing 

N leaching. The study found that GA application to Italian ryegrass did not significantly reduce 

the amount of total NO3
- -N leaching. This suggests that GA alone is not an effective treatment 

in reducing N leaching. Instead, an additional inhibitor might need to be applied with GA. 

To address the challenges, the current study was conducted to determine the potential effect of 

nitrification inhibitors and to increase plant growth on NO3
- -N leaching from dairy cow urine 
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patches in different soils, environment, and management conditions. The hypothesise of this 

work is that (1) application of nitrification inhibitors might reduce nitrification in the soil, thus 

decreasing NO3
- -N leaching and (2) the application of GA will reduce the excess of NO3

- -N 

in the soil by increasing the N utilisation of pasture during periods of low N uptake, thus 

limiting N leaching. 

5.2 Materials and Methods 

5.2.1 Experimental sites and soils 

This field lysimeter research was conducted at two different geographic locations: Massey 

University, Palmerston North, Manawatu (40°23'0.95"S175°36'36.16"E) in the North Island, 

and Hororata, Canterbury (43°34'13.15"S, 171°55'47.33"E) in the South Island of NZ. The 

Manawatu lysimeter soil columns contained intact Orthic Pumice soil (Hewitt 2010) collected 

from Wairakei, and transported to the Manawatu lysimeter facility. The Orthic Pumice soil has 

low bulk density and is well-drained with high plant-available water holding capacity (150-200 

mm). The Canterbury lysimeter soil columns were intact Lismore Stony silt loam (Pallic Orthic 

Brown soil) (Hewitt 2010) collected from Hororata. This soil is characterised by an average 

bulk density and low plant-available water holding capacity (40-50 mm) and consists of a 

shallow layer of fine soil at the top surface, below which the gravel content increases 

significantly. This profile makes the Pallic orthic brown soil free draining. The soils selected 

for this study are representative of soils supporting the highest dairy cow numbers in NZ: stock 

at Canterbury and Waikato dairy farms represent 19.7 and 22.4% of total dairy cows in NZ, 

respectively (DairyNZ 2021). In addition, these soils present different properties in terms of 

water holding capacities which can influence the rate of leaching. 
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5.2.2 Lysimeters collection and pastures 

The research described in this Chapter was undertaken in a lysimeter facility established in 

May 2019 at both locations. The lysimeter facility at each experimental site consisted of  

forty-four (44) undisturbed monolith lysimeters made from polyvinyl chloride (PVC) tubes 

with an internal diameter of 500 mm and a depth of 600 mm. Monolith soil columns at both 

locations were collected following the procedure outlined by Di et al. (2007) and installed in a 

trench facility. A soft wax coat was used between the walls of the PVC casing and the soil to 

prevent edge flow effects (Bishop and Jeyakumar 2021). 

The pasture at the Pumice soil lysimeter facility was Italian ryegrass and at the Pallic soil 

lysimeter facility it was perennial ryegrass and white clover. These two pasture compositions 

followed farmer practice in the respective area. The soil in each lysimeter was analysed for soil 

fertility parameters before the application of treatments (Table 5.1). Based on the initial soil 

fertility results, the Manawatu site Pumice soil was low in magnesium (Mg) thus 10 g of 

Nitrophoska fertiliser (12:5.2:14 + S, Mg, and trace elements) was applied to each lysimeter at 

the Manawatu facility only on 06 March 2020.  

Table 5.1 Selected soil basic properties analysed prior to treatment application. 

Parameter  Pumice soil 
(Manawatu site) 

Pallic soil 
(Canterbury site) 

pH 5.85 5.12 
% N  0.20 0.36 
% C 3.68 4.20 
% Al 0.85 0.30 
% Fe 0.30 0.38 
Exchangeable Cations (cmolc kg-1)   
Ca 28 1 
K 1.71 0.22 
Mg 0.32 0.90 
Na 0.12 0.11 
1CEC 22.1 9.4 
2WHC (%) 80.6 45.9 

1CEC=Cation Exchange Capacity; 2WHC=Water Holding Capacity 
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5.2.3 Experimental Design  

At each experimental site, two sets of experiments were conducted at two different seasonal 

periods (late-autumn and mid-winter). The late-autumn treatment used twenty-eight (28) 

lysimeters at each experimental site with the aim to reduce NO3
- -N leaching during the wet 

and cold periods of the year (autumn-winter-spring) (Di et al. 2007). The mid-winter treatment 

application used sixteen (16) lysimeters at each site and it was aimed to test the effectiveness 

of GA and its combination with LS on growth during the winter period. Previous studies have 

indicated that GA can perform better in increasing yield when applied in winter temperatures 

(Williams and Arnold 1964). The experimental design was a completely randomised block 

design.  

5.2.4 Treatments application 

To simulate urine application by dairy cows, synthetic urine was prepared by dissolving urea 

(11 g L-1), glycine (2.90 g L-1), KHCO3 (13.98 g L-1), KCl (5.04 g L-1), and K2SO4 (1.38 g L-1) 

in water (Clough et al. 1998) producing a final N concentration of 6 g N L-1. Prior to urine 

application in each period, the grass was cut to 50 mm above the soil surface and lysimeter 

leachate was collected in both experimental sites to determine leachate NO3
- -N concentration, 

to ensure low background NO3
- -N levels (Appendix Table A2.1 and A2.2). Urine was applied 

at a rate of 2 L per lysimeter (equivalent 10 L m-2 or 600 kg N ha-1). Control lysimeters received 

an equal volume of water (2L). 

5.2.4.1 Experiment 1-Late-autumn treatments application 

The first treatment application (late-autumn) was made on 09 June 2020 for the Pumice soil, 

and 27 May 2020 for the Pallic soil. Seven treatments outlined in Table 5.2 were applied at 

each experimental soil. In this study, DCD was used as a reference material in terms of reducing 
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NO3
- -N leaching. At both experimental soils, treatments were applied as a surface spray to 

each designated lysimeter, 4 h following the urine application. In all lysimeters, 5 mm of water 

was applied after treatment application to wash applied treatments from pasture canopy and to 

help distribute treatments in the soil (Zaman and Nguyen 2012). 

Table 5.2 Description of late-autumn treatments applied in the Pumice soil lysimeters on 09 June 
2020 and in the Pallic soil lysimeters on 27 May 2020. 

Late-autumn treatments  
Urine N rate 

(kg N ha-1) 
Replicates 

Control (water) Nil 4 

Urine only 600 4 

Urine + DCD at 10 kg ha-1 600 4 

Urine + PA-MA at 10 kg ha-1 600 4 

Urine + LS at 120 kg ha-1 600 4 

Urine + split-application of LS (2LS) at same rate initial and 

after a month of first application 
600 4 

Urine + GA (ProGibb SG at 80 g ha-1) + LS at 120 kg ha-1 600 4 

5.2.4.2 Experiment 2- Mid-winter treatments application  

The second treatment application (mid-winter with air temperature less than 10 ℃) was on 29 

July 2020 for the Pumice soil and on 26 August 2020 for the Pallic soil. The treatments as 

outlined in Table 5.3 were applied as discussed in section 5.2.4.1. 

Table 5.3 Description of mid-winter treatments applied in the Pumice soil lysimeters on 29 July 2020 
and in the Pallic soil lysimeters on 26 August 2020. 

Late-autumn treatments Urine N rate 
(kg N ha-1) Replicates 

Control (water)  Nil  4 
Urine only  600  4 
Urine + GA (ProGibb SG at 80 g ha-1)  600  4 
Urine + GA (ProGibb SG at 80 g ha-1) + LS at 120 kg ha-1  600  4 
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5.2.5 Drainage water collection and analysis 

Drainage water from each lysimeter was collected in 20 L black plastic containers connected 

to the base of each lysimeter via a drainage pipe. Drainage water was collected after 48 h and 

72 h for the Manawatu and Canterbury sites, respectively, after each heavy rainfall event (>20 

mm). The drainage water collection interval was informed by results obtained in a preliminary 

study which showed that collection period of drainage sample does not have influence on either 

NH4
+ -N or NO3

- -N concentration (Appendix 2 Figure A2.1). The drainage water volume was 

measured and a sub-sample of approximately 30 ml was collected, filtered, and stored at <4 ℃ 

prior to analyses. All samples were analysed within one week of collection for mineral N (NH4
+ 

-N and NO3
- -N) using Technicon autoanalyzer (Blakemore 1987). 

5.2.6 Dry matter (DM) yield  

The timing of herbage harvest from lysimeters was based the 2-3 leaf stage of pasture growth. 

This resulted in five harvests at the Manawatu site and four at Canterbury for the late-autumn 

treatments. For mid-winter treatments, there were four harvests from Manawatu and three from 

Canterbury. During harvest, herbage was cut to a height of 50 mm and the dry weight was 

recorded after samples were oven-dried at 65 ℃ for a week.  

5.2.7 Herbage analysis 

Oven-dried herbage was homogenised using a Foss Cyclotech mill (Thermo Fisher Scientific, 

Waltham, MA, USA) and passed through a 1 mm sieve. A sub-sample of ground biomass (0.1 

g) was analysed for N concentration using the Kjeldahl N method (McKenzie and Wallace 

1954). Total dry weight herbage Cu concentration and macronutrient uptake were determined 

on a 0.1 g sub-sample of ground herbage digested in 10 ml of 70% nitric acid (HNO3). Sample 
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digests were diluted to 25 ml and filtered through Whatman 42 filter paper before quantification 

using Microwave Plasma Atomic Emission Spectroscopy (MPAES-4200, Agilent, USA). 

5.2.8 Soil mineral N analysis 

A stainless-steel corer with an internal diameter of 30 mm was used to collect six soil cores in 

each lysimeter to 0-600 mm depth at the end of the experimental period for both experimental 

soils. Field moist soil cores from each lysimeter were composited, mixed manually and then 

sieved through a 2 mm sieve before a 5 g sub-sample was taken for mineral N analysis. Soil 

samples were extracted using 30 ml, 2 M KCl on an end-over shaker for 1 h. The tubes were 

then centrifuged at 1100 g for 10 min and filtered through Whatman 42 filter paper. Samples 

were analysed for mineral N (NH4
+ -N and NO3

- -N) using a Technicon autoanalyzer 

(Blakemore 1987). The autoanalyzer used two colorimetric methods: NH4
+ -N was determined 

using an indophenol method based on the reaction of NH3 with hypochlorite and  

phe-nol/salicylate catalysed by nitroprusside. Nitrate-N was determined using the reduction of 

nitrate to nitrite by hydrazine followed by the reaction of nitrite with  

N-(1-naphthyl)-ethylenediamine dihydrochloride to form an azo dye. The resulting colours 

produced were measured using individual colorimeter and voltage outputs were converted to 

concentration using a computerised data aquations system (USB-1208FS analog to digital 

converter and DAQami™ software, Measurement Computing Corporation, USA) (Maynard et 

al. 1993).  

5.2.9 Climatic data  

Climatic data for the experimental period at both sites were downloaded from the National 

Institute of Water and Atmosphere (NIWA) database (cliflo.niwa.co.nz). The NIWA data for 

the Manawatu site was sourced from station number 21963 which was approximately 300 m 

from site, whereas for the Canterbury site it was from station number 4701 located 
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approximately 500 m from experimental site. Rainfall was also measured onsite using installed 

manual rain gauges and recordings were taken after every rainfall event. 

5.2.10 Statistical analysis and quality control 

Data normality test and statistical analyses were done using Minitab (Version 19. Minitab Inc., 

USA). The treatment comparison effects were analysed using ANOVA and significant  

(P < 0.05) differences between means were determined using Tukey post-hoc test. The 

percentage of N recovered from applied urine N during the study was calculated using the 

equation 5.1 (Zvomuya et al. 2003).  

% 𝑁 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑  𝑓𝑟𝑜𝑚 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑢𝑟𝑖𝑛𝑒 𝑁 = 𝑁𝑈𝑅−𝑁0
𝑁𝑈

 × 100                     Equation 5.1 

 

Where NUR and N0 represents cumulative N output (leached, soil residual N, and herbage N 

uptake) in urine treated lysimeters and control, respectively and NU represents applied urine N 

concentration (kg N ha-1). 

To ensure the accuracy of analytical determinations, Standard reference material SRM 2710a, 

Tomato leaves, and SRM 1573, Montana soil, were analysed for Cu during all sample runs. 

Analysed concentrations of the tomato leaves and Montana soil were within 92.4-98% and 

93.4-98.6%, respectively of certified values. 

5.3 Results 

5.3.1 Rainfall and Temperature 

Total rainfall for the Manawatu site lysimeters was 805 mm, with 333 mm drainage water 

collected during the experimental period (09 June 2020 to 15 December 2020) (Figure 5.1a). 
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Average daily soil temperatures (0-10 cm) for the Manawatu site were below 7 ℃ for 15 days 

between July and August and increased to approximately 20 ℃ in December.  

Total rainfall for the Canterbury lysimeters was 314 mm, with 114.9 mm of drainage collected 

(27 May 2020 to 16 December 2020) (Figure 5.1b). At the Canterbury site, average soil 

temperatures were below 5 ℃ from June to August, increasing to about 14 ℃ in December. 

 

Figure 5.1 Daily total rainfall, soil water deficit, measured drainage, cumulative drainage, and average 
soil temperature (10 cm) at the (a) Manawatu and (b) Canterbury site during the experimental period of 
May 2020 to December 2020. The red arrow shows the late-autumn treatment application, while the 
green arrow shows the mid-winter treatment application. 
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5.3.2 Late-autumn treatments application 

5.3.2.1 Mineral N leaching losses 

In the Pumice soil lysimeters, twelve late-autumn leaching events were recorded resulting in 

cumulative drainage of 333 mm (Appendix 2 Figure A2.2a and A2.2c). Maximum leaching 

occurred at 172.1 mm of cumulative drainage with leached NO3
- and NH4

+ rates of 21 to 52 kg 

NO3
- -N ha-1 and from 0.6 to 1.4 kg NH4

+ -N ha-1 (Appendix 2 Figure A2.2a and A2.2c). The 

cumulative leached NO3
- -N and NH4

+ -N for the late-autumn urine treatments in the Pumice 

soil lysimeters ranged from 51.8 to 90.7 kg NO3
- -N ha-1 and from 1.4 to 2.1 kg NH4

+ -N ha-1 

(Table 5.4). The applied treatments induced significant differences in total mineral N leaching. 

The DCD, 2LS and GA + LS treatments reduced the total mass of mineral N leaching in the 

Pumice soil by 8, 16, and 35%, respectively, compared to the application of the urine-only 

treatment (Table 5.4). Whereas, the application of PA-MA and LS had no significant effect on 

the total mineral N leaching relative to the application of the urine-only treatment. 

In the Pallic soil lysimeters, five late-autumn leaching events were recorded resulting in 

cumulative drainage of 114.9 mm (Appendix 2 Figure. A2.2b and A2.2d). Maximum leaching 

occurred during the first drainage event (at 61.8 mm of cumulative drainage) at rates of 32 to 

69 kg NO3
- -N ha-1 and from 36 to 83 kg NH4

+ -N ha-1 (Appendix 2 Figure. A2.1b and A2.1d). 

The cumulative NO3
- -N and NH4

+ -N leaching for late-autumn urine treatments ranged from 

39.7 to 81.1 kg NO3
- -N ha-1 and from 36.2 to 83.4 kg NH4

+ -N ha-1 (Table 5.4). Reductions in 

total mineral N leaching from the Pallic soil were 34, 11, and 35% for the DCD, 2LS, and GA 

+ LS treatments, respectively (P < 0.05), relative to the application of the urine-only treatment 

(Table 5.4). The applications of PA-MA and LS treatments had no significant effect on total 

mineral N leaching, relative to the application of the urine-only treatment. 
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Table 5.4 Cumulative NO3
− -N  and NH4

+ -N leaching, and total mineral N following late-autumn 
treatment application in the Pumice soil for the period 09 June 2020 to 15 December 2020 and Pallic 
soil for the period 27 May to 16 December 2020. 

Treatments  

Pumice soil 
Cumulative 
nitrate leaching 
kg NO3

− -N ha−1 

Cumulative 
ammonia leaching 
kg NH4

+ -N ha−1 

Total mineral N 
leaching 
(kg N ha−1) 

Control   6.9 ± 0.3 e 1.8 ± 0.1 ab   8.7 ± 0.5 d 
Urine-only 84.3 ± 2.8 ab 1.4 ± 0.1 b  85.7 ± 3.0 a 
Urine + DCD 76.6 ± 2.6 bc 1.9 ± 0.11 ab 78.5 ± 4.6 ab 
Urine + PA-MA 90.7 ± 2.0 a 1.4 ± 0.90 b 92.1 ± 3.1 a 
Urine + LS 87.4 ± 3.1 ab 1.7 ± 0.3 ab 89.1 ± 2.2 a 
Urine + 2LS 70.4 ± 1.5 c 1.7 ± 0.2 ab 72.1 ± 2.7 b 
Urine + GA + LS 51.8 ± 3.1 d 2.1 ± 0.1 a 53.9 ± 3.6 c 

Treatments 

Pallic soil 
Cumulative 
nitrate leaching 
kg NO3

− -N ha−1 

Cumulative 
ammonia leaching 
kg NH4

+ -N ha−1 

Total mineral N 
leaching 
(kg N ha−1) 

Control 10.5 ± 1.2 d   3.3 ± 0.2 d   13.7 ± 0.7 d 
Urine only 62.9 ± 4.7 b 83.4 ± 2.7 a 146.3 ± 5.7 ab 
Urine + DCD 39.7 ± 3.4 c 57.7 ± 1.3 bc   97.3 ± 9.8 bc 
Urine + PA-MA 81.1 ± 0.7 a 68.4 ± 1.5 ab 149.5 ± 8.2 a 
Urine + LS 76.5 ± 1.8 a 75.0 ± 2.7 ab 151.5 ± 5.8 a 
Urine + 2LS 58.4 ± 3.0 b 71.4 ± 1.7 ab 130.1 ± 8.3 abc 
Urine + GA + LS 50.4 ± 3.3 bc 44.0 ± 2.3 c   94.5 ± 1.1 c 

Note: Numbers after ± represent standard error of mean. Different small letters in each column of each soil indicate a significant 
difference at P < 0.05.  

5.3.2.2 Cumulative N uptake and cumulative DW 

Herbage N uptake and DM yield varied among treatments. Application of DCD, 2LS, and GA 

+ LS treatments to the Pumice soil lysimeters induced a nominal but non-significant increase 

in cumulative N uptake, and cumulative DM yield (Table 5.5) relative to the application of the 

urine-only treatment.  

Similarly, for the Pallic soil, there was no significant (P > 0.05) increase in cumulative N uptake 

and cumulative DM yield following the application of inhibitors (Table 5.5) compared to the 

application of the urine-only treatment. 

 



97 
 

Table 5.5 Cumulative pasture N uptake (kg N ha-1), and cumulative DM yield (kg DM ha-1) following 
late-autumn treatment application in the Pumice soil for the period 09 June 2020 to 15 December 2020 
and Pallic soil for the period 27 May to 16 December 2020. 

Treatments 
Pumice soil 

Cumulative N uptake 
(kg N ha-1) 

Cumulative DM yield 
(kg DM ha-1) 

Control 48.2 ± 1.2 d 2783 ± 176 b 
Urine-only 232.5 ± 2.6 ab 9568 ± 156 a 
Urine + DCD 254.8 ± 15.7 a 10276 ± 669 a 
Urine + PA-MA 204.0 ± 7.3 c 9941 ± 596 a 
Urine + LS 213.2 ± 11.4 bc 9474 ± 562 a 
Urine + 2LS 258.1 ±16.0 a 10301 ± 719 a 
Urine + GA + LS 261.1 ± 7.02 a 9583 ± 885 a 

Treatments 
Pallic soil 

Cumulative N uptake 
(kg N ha-1) 

Cumulative DM yield 
(kg DM ha-1) 

Control 93.2 ± 9.5 b   4421 ± 300 b 
Urine-only 280.9 ± 14.0 a 10106 ± 421 a 
Urine + DCD 327.3 ± 21.5 a 10971 ± 743 a 
Urine + PA-MA 286.4 ± 11.9 a 10223 ± 343 a 
Urine + LS 308.1 ± 20.1 a 10596 ± 842 a 
Urine + 2LS 312.5 ± 21.4 a 10892 ± 1080 a 
Urine + GA + LS 314.4 ± 19.2 a 11286 ± 606 a 

Note: Numbers after ± represent standard error of mean. Different small letters in each column of each soil 
indicate a significant difference at P < 0.05.    

5.3.2.3 Herbage total Cu and macronutrient concentration  

Late-autumn application of compounds (PA-MA, LS, 2LS, and GA + LS) did not induce 

significant (P > 0.05) changes in herbage Cu concentration at any harvest for either the Pumice 

or Pallic soil when compared to the urine-only lysimeters (Figure 5.2 a and b). Similarly, there 

were no signifcant changes in macronutrient uptake between applied inhibitors and urine-only 

treatment in either Pumice or Pallic soil (Appendix 2 Table A2.4). 
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5.3.2.4 Soil mineral N 

There were no significant changes in residual soil mineral N between the applied inhibitors and 

the application of the urine-only treatment in either the Pumice or Pallic soils (Table 5.6).

 

Figure 5.2 Late-autumn treatment application herbage Cu concentration in the Pumice (a) and Pallic 
soils (b).  
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Table 5.6 Soil NO3
- -N, NH4

+ -N, and soil total mineral N analysed at the end of the experiment 
following late-autumn treatment application in the Pumice and Pallic soils. 

Treatments  
Pumice soil 

Soil nitrate 
(kg NO3

- -N ha-1) 
Soil ammonia 
(kg NH4

+ -N ha-1) 
Soil total mineral N 
(kg N ha-1) 

Control 15.8 ± 0.8 a 0.13 ± 0.01b 16.0 ± 0.8 a 
Urine only 16.2 ± 1.4 a 0.13 ± 0.02 ab 16.3 ± 1.4 a 
Urine + DCD 18.6 ± 2.0 a 0.18 ± 0.01 a 18.7 ± 2.0 a 
Urine + PA-MA 16.9 ± 1.7 a 0.14 ± 0.01 ab 17.1 ± 1.7 a 
Urine + LS 14.3 ± 1.0 a 0.15 ± 0.01 ab 14.4 ± 1.0 a 
Urine + 2LS 12.7 ± 0.5 a 0.18 ± 0.01 a 12.9 ± 0.5 a 
Urine + GA + LS 16.6 ± 1.5 a 0.13 ± 0.02 ab 16.7 ± 1.5 a 

Treatments 
Pallic soil 

Soil nitrate 
(kg NO3

- -N ha-1) 
Soil ammonia 
(kg NH4

+ -N ha-1) 
Soil total mineral N 
(kg N ha-1) 

Control 17.4 ± 1.9 b 11.4 ± 0.9 a 28.8 ± 2.2 b 
Urine only 31.7 ± 2.9 ab 3.8 ± 0.4 bc 35.5 ± 3.2 ab 
Urine + DCD 29.1 ± 1.9 ab 3.1 ± 0.3 c 32.2 ± 1.3 b 
Urine + PA-MA 35.3 ± 2.4 a 5.4 ± 0.6 b 40.7 ± 1.0 ab 
Urine + LS 31.9 ± 2.7 ab 9.6 ± 0.2 c 34.6 ± 3.1 b 
Urine + 2LS 40.6 ± 5.2 a 9.6 ± 0.5 a 50.2 ± 5.3 a 
Urine + GA + LS 36.3 ± 4.5 a 2.8 ± 0.5 c 39.2 ± 4.4 ab 

Note: Numbers after ± represent standard error of mean. Different small letters in each column of each soil indicate 
significant difference at P < 0.05. 

5.3.3 Mid-winter treatment application 

5.3.3.1 Mineral N leaching losses 

Ten mid-winter leaching events were recorded for the Pumice soil resulting in cumulative 

drainage of 282.6 mm (Appendix 2 Figure A2.3a and A2.3c). Nitrate-N was the dominate form 

of N leached. Maximum leaching occurred from the urine treated lysimeters for a cumulative 

drainage of 137.3 mm with rates of 46-58 kg NO3
- -N ha-1 and 0.5-1 kg NH4

+ -N ha-1 (Appendix 

2 Figure A2.3a and A2.c). Overall, the GA-only and GA + LS treatments significantly (P < 

0.05) reduced the total amount of mineral N leaching from the Pumice soil by 23 and 20%, 

respectively, relative to the application of the urine-only treatment (Table 5.7).  
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Three leaching events were recorded for the Pallic soil with a cumulative drainage of 48.3 mm 

(Appendix 2 Figure A2.3b and A2.3d). This low drainage resulted in low NO3
- -N leaching for 

the different treatments. Maximum leaching from the urine-treated lysimeters was recorded for 

a cumulative drainage of 34.3 mm with rates of 1.8 to 28.3 kg NO3
- -N ha-1 and 0.1-0.6 kg 

NH4
+ -N ha-1 (Appendix 2 Figure A2.3b and A2.3d). Overall, lysimeters treated with GA alone 

showed a significant (P < 0.05) increase in mass of N leaching compared to the application of 

the urine-only treatment. However, there was no significant difference in total mineral N 

leaching between the urine-only and GA + LS treatment (Table 5.7). 

Table 5.7 Cumulative NO3
− -N leaching, cumulative NH4

+ -N leaching, and total mineral N following 
mid-winter treatment application in the Pumice soil for the period 29 July 2020 to 15 December 2020 
and Pallic soil for the period 26 August 2020 to 16 December 2020. 

Treatments  

Pumice soil 
Cumulative nitrate 
leaching 
(kg NO3

− -N ha−1) 

Cumulative 
ammonia leaching 
(kg NH4

+ -N ha−1) 

Total mineral N 
leaching 
(kg N ha−1) 

Control     2.5 ± 0.2 c 1.4 ± 0.2 a     3.9 ± 0.01 c 
Urine only 136.7 ± 3.0 a 0.9 ± 0.1 a 137.8 ± 3.0 a 
Urine + GA 104.8 ± 2.7 b 0.9 ± 0.2 a 105.6 ± 2.6 b 
Urine + GA + LS 109.0 ± 4.4 b 1.1 ± 0.3 a 110.1 ± 3.0 b 

Treatments 

Pallic soil 
Cumulative nitrate 
leaching 
(kg NO3

− -N ha−1) 

Cumulative 
ammonia leaching 
(kg NH4

+ -N ha−1) 

Total mineral N 
leaching 
(kg N ha−1) 

Control   8.3 ± 0.5 c 0.2 ± 0.1 bc   8.5 ± 0.4 c 
Urine only 53.1 ± 0.8 b 0.7 ± 0.1 a 53.8 ± 0.8 b 
Urine + GA 57.1 ± 0.9 a 0.2 ± 0.01 c 57.3 ± 0.9 a 
Urine + GA + LS 50.5 ± 0.9 b 0.4 ± 0.1 ab 50.9 ± 0.8 b 

Note: Numbers after ± represent standard error of mean. Different small letters in each column of each soil indicate 
a significant difference at P < 0.05. 

5.3.3.2 Cumulative N uptake and cumulative DM yield  

Application of GA-only and GA + LS treatments to the Pumice soil lysimeters showed a 

significant (P < 0.05) increase in cumulative N uptake (22% for GA only and 13% for GA + 

LS) and cumulative DM yield (18% for GA only and 15% for GA + LS) relative to the 

application of the urine-only treatment (Table 5.8). The treatment effect on cumulative N 
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uptake and cumulative yield for the Pallic soil was also significant (P < 0.05), with 

corresponding values of 19 and 12% for GA only, and 24 and 19% for GA + LS, respectively 

(Table 5.8). 

Table 5.8 Cumulative N uptake (kg N ha-1), and cumulative DM yield (kg DM ha-1) following mid-
winter treatment application in the Pumice soil for the period 29 July 2020 to 15 December 2020 and 
Pallic soil for the period 26 August 2020 to 16 December 2020. 

Treatments 
Pumice soil 

Cumulative N uptake 
(kg N ha-1) 

Cumulative DM yield 
(kg DM ha-1) 

Control 45.5 ± 0.9 c 2692 ± 166 c 
Urine-only 201.0 ± 5.2 b 8061 ± 380 b 
Urine + GA 245.8 ± 9.2 a 9519 ± 141 a 
Urine + GA + LS 227.3 ± 15.6 a 9270 ± 526 a 

Treatments 
Pallic soil 

Cumulative N uptake 
(kg N ha-1) 

Cumulative DM yield 
(kg DM ha-1) 

Control 81.8 ± 8.8 d   3992 ± 425 d 
Urine-only 271.5 ± 18.3 c   9405 ± 719 c 
Urine + GA 321.9 ± 11.0 b 10506 ± 328 b 
Urine + GA + LS 336.0 ± 17.7 a 11148 ± 755 a 

Note: Numbers after ± represent standard error of mean. Different small letters in each column of each soil 
indicate a significant difference at P < 0.05.    

5.3.3.3 Soil mineral N 

In the Pumice soil, the applied treatments resulted in significant differences in residual soil 

mineral N in the lysimeters. The soil mineral N was significantly (P < 0.05) higher in the GA 

+ LS treatment compared to the application of the urine-only treatments (Table 5.9). However, 

there were no significant changes between urine-only and GA treatments. 

In the Pallic soil, there were no significant differences in residual mineral N observed between 

urine treated lysimeters (Table 5.9). 
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Table 5.9 Soil NO3
- -N, NH4

+ -N, and soil total mineral N analysed at the end of the experiment 
following mid-winter treatment application in the Pumice and Pallic soils lysimeters.  

Treatments  
Pumice soil 

Soil nitrate 
(kg NO3

- -N ha-1) 
Soil ammonia 
(kg NH4

+ -N ha-1) 
Soil total mineral N 
(kg N ha-1) 

Control 15.8 ± 0.8 b 1.1 ± 0.01 a 16.9 ± 0.8 b 
Urine only 14.0 ± 1.5 b 0.7 ± 0.01 b 14.8 ± 1.5 b 
Urine + GA 18.2 ± 1.3 ab 1.1 ± 0.1 a 19.3 ± 1.3 ab 
Urine + GA + LS 22.7 ± 2.0 a 1.3 ± 0.01 a 24.0 ± 2.0 a 

Treatments 
Pallic soil  

Soil nitrate 
(kg NO3

- -N ha-1) 
Soil ammonia 
(kg NH4

+ -N ha-1) 
Soil total mineral N 
(kg N ha-1) 

Control 17.4 ± 1.6 b 11.4 ± 0.9 a 28.8 ± 2.2 a 
Urine only 58.0 ± 2.3 a   4.9 ± 0.6 b 62.9 ± 2.8 b 
Urine + GA 49.1 ± 4.0 a   4.3 ± 0.6 b 53.4 ± 4.5 b 
Urine + GA + LS 54.1 ± 3.1 a   5.9 ± 0.4 b 60.0 ± 3.5 b 

Note: Numbers after ± represent standard error of mean. Different small letters in each column of each soil indicate 
significant difference at P < 0.05. 

5.4 Discussion 

5.4.1 Leachate mineral N 

Lysimeter leachate analysis before treatment application (Appendix 2 Table A2.1 and A2.2) 

showed that there was extremely low background mineral N in leachate. Results from this study 

show that NO3
- -N was the major form of N leaching from the Pumice soil for both late-autumn 

and mid-winter urine applications (Table 5.4  and Table 5.7). This aligns with the general 

expectation that NO3
- -N is the predominant form of mineral N in drainage water. However, 

large quantities of NH4
+ -N were leached from the Pallic soil lysimeters in late-autumn, and 

this was associated with the first collected drainage (Appendix 2 Figure A2.2d). High NH4
+ -

N  leachate losses have been previously reported for Pallic soil in Canterbury (Talbot et al. 

2021), where late-autumn (May) urine application to stony Pallic orthic brown soil in 

Canterbury resulted in NH4
+ -N leaching ranging from 33.0 to 58.7 kg NH4

+ -N ha-1, due to 

urine flowing via macro-pore into the lower gravel layers of the lysimeters. In this Chapter, an 

average of 60.8 kg NH4
+ -N ha-1 was leached during the first cumulative drainage of 61.8 mm. 
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The high rainfall event and combination of the free-draining shallow stony soil, limited CEC, 

and low water holding capacity (40-60 mm) allowed the leaching of NH4
+ -N. In contrast, the 

Pumice soil could hold between 150-200 mm of water with a higher CEC. In addition to the 

differences in water holding capacity and CEC between the soils, the stony nature of the Pallic 

A horizon (0-30 cm, 50-60% stones) allows macro pore flow of urine into the predominantly 

stone and sand Ap horizon (30-50 cm, 71-75% stones) (Carrick et al. 2017).  

The late-autumn application of 2LS, and GA + LS, significantly (P < 0.05) reduced the total 

amount of mineral N leaching from the Pumice soil lysimeters relative to the application of 

urine-only, while only lysimeters treated with GA + LS showed a significant (P < 0.05) 

reduction in the total mineral N concentration in leachate from the Pallic soil lysimeters (Table 

5.4). Application of 2LS proved to be more effective in reducing total mineral N leaching than 

a single application of LS for the Pumice soil. Therefore, the application of a second dose might 

have helped to prolong the effectiveness of these compounds in reducing total mineral N losses. 

However, in the Pallic soil lysimeters, application of a second dose did not yield any reduction 

in total mineral N leaching. This can be attributable to the fact that a higher proportion of the 

applied N was leached in the first cumulative drainage event before the second dose 

application. Further, application of PA-MA and LS treatments resulted in non-significant 

changes in total mineral N leaching in either Pumice or Pallic soil lysimeters relative to the 

urine-only treatment. The higher CEC of the Pumice soil might support the adsorption of 

inhibitors to soil organic matter (Zhang et al. 2020). On the other hand the low CEC and low 

water holding capacity of the Pallic soil might have exacerbated the possibilities of leaching 

these inhibitors during drainage (Martikainen 2022). These factors might have contributed to 

the reduction in inhibitor’s effectiveness.  
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The combination of GA + LS treatment reduced total mineral N leaching in both the Pumice 

and Pallic soils. In this study, GA was applied to improve N uptake and plant growth as a 

complimentary mechanism to the effect of LS. First herbage cut N uptake data from both sites 

suggests that this combination might have reduced total N losses through increasing N uptake 

when compared to the other treatments (Appendix 2 Table A2.3). This increase in herbage N 

uptake may have resulted in less soil mineral N available for leaching during drainage events. 

However, further studies are needed to provide clear evidence on the mode of action of this 

treatment. In a similar study (Bishop and Jeyakumar 2021), late-autumn GA + LS application 

significantly reduced NO3
- -N leaching in Pumice and Pallic soils by 15 and 22%, respectively.  

Mid-winter application of GA alone and GA + LS significantly (P < 0.05) reduced mineral N 

leaching loss from the Pumice soil (Italian ryegrass); however, the same result was not 

observed for the Pallic soil (perennial ryegrass/clover mixture) where GA alone increased the 

total mineral N leaching, and GA + LS had no significant effect when compared to urine-only 

(Table 5.7). The increase in N leaching in the Pallic soil associated with GA alone might be 

attributed to the interaction between the GA and white clover. Several studies have provided 

evidence that the application of GA increases nodule formation in legumes (Ferguson et al. 

2011; Rafique et al. 2021), and high nodulation in legumes can increase biological nitrogen 

fixation (BNF). Rafique et al. (2021) reported that the application of GA3 (10-5 M) as foliar 

spray to Rhizobium inoculated chickpea plants significantly increased nodules per plant by 55% 

relative to the control. Increased BNF by Rhizobium bacteria associated with clover nodules 

might have reduced the utilisation of urine applied N, thus making it susceptible to leaching. 

Further, the increase in N fixation might lead to an increase in the total N input, and eventually 

an increase in the NO3
- -N leaching potential. Reduced N leaching by GA + LS was a 

combination effect of LS, and the complementary effect of GA. Evidence of this theory is 
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illustrated through the significantly (P < 0.05) higher cumulative N uptake due to the GA + LS 

treatment when compared to GA alone.   

5.4.2 Pasture N uptake and dry matter yield 

The application of late-autumn inhibitors did not lead to any significant increase in cumulative 

herbage N uptake and cumulative DM yield for either of the lysimeter soils (Table 5.5) when 

compared to the urine-only lysimeters. The non-significant increase in cumulative N uptake 

and cumulative yield associated with the applied treatments was influenced by the form of N 

present in both soils. Complete nitrification in soil occurs within 2-4 weeks when conditions 

are favourable (Haynes and Williams 1992). Thereafter, most of the N in the soil is converted 

to the NO3
- -N form. Pastures can only save energy for extra growth when they uptake N as 

either urea or the NH4
+ ion. Therefore, pastures in this study were unlikely to realise a growth 

benefit due to the N speciation as NO3
- -N. This effect explains the non-significant effect 

between applied treatments (Zaman and Blennerhassett 2010). Previous studies have also 

reported reduced NO3
- -N leaching as a function of inhibition; however, these studies have not 

shown significant effect on cumulative N uptake and pasture DM (Cookson and Cornforth 

2002; Zaman and Blennerhassett 2010), due to suppression of soil NO3
- -N levels. 

Although the applied treatments did not result in overall significant cumulative N uptake and 

variable yield between treatments, significant treatment effects were observed during the first 

harvest dates. For example, late-autumn application of DCD, 2LS, and GA + LS significantly 

(P < 0.05) increased herbage N uptake and DM yield for the first harvest in the Pumice soil 

compared to the urine-only treatment (Appendix 2 Tables A2.3). For the Pallic soil lysimeters 

this increase was not significant (Alexopoulos et al. 2007). The higher herbage N uptake in the 

first cut suggests that these treatments might have been effective in delaying the oxidation of 
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NH4
+ -N during the period of rapid nitrification. However, their short effectiveness might be 

due to rapid degradation in the soil (Alexopoulos et al. 2007; Chibuike et al. 2022).  

Mid-winter application of GA alone and GA + LS significantly (P < 0.05) increased both 

cumulative N uptake and DM yield in both the Pumice and Pallic soils relative to the urine-

only treated lysimeters. The treatment effect in the Pumice soil lysimeters was due to the long 

period between the urine application and the first leaching event (Figure 5.1a). The longer 

period allowed high utilisation of applied N by lysimeter pasture thus giving significant 

differences between the applied treatments. The effectiveness of these treatments in the Pallic 

soil might have been accelerated by the low total mass of N leached from the Pallic soil 

lysimeters. As a result, a higher proportion of N was available for plant uptake.  

5.4.3 Herbage Cu and macronutrients uptake  

Results from Chapter 3 described how the amendments used in the current study (PA-MA, and 

LS) reduce nitrification rate through reducing the bioavailable Cu concentration in soil. 

Therefore, it was important to analyse the potential effect of these applied compounds on plant 

Cu uptake. The non-significant changes in herbage Cu suggests that any effect induced by these 

compounds might affect microbial processes in the soil while not affecting pasture Cu and 

macronutrients uptake. This is because soil microbial activity is more sensitive to small 

changes in the soil than plant growth (Shuaib et al. 2021). In Chapter 3, it was observed that 

only small changes (as low as 5 µg Cu kg-1) in bioavailable Cu can induce significant changes 

in nitrification rate, which might not be significant for plant growth. These results suggests that 

these applied compounds had no unintended detrimental consequences on Cu and 

macronutrients uptake, thus providing a sustainable approach of reducing NO3
- -N leaching in 

pastoral systems. 
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5.4.4 Soil mineral N and N recovered in the system 

Soil mineral N results analysed at the end of the current study showed that there was no 

significant difference between urine treated and untreated lysimeters in both experimental soils 

with either late-autumn or mid-winter treatment application. This implies that all applied urine 

N was either utilised through pasture N uptake or lost through leaching or other pathways such 

as immobilisation or emission. In this study, the recovered N calculations show that an average 

of 0.01, 13.1, and 31.5% of the applied urine N in the Pumice soil (late-autumn treatments) 

was recovered through soil residual N, leached N, and plant N uptake, respectively (Table 

5.10). While in the Pallic soil, soil residual N, leached N, and plant N uptake was 1.7, 19.1, and 

35.3%, respectively of the applied urine N. In the Pumice and Pallic soils, the unaccounted N 

was 55.38 and 43.98%, respectively of the applied N. Further, mid-winter treatments in the 

Pumice soil lysimeters showed that an average of 0.4, 19.0, and 29.9% of applied urine N was 

recovered through soil residual N, leached N, and plant N uptake, respectively, while 

unaccounted N was 50.73%. Similarly, in the Pallic soil, average N recovered in soil, leaching, 

and herbage was 4.99, 7.57, and 49.44%, respectively. Unaccounted N corresponded to 49.44% 

in the Pallic soil (Table 5.10). The unaccounted N is mainly N lost through immobilisation in 

the soil microbial biomass and organic matter or through emission to the atmosphere. In this 

current Chapter, unaccounted N was nearly 50% and this percentage has been reported in 

previous studies. In the literature, an average of 26, 13, and 2% of applied urinary N has been 

reported to be lost through immobilisation, NH3 volatilisation, and N2O emissions (Selbie et 

al. 2015). In a field lysimeter study reported by Zaman and Blennerhassett (2010), the 

unaccounted N was 60.29 and 56.69% in autumn and spring, respectively. The values of urine 

applied N recovered through herbage N uptake in this study agree with other studies where 

similar trends were observed (Ball et al. 1979; Shepherd et al. 2010). For example, Ball et al. 

(1979) reported that in urine applied at 300 kg N ha-1, the N recovered through plant N uptake 
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was 37% of the applied urine-N. Overall, a higher percentage of unaccounted N was in the 

Pumice soil lysimeters. The differences in soil properties between the two sites might have 

played a major role in influencing this trend. The higher WHC of the Pumice soil, together 

with the frequent rainfall and higher temperatures (Figure 5.1a) between June to August, might 

have resulted in an increase in the population of denitrifying microorganisms. Denitrifying 

microbes might have released N from soil as N2O leading to poor soil N utilisation by the 

pasture. Emissions can reach up to 28% of applied N due to the wet conditions which prevail 

between May and early July (Frase et al. 1994). However, emissions were not measured in the 

current study, and this is an area for future work. 

Table 5.10 Percentage (%) of applied N recovered in soil, herbage, leachate, and unaccounted N in 
the late-autumn and mid-winter treatments urine application. 

Treatments Residual soil 
mineral N 

Plant N uptake Leached N Unaccounted N 

Late-autumn application     
Pumice soil 0.01 31.51 13.09 55.38 
Pallic soil 1.66 35.29 19.07 43.98 
Mid-winter application     
Pumice soil 0.41 29.87 19.00 50.73 
Pallic soil 4.99 38.00 7.57 49.44 

Note: All numbers are in percentages.  

5.5 Conclusions 

This study demonstrated that split application of LS significantly (P < 0.05) reduced the total 

mineral N leached only at the Manawatu site, whereas GA plus LS (P < 0.05) reduced mineral 

N leached from both Pumice and Pallic soils. These treatments provided valuable evidence on 

potential amendments that can be applied to urine patches to reduce mineral N leaching losses. 

The study shows that a split application of LS reduced mineral N leaching by means of 

increasing the LS reactive period in the soil, while the reduction associated with GA + LS is 

due to a combination of LS and GA effect. The timing of treatment was important, with the 
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late-autumn application showing higher efficacy in reducing mineral N leaching from both 

soils than the mid-winter application. These results have demonstrated that for farmers to 

achieve the greatest reduction in N leaching during the period of high N losses and drainage, 

application of an inhibitor is necessary during the late-autumn period. These findings can 

potentially guide farm management practices with respect to the optimal timing of nitrification 

inhibitor application to grazed pastoral systems.
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CHAPTER 6  

Nitrification rate in dairy cattle urine patches can be 

inhibited by changing soil bioavailable Cu concentration 

This chapter was published in the Environmental Pollution Journal in 2023. Citation: 

Matse, D. T., Jeyakumar, P., Bishop, P., & Anderson, C. W. N., (2023). Nitrification in dairy urine 
patches can be inhibited by changing soil bioavailable Cu concentration. Environmental Pollution. 
320: 121107. doi: 10.1016/j.envpol.2023.121107 
 

Results in Chapter 5 demonstrated that the organic compounds LS and PA-MA can potentially 

reduce NO3
- -N leaching under field conditions. However, the mechanistic effect of LS and 

PA-MA on bioavailable Cu was not investigated. Therefore, Chapter 6 aimed to determine the 

effect of LS and PA-MA on bioavailable Cu, and their impact on nitrification rate and 

AOB/AOA functional genes. This Chapter also examines the co-treatment effect of LS and GA 

on reducing NO3
- -N leaching under field conditions.  

Graphical Abstract 

 

https://doi.org/10.1016/j.envpol.2023.121107
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Abstract 

Ammonia oxidation to NH2OH is catalyzed by the AMO enzyme and Cu is a key element for 

this process. We investigated the effect of soil bioavailable Cu changes induced through the 

application of Cu-complexing compounds on nitrification rate, AOB and AOA amoA gene 

abundance, and mineral N leaching in urine patches using the Manawatu Recent soil. Further, 

evaluated the combination of organic compounds LS with a growth stimulant GA. Treatments 

were applied in May 2021 as late-autumn treatments: control (no urine), urine-only at 600 kg 

N ha-1, urine + DCD, urine + PA-MA, urine + LS, urine + split-application of LS (2LS), and 

urine + GA + LS. In addition, another four treatments were applied in July 2021 as mid-winter 

treatments: control, urine-only at 600 kg N ha-1, urine + GA, and urine + GA + LS. Soil 

bioavailable Cu and mineral N leaching were examined during the experimental period. The 

AOB/AOA amoA genes were quantified using quantitative polymerase chain reaction. 

Changes in soil bioavailable Cu across treatments correlated with nitrification rate and AOB 

amoA abundance in late-autumn while the AOA amoA abundance did not change. The 

reduction in soil bioavailable Cu induced by the PA-MA and 2LS was linked to a significant 

(P < 0.05) reduction in mineral N leaching of 16 and 30%, respectively, relative to the  

urine-only treatment. The LS treatment did not induce a significant effect on either bioavailable 

Cu or mineral N leaching relative to urine-only. The GA + LS treatment reduced mineral N 

leaching by 10% relative to LS in late-autumn, however, there was no significant effect in  

mid-winter. This study demonstrates that reducing bioavailable Cu can be a potential strategy 

to reduce N leaching from urine patches. 

Keywords: Bioavailable Cu; Nitrification rate; Ammonia-oxidizing bacteria; Ammonia-

oxidizing archaea; Mineral N leaching.  
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6.1 Introduction  

Urinary excretion by grazing livestock deposits a high N concentration (200-2000 kg N ha-1) 

(Selbie et al. 2015) onto pastoral soils and this N becomes susceptible to leaching as NO3
- -N 

during drainage events (Malcolm et al. 2022). Nitrate leaching to ground and shallow  

surface-water is a serious environmental concern (Sun et al. 2022) and high NO3
- -N 

concentrations (>11.2 mg L-1 NO3
- -N) in drinking water can pose a threat to both animal and 

human health (Menció et al. 2016; Richards et al. 2021). Mitigation of the environmental 

consequences of NO3
- -N leaching in agriculture systems is dependent on scientific knowledge 

of the mechanisms behind nitrification.  

Nitrification is the oxidation of NH4
+ -N to NH2OH, followed by the oxidation of NH2OH to 

NO2, and eventually from NO2
- to the mobile NO3

- -N (Muller et al. 2022; Yi et al. 2023). The 

ammonia oxidizing process is carried out by the 3AOB or 4AOA (Lourenço et al. 2022; Lu et 

al. 2022; Soliman and Eldyasti 2018). These two groups of ammonia oxidizers possess the 

AMO enzyme encoded by the amoA gene that catalyses the first step of nitrification  

(Bozal-Leorri et al. 2022; Hayatsu et al. 2021). Nitrification in soil is therefore dependent on 

AMO activity. However, several studies have reported that the functioning of AMO is 

influenced by several factors: including soil pH, N availability, and Cu bioavailability (Matse 

et al. 2022a; Norton and Ouyang 2019; Ramotowski and Shi 2022). 

Many studies have shown the importance of Cu in the oxidation of ammonia in drinking and 

wastewater treatment plants, pure cell culture, soil incubations, and glasshouse pot experiments  

(Corrochano-Monsalve et al. 2021; Gwak et al. 2020; Wagner et al. 2016). For example, Gwak 

et al. (2020) reported that ammonia oxidizers were inhibited in the presence of organic 

 
3 Ammonia-oxidizing bacteria 
4 Ammonia-oxidizing archaea  
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amendments that can complex with Cu2+. They also demonstrated that Cu addition significantly 

increased AOA growth in a municipal nitrifying activated sludge. Chapter 3 demonstrates that 

increasing Cu concentration (0.1-3 kg Cu kg-1) significantly increased nitrification rate in three 

pastoral soils. It further reported that reducing bioavailable Cu through the application of LS 

and PA-MA (organic compounds) reduced nitrification rate. 

However, the use of organic compounds such as LS and PA-MA to reduce nitrification through 

reducing bioavailable Cu have only been examined in a controlled environment. As a result, 

their efficiency under field conditions is unknown. Studies that have evaluated the efficiency 

of nitrification inhibitors under environmental conditions have shown the effect of inhibition 

is reduced under field conditions relative to the potential reported in controlled studies (Guardia 

et al. 2018; Kim et al. 2012) and a potential causative factor is poor plant growth. One strategy 

to overcome this challenge is to improve plant growth through the application of an external 

plant growth stimulant such as GA (Parsons et al. 2013). Gibberellic acid is responsible for 

various aspects of plant growth and elongation (Swain and Singh 2005). Several studies have 

reported increased herbage N concentration and dry matter following GA application (Matthew 

et al. 2009; Zaman et al. 2014). The extra boost in growth induced through GA could potentially 

increase N uptake in soil during periods of low N uptake, thus complementing the Cu reducing 

mechanism of inhibitors. 

The study in Chapter 6 was therefore conducted to determine the effect of Cu-complexing 

organic compounds on the concentration of bioavailable Cu in soil under field conditions, and 

the impact of such treatment on nitrification rate, AOB/AOA amoA gene abundance, and 

mineral N leaching. A second objective was to evaluate the effect of a combination of organic 

compounds with GA as a strategy to reduce mineral N leaching. Understanding the mechanism 
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of Cu’s effect on nitrification could support the development of alternative methods that may 

reduce nitrification rate in pastoral soils. 

6.2 Materials and Methods  

6.2.1 Site and soil type 

This study was conducted in a lysimeter facility at the Dairy 1 farm 

(40°23'0.95"S175°36'36.16"E), Massey University, Palmerston North, NZ. The annual rainfall 

and daily temperature in Palmerston North is around 900 mm and 9.1 ℃, respectively (NIWA 

2016). The soil used was the Manawatu Recent soil, a fine sandy loam described as dystric 

Fluventic Eutrudept according to US Soil Taxonomy Classification (Hewitt 2010). This is a 

well-drained soil with a moderately developed structure. This soil was used in this current study 

because it has low organic carbon (C) content compared to other NZ pastoral soils (Matse et 

al. 2022a; McNally et al. 2017). Low C can eliminate the C effect on influencing the 

performance of ammonia oxidizing microorganisms in the soil. 

6.2.2 Soil column preparation 

The field experiment was conducted using repacked lysimeter soil columns made from 

polyvinyl chloride (PVC) tubes, each measuring 500 mm internal diameter and 600 mm length. 

These lysimeters were installed following the protocol of Cameron et al. (1992). Each lysimeter 

was fitted with glass fabric at the bottom to prevent loss of soil and was connected to a drainage 

collection PVC pipe (10 mm) that percolated into a 20 L container. Soil was collected at 20 cm 

depth from a site that had been fenced for approximately 2 years without any grazing; soil 

collection was designed to prevent the inclusion of any residual N from grazing animals with 

soil packed into lysimeters. The general soil properties (0-20 cm) from the soil collection site 

were measured at the time of soil collection and are presented in Table 6.1. Soil was 
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homogenised by sieving through a 25 mm sieve to remove any plant debris. Soil was repacked 

into the lysimeters, then sulphur was applied to all lysimeters at a rate of 20 kg ha-1 as K2SO4 

to correct a recorded deficiency in Sulphur (Table 6.1). Italian ryegrass was sown at a rate of 

25 kg ha-1 after four weeks. All lysimeters received Calcium Ammonium Nitrate (CAN) 

applied at a rate of 50 kg N ha-1 as a maintenance N fertiliser four weeks after ryegrass 

germination. Ryegrass was allowed to establish for two months before treatment application. 

Table 6.1 Summary of determined soil properties 

Soil property Value 
pH 5.5 
Olsen P (mg L-1) 14 
Sulphate S (mg kg-1) 2 
Bioavailable Cu (mg kg-1) 0.19 
Cation Exchange Capacity (CEC, cmolc kg-1) 11 
Exchangeable cations (cmolc kg-1)  
Exchangeable K 0.44 
Exchangeable Ca  4.50 
Exchangeable Mg  1.15 
Exchangeable Na  0.11 

 

6.2.3 Treatments and application 

Synthetic urine was prepared using chemical components as explained in Chapter 4, section 

4.2.3 and was applied to each urine-treated lysimeter at an equivalent application rate of 600 

kg N ha-1. The control treatments received the same amount of water. Two sets of treatments 

were applied as late-autumn (first treatments) and mid-winter (second treatments) applications 

of urine (Table 6.2). Pasture in all lysimeters was cut to a uniform standing height of 50 mm 

above the soil surface before treatment application. The combination of LS and GA was 

examined for both the late-autumn and mid-winter applications because literature evidence 

shows that GA is more effective when applied during winter temperatures (Williams and 

Arnold 1964). The nitrification inhibitor DCD was used as a reference chemical in this study. 
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All treatments were applied in a completely randomised block design and replicated four times. 

The synthetic urine was applied in a single application in both late-autumn and mid-winter. 

Other treatments (DCD, LS, PA-MA, and GA) were applied as a uniform spray application 

immediately after 4 h of urine application to the lysimeter surface for both application periods. 

Table 6.2 Details of treatments applied in late-autumn (applied 25 May 2021 to 16 November 202) 
and mid-winter (applied 25 July 2021 to 16 November 2021). DCD, LS, and PA-MA were used in 
this study as nitrification inhibitors. 

Number Treatments Urine N rate 
(kg N ha-1) 

 Late-autumn treatments  
1 Control (water only) No urine 
2 Urine only 600 
3 Urine + DCD at 10 kg ha-1 600 
4 Urine + LS at 120 kg ha-1 600 
5 Urine + PA-MA at 10 kg ha-1 600 
6 Urine + split application of LS (2LS) at same rate, initial and 

after a month of first application 
600 

7 Urine + ProGibb SG at 80 g ha-1 (GA) + LS 600 
   
 Mid-winter treatments  

1 Control (water only) No urine 
2 Urine only 600 
3 Urine + ProGibb SG at 80 g ha-1 (GA) 600 
4 Urine + ProGibb SG at 80 g ha-1 (GA) + LS 600 

Note: Water was applied at same volume as the urine.  

6.2.4 Soil sampling 

Soil was sampled from each lysimeter at days 1, 7, 14, 28, 37, and 64 after urine application 

using a stainless-steel corer with dimensions of 150 mm depth x 30 mm diameter. However, 

for the mid-winter treatments soil sampling was only possible at days 1, 7, 14, and 64 due to 

COVID-19 lockdown in NZ during this period. Two soil cores were sampled per lysimeter and 

cores from the same treatments were composited to form a bulk sample. Sample holes were 

immediately backfilled using bulk soil and white plastic markers were inserted to identify 

sampled areas. Fresh soil samples were immediately divided into two parts; (a) one was put in 
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a cooler (on ice) in the field and transferred to -20 ℃ freezer for ammonia oxidizers analysis, 

and (b) the second part was transferred to <4 ℃ and stored until analysis. 

6.2.5 Soil chemical analysis 

Soil was mixed manually and sieved through a 2 mm stainless steel sieve prior to analysis. 

Four replicate samples were analysed from each treatment. Soil moisture content was 

determined using the method outlined in Chapter 3, section 3.2.1.1 and soil mineral N  

(NH4
+ -N/NO3

- -N), and soil bioavailable Cu were analysed according to the methods described 

in Chapter 4, section 4.2.5. Soil mineral N and bioavailable Cu were calculated on a soil dry 

weight basis. 

6.2.6 Soil DNA extraction and real-time quantitative PCR 

The soil DNA was extracted from 0.25 g of soil sampled at days 1, 37, and 64 for late-autumn 

treatment and at days 1, 14, and 64 for mid-winter treatment using the PowerSoil DNA 

Isolation kit (MO BIO Laboratories, Carlsbad, CA, USA) following the manufacturer’s 

instructions. Soil DNA quality and quantity and AOB/AOA amoA gene quantification was 

made using the method described in Chapter 4, section 4.2.7. Briefly, AOB/AOA amoA gene 

quantitative PCR (qPCR) was performed in a LightCycler® 480III (Roche, software release 

1.2.1.62 SP 3). The primers, primer sequence and reaction conditions are as outlined in Table 

4.2 and Table 4.3. Each qPCR (10 µL mixture) contained 1 µL 10-fold diluted DNA samples, 

5 µL SsoFast™ EvaGreen® Supermix, 0.52 µL of each forward and reverse primer, and 2.96 

µL RNA/DNA free water. A 10-fold diluted DNA samples of known concentration was used 

as a standard. PCR efficiency for AOB/AOA were, 97 and 104%, respectively. 
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6.2.7 Drainage water collection and analysis 

Drainage water was collected after every rainfall event except when NZ was under lock down 

(between 17 August 2021 to 07 September 2021). Total drainage water was collected and 

analysed as outlined in section 5.2.5. Leached NO3
- -N and NH4

+ -N were calculated from the 

NO3
- -N/NH4

+ -N concentration in drainage water and the total drainage volume. Total mineral 

N leaching was the sum of NH4
+ -N and NO3

- -N leaching. 

6.2.8 Herbage sampling and analysis 

Lysimeter herbage was cut at approximately 50 mm height using an electric cutter to simulate 

typical residual pasture height after grazing (Di and Cameron 2002b). Fresh herbage samples 

were oven dried at 65 ℃ for a week and weighed to record pasture DW. Oven dried pasture 

samples were prepared for N concentration analysis as outlined in Chapter 5, section 5.2.7.  

6.2.9 Climatic data 

Climate data was sourced from NIWA’s (National Institute of Water and Atmosphere) climatic 

data site (https://cliflo.niwa.co.nz). Additionally, soil temperature sensors (HortPlus Microl 

Loggers, Model Z) were placed at 10 cm soil depth and a manual rain gauge was installed 

onsite. 

6.2.10 Data analysis and net nitrification rate calculation 

The collected data was tested for normality and analysed using Minitab (Version 19. Minitab 

Inc., USA). Significant (P < 0.05) differences between means were assessed using Turkey post 

hoc tests. Graphs were drawn using Origin Pro 9. 

The net nitrification rate was calculated using equation 3.1 as outlined in Chapter 3, section 

3.2.3.4 of this thesis.  



119 
 

6.3 Results 

6.3.1 Climatic data and drainage 

Total rainfall during the experimental period (May to December) was 583.8 mm with 183.8 

mm collected as drainage (Figure 6.1). The soil water deficit was low between May and June 

and extremely high between September to November. The average daily soil temperature was 

below 10 ℃ between June and July, increasing to an average of above 15 ℃ in November 

(Figure 6.1). 

 

Figure 6.1 Daily total rainfall, soil water deficit, measured drainage, cumulative drainage, and average 
soil temperature at 10 cm depth during the experimental period. The black-broken line arrow shows the 
late-autumn treatment application, while the black-solid line arrow shows the mid-winter treatment 
application. 

6.3.2 Soil bioavailable Cu 

The soil bioavailable Cu concentration for the late-autumn application was significantly 

influenced by the application of nitrification inhibitors relative to the urine-only treatment 

(Figure 6.2A). The PA-MA treatment significantly (P < 0.05) reduced bioavailable Cu by an 
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average of 36% for all samplings, except for Day 1. There was a significant (P < 0.05) reduction 

in bioavailable Cu associated with the application of DCD on Days 1 and 7. Both LS and GA 

+ LS induced a nominal reduction in bioavailable Cu over the duration of the experiment, with 

the exception of Day 7. Generally, the application of 2LS reduced the bioavailable Cu 

concentration relative to the urine-only treatment, however, this effect was only significant on 

Days 7 and 37. 

For the mid-winter treatments, there was no significant change in bioavailable Cu concentration 

associated with the application of the GA-only treatment relative to urine-only across the 

different sampling times (Figure 6.2B). Generally, there was a reduction in bioavailable Cu 

concentration induced by GA + LS, however this reduction was only significant (26% 

reduction) relative to the urine-only treatment at Day 1. 

6.3.3 Late-autumn NH4+ -N and NO3- -N concentration 

The soil NH4
+ -N concentration for the late-autumn urine-only treatment decreased from 782.2 

to 5.9 NH4
+ -N kg ha-1 after 64 days of urine application (Figure 6.3A). Significantly (P < 0.05) 

higher NH4
+ -N concentrations in the DCD and PA-MA treatment lysimeters were observed 

throughout the sampling period (except for Day 1) relative to the urine-only treatment. The 

NH4
+ -N concentration in soil treated with DCD and PA-MA at Day 64 was 374 and 193  

kg NH4
+ -N ha-1, respectively, relative to 5.86 kg NH4

+ -N ha-1 for the urine-only treatment at 

this time. Generally, there were no significant changes in NH4
+ -N concentration induced by 

the application of LS and GA + LS treatments relative to the urine-only treatment at any 

sampling time except Day 1 where there was a significantly (P < 0.05) lower NH4
+ -N 

concentration. The 2LS treatment showed a significantly (P < 0.05) lower NH4
+ -N 

concentration at Day 1 (relative to the urine-only treatment) but significantly higher NH4
+ -N 

concentration at Day 37 which was after application of the second dose of LS. 
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Figure 6.2 Bioavailable Cu after late-autumn (A) and mid-winter (B) treatment application as a function 
of treatment and sampling time. Vertical error bars indicate standard deviation (n = 4). 
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There was significant (P < 0.05) reduction of soil NO3
- -N concentration associated with the 

late-autumn application of DCD and PA-MA by average values of 72 and 33%, respectively, 

in the first 37 Days (Figure 6.3B). However, both treatments showed significantly (P < 0.05) 

higher NO3
- -N concentrations at Day 64, relative to the urine-only treatment. The LS, 2LS, 

and GA + LS treatments significantly (P < 0.05) reduced the soil NO3
- -N concentration by an 

average of 38, 34, and 46%, respectively over the first 14 Days of sampling compared with the 

urine-only treatment (Figure 6.3B). After Day 14 the results greatly varied. 

6.3.4 Mid-winter NH4+ -N and NO3- -N concentration 

The soil NH4
+ -N concentration for the mid-winter urine-only treatment decreased from 500.8 

to 33.6 kg NH4
+ -N ha-1 after 64 Days (Figure 6.3C). Application of the GA-only treatment 

significantly (P < 0.05) reduced the NH4
+ -N concentration (relative to urine-only treatment) 

at all sampling times with the exception of Day 64. The reduction was by values of 17, 30, and 

25% at Days 1, 7, and 14, respectively. The GA + LS treatment significantly (P < 0.05) reduced 

the NH4
+ -N concentration by values of 19 and 11% at Days 1 and 7, respectively, relative to 

the urine-only treatment. However, at Days 14 and 64 there was an increase in NH4
+ -N 

concentration by 13 and 17%, respectively. 

Mid-winter application of GA-only and GA + LS significantly (P < 0.05) reduced the soil  

NO3
- -N concentration by an average of 24 and 19% relative to the urine-only treatment at all 

sampling times, with the exception of Day 64 (Figure 6.3D). 
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Figure 6.3 NH4
+ -N concentration (A) and NO3

- -N concentration (B) following late-autumn treatment application; and NH4
+ -N concentration (C) and  

NO3
- -N concentration (D) following mid-winter treatment application. Vertical error bars indicate standard deviation of mean (n = 4). 
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6.3.5 Net nitrification rate 

To further analyse the effect of the applied nitrification inhibitors on nitrification rate, net 

nitrification rate was calculated (Figure 6.4). The net nitrification rate for all treatments 

following late-autumn application indicated that nitrification was higher in the first 7 Days 

after urine application. Both DCD and PA-MA treatments significantly (P < 0.05) reduced net 

nitrification rate (relative to urine-only) by an average factor of 70 and 55%, respectively, in 

the first 37 Days (Figure 6.4A). Application of LS, and GA + LS induced significant (P < 0.05) 

changes in net nitrification rate in the first 7 Days after urine application, while the 2LS 

treatment significantly (P < 0.05) reduced the net nitrification rate by values of 32, 60, and 

90% at Days 7, 28, and 37 compared with the urine-only treatment. There was a significant and 

positive correlation (R2 = 0.385, P < 0.001) between changes in bioavailable Cu and net 

nitrification rate across the different sampling periods and treatments (Figure 6.4C). 

The mid-winter results demonstrated that the GA-only treatment did not induce significant 

changes in net nitrification rate relative to the urine-only treatment at any sampling time  

(Figure 6.4B). In contrast, the combined GA + LS treatment significantly (P < 0.05) reduced 

net nitrification by an average of 41% in the first 14 Days relative to the urine-only treatment. 

There was no relationship between changes in bioavailable Cu and net nitrification rate across 

the mid-winter treatments (Figure 6.4D). 
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Figure 6.4 Net nitrification rate at the different sampling intervals as influenced by the application of late-autumn (A) and mid-winter (B) treatments. Correlation 
between bioavailable Cu and net nitrification rate during the experimental period in late-autumn (C) and mid-winter (D). 
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6.3.6 Abundance of AOB and AOA amoA gene 

6.3.6.1 Late-autumn treatment application 

During late-autumn, the DCD and PA-MA treatments significantly (P < 0.05) reduced AOB 

amoA gene abundance by average factors of 1.7 and 1.6, respectively, relative to the urine-only 

treatment at all sampling times (Figure 6.5A). The LS treatment significantly (P < 0.05) 

reduced AOB amoA gene abundance only at Day 1 by a factor of 2.2 when compared to 

lysimeters treated with urine-only. AOB amoA gene abundance was significantly (P < 0.05) 

reduced by factors of 1.9 and 1.6 in the 2LS treatment, and by 2.1 and 1.4 in the GA + LS 

treatment on Days 1 and 37, respectively, relative to the urine-only treatment. No significant 

changes in AOB amoA gene abundance were observed between the urine-treated lysimeters on 

Day 64. Correlation analysis showed that abundances of AOB amoA genes in the different 

urine treated lysimeters was influenced by changes in bioavailable Cu within the sampling 

periods (R2 = 0.6129, P < 0.001) (Figure 6.5C). 

There were no significant changes in AOA amoA gene abundance between all urine treated 

lysimeters across the late-autumn sampling times (Figure 6.5B). Recorded changes in AOA 

amoA gene abundance did not show a significant corelation (R2 = 0.1865, P > 0.001) with 

changes in bioavailable Cu for the different sampling times and treatments (Figure 6.5D). 



127 
 

 

Figure 6.5 Late-autumn treatment application on AOB amoA gene abundance (A) and AOA amoA gene abundance (B) as a function of treatments and sampling 
time. Vertical error bars represent standard deviation of mean (n = 4). Correlation between AOB amoA gene abundance and bioavailable Cu (C), and AOA 
amoA gene abundance and bioavailable Cu (D)in late-autumn treatment. 
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6.3.6.2 Mid-winter treatment application 

There was no significant reduction in AOB amoA gene abundance as a function of GA 

treatment relative to the urine-only treatment for any sampling time (Figure 6.6A). However, 

the combination of GA + LS treatment significantly (P < 0.05) reduced AOB amoA gene 

abundance (relative to urine-only) by factors of 2.5 and 1.4 on Days 1 and 14, respectively. 

The AOB amoA gene copy number across the samplings was correlated (R2 = 0.5009,  

P < 0.001) to the bioavailable Cu within each sampling time (Figure 6.6C). 

There were no significant differences in AOA amoA gene abundance between treatments for 

all mid-winter samplings (Figure 6.6B). The change in AOA amoA gene copy numbers for the 

different treatments did not correlate with changes in bioavailable Cu concentration at each 

sampling (Figure 6.6D). 

6.3.7 Mineral N leaching (NO3- -N and NH4+ -N) 

In late-autumn, rainfall generated six leaching events resulting in cumulative drainage of 183.8 

mm (Appendix 3 Figure A3.1A-B). Nitrate-N and NH4
+ -N leaching across the drainage events 

was summed to give the cumulative NH4
+ -N and NO3

- -N leaching (mineral N leaching) during 

the experimental period. Cumulative NO3
- -N leaching was the main source of mineral N 

leaching with values ranging from 281 to 383 kg ha-1 for the urine treated lysimeters (Table 

6.3). In comparison, cumulative NH4
+ -N leaching was negligible ranging from 9 to 11 kg  

ha-1. Application of DCD, PA-MA, 2LS, GA + LS treatments significantly (P < 0.05) reduced 

total mineral N leaching by 39, 16, 30, and 19%, respectively, relative to the urine-only 

treatment (Table 6.3). However, there was no significant difference in total mineral N leaching 

between the LS and urine-only treatment.  
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Figure 6.6 Mid-winter treatment application on AOB amoA gene abundance (A) and AOA amoA gene abundance (B) as a function of treatments and sampling 
time. Vertical error bars represent standard deviation of mean (n = 4). Correlation between AOB amoA gene abundance and bioavailable Cu (C), and AOA 
amoA gene abundance and bioavailable Cu (D) in mid-winter treatment. 
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In mid-winter, rainfall resulted in three leaching events for 103.3 mm cumulative drainage 

(Appendix 3 Figure A3.1C-D). Cumulative mineral N leaching during the experimental period 

ranged from 186 to 225 kg NO3
- -N ha-1 and 8 to 10 kg NH4

+ -N ha-1 in the urine treated 

lysimeters (Table 6.3). The GA-only treatment significantly (P < 0.05) increased total mineral 

N leaching by 24.4% relative to the urine-only treatment. The GA + LS treatment nominally 

increased total mineral N leaching by 12.4% compared with the urine-only treatment. 

Table 6.3 Late-autumn and mid-winter treatment application cumulative NO3
- -N leaching, 

cumulative NH4
+ -N leaching, and total mineral N leaching (kg N ha-1). 

Treatments 
Cumulative nitrate 
leaching  
(kg NO3

- -N ha-1) 

Cumulative ammonia  
leaching  
(kg NH4

+ -N ha-1)  

Total mineral N 
leaching (kg N ha-1) 

Late-autumn application 
Control 117.9 ± 1.4 e 10.9 ± 0.5 a - 
Urine only 382.7 ± 5.3 a 9.7 ± 1.0 a 263.2 ± 6.2 a 
Urine + DCD 281.3 ± 5.8 d 9.2 ± 0.4 a 161.9 ± 5.5 d 
Urine + PA-MA 341.0 ± 4.6 b 8.5 ± 0.8 a 220.2 ± 5.4 b 
Urine + LS 378.8 ± 8.8 a 10.7 ± 0.6 a 260.4 ± 9.7 a 
Urine + 2LS 303.3 ± 5.1 cd 9.4 ± 1.1 a 183.9 ± 5.5 cd 
Urine + GA + LS 332.6 ±1 0.1 bc 10.5 ± 0.3 a 212.8 ± 10.4 bc 

Mid-winter application 
Control   17.6 ± 1.7 c 8.2 ± 0.5 a - 
Urine only 186.0 ± 5.3 b 7.7 ± 0. 4a 167.8 ± 5.5 b 
Urine + GA 224.7 ± 3.8 a 10.1 ± 0.7 a 208.8 ± 3.7 a  
Urine + GA + LS 205.6 ± 9.7 ab 8.9 ± 0.5 a 188.6 ± 9.8 ab 

Note: Numbers after ± represent standard error of mean. Different small letters between variables in a column 
represent significant difference, P < 0.05.  

6.3.8 Cumulative N uptake and cumulative DM yield 

Cumulative N uptake and yield refers to the sum of the individual harvests (four cuts for late-

autumn [Appendix 3 Figure A3.2] and three cuts for mid-winter [Appendix 3 Figure A3.2]) 

over the two application periods. Following late-autumn treatment, cumulative N uptake for 

the PA-MA and GA + LS treatments significantly (P < 0.05) increased by 25 and 24%, 

respectively, relative to the urine-only treatment (Table 6.4). However, application of the DCD, 
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LS, and 2LS treatments only induced a nominal increase in cumulative N uptake relative to the 

urine-only treatment (Table 6.4). In terms of late-autumn cumulative DM yield, all inhibitor 

treated lysimeters (except for LS) showed increased cumulative DM yield relative to the  

urine-only treatment, however the increase was not significant (Table 6.4). In contrast, 

cumulative DM yield associated with LS treatment showed a nominal 7.9% reduction relative 

to urine-only treatment. 

For the mid-winter treatments there was no significant change in either cumulative N uptake 

or DM yield induced by the application of GA-only relative to the urine-only treatment. In 

contrast, the combination of GA + LS significantly (P < 0.05) increased cumulative N uptake 

by 18% and the increase in N uptake resulted in a 16% increase in cumulative DM yield relative 

to the urine-only treatment (Table 6.4). 

Table 6.4 Late-autumn and mid-winter treatment application cumulative N uptake, % N uptake changes 
relative to urine-only, cumulative yield, % yield changes relative to urine-only.  

Treatments 
Cumulative N 
uptake 
(kg N ha-1) 

% N uptake 
relative to 
urine-only 

Cumulative 
DM yield 
(kg DM ha-1) 

% Yield relative 
to 
urine-only 

Late-autumn application 
Control 148.2 ± 15.3 c   -   7753 ± 448 b   - 
Urine only 387.7 ± 23.6 b   - 12997 ± 762 a   - 
Urine + DCD 462.8 ± 23.0 ab   +19. 4 13554 ± 684 a   +4.3 
Urine + PA-MA 484.6 ± 21.1 a   +25.0 14435 ± 1267 a   +11.1 
Urine + LS 389.2 ± 19.0 b   +0.4 11966 ± 764 a   -7.9 
Urine + 2LS 418.5 ± 25.0 ab   +7.8 13980 ± 653 a   +7.6 
Urine + GA + LS 494.1 ± 14.3 a   +24.4 14488 ± 455 a   +11.5 

Mid-winter application 
Control 91.8 ± 15.0 c    -   6539 ± 435 b   - 
Urine only 353.0 ± 12.1 b    - 11642 ± 326 a   - 
Urine + GA 346.0 ± 9.5 b   -2.0 12057 ± 594 a   +3.6 
Urine + GA + LS 417.9 ± 16. 6a   +18.4 13487 ± 592 a   +15.8 

Note: Numbers after ± represent standard error of mean. Different small letters between variables in a column 
represent significant difference, P < 0.05. (+) represents increase; (-) represents decrease. 
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6.4 Discussion  

6.4.1 Application of organic inhibitors  

6.4.1.1 Effect on bioavailable Cu, nitrification rate, and ammonia oxidizers 

The application of the PA-MA treatment to soil significantly (P < 0.05) reduced the 

concentration of bioavailable Cu in soil from Day 1 at all sampling times during the  

late-autumn season, relative to the urine-only treatments (Figure 6.2A). This significant 

reduction may be due to the complexation of Cu by carboxylic and hydroxy functional groups 

of the PA-MA inhibitor which effectively reduced the concentration of bioavailable Cu in soil 

solution (Li et al. 2021; Qiu and Mao 2013; Zhou et al. 2020). This is consistent with the 

previous report of reduced bioavailable Cu in the presence of the PA-MA in Chapter 3. 

However, application of treatment LS induced only a nominal reduction in bioavailable Cu 

concentration. This result is not consistent with the incubation results reported in Chapter 3, 

where LS application significantly reduced the bioavailable Cu concentration in soil. The 

reduced effectiveness of LS relative to PA-MA may have been influenced by the ambient 

environmental conditions under which the study was completed; Byrne et al. (2020) reported 

that soil moisture and soil temperature might reduce inhibitor efficiency. These data suggest 

that to realise a significant reduction in bioavailable Cu through LS, another dose should be 

applied one month after the first (Day 37 in the current study). The reference nitrification 

treatment in this study (DCD) also significantly reduced the concentration of soil bioavailable 

Cu. 

The changes in bioavailable Cu induced by the inhibitors had a significant influence on 

nitrification. This is evidenced by the significant and positive correlation (R2 = 0.3850,  

P < 0.001) between bioavailable Cu and net nitrification rate over the late-autumn experimental 

period (Figure 6.4C). The PA-MA treatment was more effective in reducing net nitrification 
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rate during the first 37 Days than all other treatments except DCD for which the reduction in 

nitrification rate was the same. The greater reduction in net nitrification rate as a function of 

PA-MA can be associated with the increased reduction in bioavailable Cu presented in Figure 

6.2A. Literature evidence has demonstrated that Cu deficiency can limit the functioning of 

nitrifiers (Wagner et al. 2016), thus reducing nitrification rate. The 2LS treatment significantly 

(P < 0.05) reduced net nitrification rate by 90% at Day 37 which was 5 days after application 

of the second dose of LS. These results suggest that the application of the second dose of LS 

enhanced the reduction in bioavailable Cu concentration, and this is linked to the observed 

reduction in net nitrification rate relative to one dose application of LS. The application of LS 

alone significantly (P < 0.05) reduced net nitrification only in the first 7 Days after urine 

application, and these results suggest that LS may have been effective but only for a short 

period in the soil. Several factors can influence the efficiency of LS in the soil, including the 

adsorption of LS to soil organic matter and clay or microbial degradation (Martikainen 2022). 

Zhang et al. (2020) demonstrated that inhibitor effectiveness in the soil can be influenced by 

both decomposition and adsorption to soil organic matter. In addition, the increase in microbial 

activity after urine application can degrade the lignin compound in the LS (Khatami et al. 

2019), thus making it less effective in reducing bioavailable Cu in the soil. The reference 

material DCD showed more effective reduction in net nitrification rate relative to the other 

treatments. 

In the present study, the positive and significant correlation (R2 = 0.6129 P < 0.001) between 

bioavailable Cu concentration in soil with the abundance of AOB amoA gene (Figure 6.5C) 

provides strong evidence for the role of Cu as the co-factor in the functioning of the AMO 

enzyme (Ayub et al. 2022). A reduction in bioavailable Cu in soil will therefore reduce AOB 

activity and inhibit the conversion of NH4
+ -N to NO3

- -N. In contrast, a scenario of higher 

bioavailable Cu concentration will increase AOB activity. However, there was no effect of 
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bioavailable Cu reduction on AOA amoA gene abundance. This indicates that the contribution 

of AOA to nitrification under high N conditions might be less than AOB. These results support 

the findings presented in Chapter 4 that nitrification rate under high N content conditions is 

more influenced by AOB population growth than AOA population (Chapter 4): AOA 

populations may be better adapted to low N conditions (Shen et al. 2008). Further support for 

the data interpretation is provided by Di et al. (2009) who demonstrated a significant correlation 

(R2 = 0.51, P = 0.01) between AOB amoA gene and nitrification rate in urine patches but no 

correlation for the AOA amoA gene. 

6.4.1.2 Effect on mineral N leaching, pasture N uptake and DM yield  

Results in this Chapter result show that there was NO3
- -N leaching in the control treatment, 

and this may be associated with the high organic N mineralisation. The soil loss during 

repacking of lysimeters may have increased aeration, which has a positive influence on 

microbial activity in the soil thus contributing to high N mineralisation as reported by Szostek 

et al. (2022). An increase in N mineralisation increases the NO3
- -N production within the soil 

system, resulting in a higher proportion of the produced NO3
- -N being susceptible to leaching 

during drainage events. The investigation of N leaching using treatments PA-MA and 2LS over 

the late-autumn season showed a significant (P < 0.05) reduction in mineral N leaching, 

however lysimeters treated with LS alone showed no significant reduction in mineral N 

leaching relative to the urine-only control. The effective reduction of mineral N leaching by 

PA-MA and 2LS in this study is linked to the significant reduction in bioavailable Cu 

concentration which reduced the net nitrification rate and AOB amoA gene abundance in the 

soil. This effect of PA-MA and 2LS reduced mineral N leaching by values of 16 and 30% 

relative to the urine-only treatment. The reduction in mineral N leaching induced by PA-MA 

and 2LS increased N uptake by 25 and 7.8% and herbage DM yield by factors of 11 and 8%, 
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respectively, relative to the urine-only control. These results suggest that PA-MA and 2LS were 

effective in delaying the oxidation of NH4
+ -N during the period of rapid nitrification, which 

eventually benefited pasture growth. The delay of NH4
+ -N oxidation helps to keep N in a stable 

form (NH4
+) for plant utilisation and in this study, even after 64 Days of urine application, the 

PA-MA treatment recorded a higher NH4
+ -N relative to the urine-only and LS treatments. The 

higher NH4
+ -N in the PA-MA treatment is further confirmed by the higher herbage N uptake 

in all individual herbage cut results (Appendix 3 Figure A3.2) relative to both urine-only and 

LS, which provides strong evidence that PA-MA reduced nitrification. The application of the 

single dose of LS did not lead to a significant (P > 0.05) change in mineral N leaching. This 

lack of effectiveness can be attributed to the nominal reduction in bioavailable Cu 

concentration induced by LS which only reduced net nitrification and AOB amoA gene 

abundance during the first 7 Days after urine application. As a consequence, it is inferred that 

nitrification rate increased after 7 Days, increasing the proportion of mineral N that was in the 

form of NO3
- -N (Figure 6.3B) and susceptible to leaching. The reference material (DCD) also 

showed a significant reduction in mineral N leaching by 39% relative to urine-only. Several 

studies have demonstrated the efficacy of DCD on reducing mineral N leaching from pasture 

field studies is within the range of 20-69% depending on soil type and other factors (Cameron 

et al. 2014; Kim et al. 2014; Ledgard et al. 2014). In this Chapter, the effectiveness of DCD is 

associated with the significant Cu reduction which may have inhibited the enzyme AMO 

functioning in the ammonia-oxidizing microorganisms. 

6.4.2 Effect of a growth hormone on mineral N leaching 

The inclusion of GA with the inhibitor treatments improved the effectiveness of LS in reducing 

mineral N leaching during the late-autumn application period. The combined application of 

GA + LS reduced mineral N leaching by 10% relative to LS treatment alone and this was 
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associated with increased N uptake and DM yield by 24 and 21%, respectively, relative to LS 

alone. The effectiveness of GA + LS treatment to reduce mineral N leaching can be associated 

with an increase in N uptake induced by the growth hormone. The observed effect of GA to 

reduce mineral N leaching and increase N uptake is consistent with other studies that have 

observed a similar effect (Bishop and Jeyakumar 2021; Matse et al. 2022b). For example, in 

Chapter 5, it is reported that a late-autumn application of GA + LS to Pumice and Pallic soils 

significantly (P < 0.05) reduced mineral N leaching by 40 and 38%, respectively, relative to 

treatment with LS alone. This suggests that LS alone is not effective in reducing mineral N 

leaching. 

Mid-winter application of GA-only and GA + LS did not significantly reduce mineral N 

leaching when compared to the urine-only control. However, the combination of GA + LS 

increased N uptake and DM yield by 21 and 12% relative to GA-only (Table 3). This lack of a 

significant treatment effect of GA on N leaching for the mid-winter application may have been 

influenced by weather conditions over the treatment period. For example, Figure 6.1 shows 

that after the application of mid-winter treatments, there was high water deficit. This may have 

reduced the effect of GA’s to enhance plant growth. 

In summary, the results from this study provide fundamental information that can underpin 

ongoing research to design a sustainable mechanism for reducing N losses in grazed pasture 

systems. In this current study, DCD proved to be a highly effective inhibitor in reducing 

mineral N. However, the sale of DCD has been voluntarily withdrawn from the market due to 

the detection of traces of DCD found in milk powder (Pal et al. 2016). The alternative and 

novel inhibitors PA-MA, 2LS, and the combination GA + LS demonstrated great potential 

under late-autumn conditions explored in the current study. These inhibitors showed a similar 

effect to DCD in terms of reducing mineral N leaching during the study period. In addition, the 
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application of PA-MA and GA + LS increased N uptake by 6 and 5% and DM yield by values 

of 6.8 and 7.2%, respectively, relative to DCD. This provides strong evidence that application 

of these inhibitors (PA-MA and GA + LS) can be helpful to farmers to minimise environmental 

contamination associated with N losses, while also improving N use efficiency.  

6.5 Conclusions 

The results discussed in this Chapter have demonstrated that the application of Cu-complexing 

compounds to soil will induce a reduction in soil bioavailable Cu concentration and this has a 

significant influence on soil nitrification rate. This was evidenced by the strong and positive 

correlation between bioavailable Cu and net nitrification rate and AOB amoA gene abundance 

during the late-autumn treatment period. However, the changes in soil bioavailable Cu 

concentration did not influence the AOA amoA gene abundance for both late-autumn and mid-

winter applications. The PA-MA and 2LS treatments showed effective reduction of mineral N 

leaching which increased pasture N uptake and DM yield. The inclusion of GA as a co-

treatment with LS proved to be an effective strategy to improve the effectiveness of LS as an 

inhibitor in late-autumn. Future research should identify potential amendments or 

combinations that can improve the inhibition of nitrification rate described in this Chapter. 
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CHAPTER 7  

Integrated discussion: Important findings, implications of the 

research and suggestions for future work 

7.1 Introduction: Research summary 

7.1.1 Why was this work conducted? 

New Zealand produces about 3% of the world’s milk and this means the dairy industry is a 

major contributor to the NZ economy (DairyNZ 2021). Dairy intensification with time has seen 

the dairy cow population in NZ increase by 2.81 million animals from 1975/76 to 

2020/21(DairyNZ 2021). Global demand for dairy product to is expected to increase by 80% 

between 2000 and 2050 (Huang et al. 2010), and the NZ dairy industry is striving contribute to 

this forecast increase. The main challenge experienced by the dairy industry is the high 

contribution of the sector to environmental challenges such as NO3
- -N leaching, which results 

in ground and surface water pollution (Coskun et al. 2017; Joy et al. 2022). Nitrate leaching is 

a function of dairy cows grazing N-rich pastures (with 18-20% crude protein). Dairy cows only 

utilise a small proportion (5-30%) of the ingested N with the remaining N content (70-95%) 

excreted in the urine. Urine is unevenly returned to fields, and this creates small areas of highly 

concentrated N, described as urine patches. A high percentage of the N in these urine patches 

become susceptible to leaching as NO3
- -N during drainage events (Cameron et al. 2013; Di 

and Cameron 2016). Urine patches are, therefore, the main sources of NO3
- -N leaching in 

grazed pastoral dairy systems. Since NO3
- -N is a product of nitrification, broadening the 

understanding of the mechanism of nitrification is a vital step in the development of effective 

mitigation strategies. 
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7.1.2 What is already known? 

The first step of nitrification is the oxidation of NH4
+ -N to NO2

- by AOB and AOA followed 

by the oxidation of NO2
- to NO3

- -N by nitrite oxidizing bacteria. The key enzyme responsible 

for ammonia oxidation to NH2OH is the AMO enzyme, which is a Cu dependent enzyme. This 

suggests that copper is a co-factor in the functioning of the AMO enzyme. Therefore, changes 

in soil bioavailable Cu concentration induced through application of Cu-complexing 

compounds such as LS and PA-MA can potentially influence the oxidation of NH4
+ -N to  

NO3
- -N. Used in this way, the chemical compounds listed here can be considered as 

nitrification inhibitors. However, the influence of Cu bioavailability on nitrification rate in 

agricultural soils has not yet been fully defined. Several studies have highlighted that the 

effectiveness of inhibitors is reduced under field conditions, and the potential cause is poor N 

uptake and plant growth. To counter these issues, plant growth stimulants such as GA have 

been proposed to improve N uptake and plant growth as a complimentary mechanism to the 

Cu-complexing effect of organic inhibitors.  

7.1.3 Research aim? 

To address the recognised research gap, the work of this doctoral thesis was designed and 

implemented to investigate the influence of bioavailable Cu on nitrification rate, AOB/AOA 

amoA gene abundance, and the resulting mineral N leaching in different soils. The rationale for 

this work is to underpin new advances in the development of nitrification inhibitors and growth 

stimulants which could assist NZ dairy farmers to increase the productivity of agricultural land 

while reducing the environmental problems associated with dairy farming. 

There are no published studies that characterise the relationship between bioavailable Cu, 

nitrification rate, and AOB/AOA amoA gene abundance and then link this science to mineral 

N leaching in pastoral soils. The literature search at the beginning of this doctoral study showed 



140 
 

that Cu is an important trace element for the functioning of the AMO enzyme, and therefore, 

reducing bioavailable Cu in soil can potentially influence the functioning of the AMO enzyme. 

The influence of bioavailable Cu on nitrification rate, AOB/AOA amoA gene abundance, and 

the resulting mineral N leaching, was the key focal point of this thesis work.  

7.1.4 How was it undertaken? 

The work of this thesis consisted of an incubation study, a greenhouse-pot experiment, and 

field lysimeters experiments using different soils to understand the effect of Cu-complexing 

organic materials to reduce Cu bioavailability, and thus, to reduce nitrification in agricultural 

soils. The influence of bioavailable Cu on nitrification rate and AOB/AOA amoA gene 

abundance in soil was demonstrated in Chapters 3 and 4. In Chapter 3, LS and PA-MA were 

shown to significantly reduce Cu bioavailability which resulted in a significant inhibition of 

the nitrification rate, and which could potentially reduce NO3
- -N leaching at field level. The 

application of LS and PA-MA at the field level was subsequently examined in field lysimeter 

studies conducted using Pumice soil under Manawatu climate conditions and Pallic soil under 

Canterbury climate conditions (Chapter 5). In addition, Chapter 5 examined the effect of 

combining a growth stimulant, GA with LS on reducing mineral N leaching. The mechanism 

of reducing bioavailable Cu through the application of organic compounds on nitrification rate, 

AOB/AOA amoA gene abundance and the resulting NO3
- -N leaching was investigated in a 

field lysimeter trial using the Manawatu Recent soil (Chapter 6). The mechanism of combining 

GA and LS on influencing mineral N leaching in both autumn and winter applications was 

further investigated in Chapter 6 
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7.2 Key findings  

1) Bioavailable Cu has significant influence on nitrification rate, but the effect 

depends on soil characteristics.  

A soil incubation (Chapter 3) and greenhouse experiment (Chapter 4) were established using 

three soils (Pumice, Pallic, and Recent soils) to examine the effect of different concentrations 

of Cu on nitrification rate and the abundance of ammonia oxidisers. Chapter 3 demonstrated 

that nitrification rate increased as a function of increasing levels of added Cu (0.1 to 3 mg  

kg-1). Similarly, Chapter 4 demonstrated that bioavailable Cu ranging between 0.2 mg and 0.38 

Cu kg-1 significantly (P < 0.05) increased nitrification rate in the Recent and Pallic soils 

(respectively) relative to a Cu0 (urine-only) treatment. This trend is confirmed by a significant 

correlation between bioavailable Cu concentration and NO3
- -N concentration in the Pallic  

(r = 0.748, P < 0.05) and Recent (r = 0.937, P < 0.01) soils (Chapter 4). There was no effect of 

changing bioavailable Cu concentration on nitrification rate in the Pumice soil (Chapter 4). The 

importance of the element Cu in the nitrification process was further confirmed by the 

significant and positive relationship between bioavailable Cu and AOB amoA gene abundance 

in the Pallic (r = 0.702, P < 0.05) and Recent (r = 0.940, P < 0.01) soils (Chapter 4). 

Bioavailable Cu concentration above 6 mg Cu kg-1 significantly (P < 0.05) inhibited the growth 

of AOB amoA gene in both Recent and Pallic soils but not in the Pumice soil.  

Results presented in Chapter 3 demonstrate that a reduction in bioavailable Cu concentration 

in soil induced through the application of Cu-complexing organic compounds (LS and  

PA-MA) had a negative effect on nitrification rate. This trend is confirmed by results presented 

in Chapter 6 which showed that reduction in bioavailable Cu was associated with a significant 

reduction of nitrification rate and AOB amoA gene abundance. The strong positive correlation 

between bioavailable Cu and nitrification rate (R2 = 0.3852, P < 0.001) and AOB amoA gene 
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abundance (R2 = 0.6129, P < 0.001) provided strong evidence that Cu is a vital trace element 

in AMO functioning. However, based on the findings of the collective experiments in this 

thesis, soil characteristics (such as Al, Fe, CEC, and organic matter) also had a significant 

influence on Cu bioavailability, and this can account for the variable effect of the treatments 

used on nitrification rate and ammonia oxidiser activity in the different soils. Soil properties 

provided some level of buffering of the effect of bioavailable Cu on nitrification rate and AOB 

amoA gene abundance, and of the three soils studied, the order of effect was Recent > Pallic > 

Pumice soils where the Pumice soil showed the greatest ability to resist change (Chapter 4).  

2) AOB amoA but not AOA amoA gene abundance changes as a function of Cu 

bioavailability: AOB amoA is therefore the dominant nitrifier in agricultural soil 

The reduction in soil bioavailable Cu that was associated with the application of  

Cu-complexing organic compounds significantly (P < 0.05) reduced AOB amoA gene 

abundance (Chapter 6). This trend was confirmed by the positive relationship between changes 

in bioavailable Cu and AOB amoA gene abundance in both late autumn (R2 = 0.6129,  

P < 0.001) and mid-winter treatment application (R2 = 0.5009, P < 0.001). However, changes 

in bioavailable Cu did not influence AOA amoA gene abundance for either the late-autumn or 

mid-winter treatments. Results reported in Chapter 4 confirmed that changes in AOB amoA 

gene abundance were associated with bioavailable Cu concentration, while there was no 

relationship between changes of AOA amoA gene abundance and bioavailable Cu 

concentration. The current research suggests that AOB amoA are the dominant nitrifiers in 

agricultural soils. 
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3) Application of the organic inhibitors has the potential to reduce NO3- -N leaching.   

The results presented in Chapters 5 and 6 show that a significant reduction in mineral N 

leaching induced by LS can only be realised through application of a second dose applied one 

month after the first (2LS). Lysimeters treated with a double dose of LS (2LS) recorded 

significantly (P < 0.05) reduced mineral N leached by values of 16% (Pumice soil), 11% (Pallic 

soil), and 30% (Recent soil) relative to a urine-only control. The results from Chapter 6 suggest 

that application of the second dose prolonged the effectiveness of LS in the soil or increased 

the reactive time period of LS in the soil.  

The current research also explored the effect of the Cu-complexing organic compound PA-MA 

on NO3
- -N leaching. Application of PA-MA significantly reduced mineral N leaching by 16% 

in the Recent soil (Manawatu climate), but the same effect was not observed in the Pumice soil 

(Manawatu climate) and Pallic soil (Canterbury climate). These results suggest that the soil 

properties reduced the effectiveness of the tested inhibitors. When the different Cu-complexing 

organic compounds are compared, the double dose of LS treatment (2LS) proved to be the most 

effective treatment to reduce mineral N leaching in different soils across the range of tested 

climatic conditions. 

4) Treatment with growth hormone improved the effectiveness of organic inhibitors in 

reducing mineral N leaching. 

Late-autumn treatment combination of GA + LS reduced mineral N leaching by 40 and 38% 

in the Pumice and Pallic soils (respectively) relative to treatment with LS alone (Chapter 5). In 

Chapter 6, the late-autumn combination of GA + LS reduced mineral N leaching from the 

Recent soil by 9.6% relative to LS alone. These results provide strong evidence that the addition 

of GA effectively improved the reduction of mineral N leaching that was induced by LS 

through improving pasture growth. The reduction in mineral N leaching associated with GA + 
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LS treatment is therefore inferred to be a function of both the inhibition effect of LS and a 

hormonal effect of GA.  

In Chapter 6 the effectiveness of the GA + LS treatment is shown to be associated with reduced 

conversion of NH4
+ -N to NO3

- -N. The mechanisms for this reduced nitrification rate are both 

a reduction in bioavailable Cu concentration (induced by LS) and increased plant uptake of N 

(induced by the GA) which may be in the form of NH4
+ -N.  

7.3 Importance of these key findings to primary production 

7.3.1 For pastoral farming systems 

Urine patches have been identified as N leaching hotspots which contribute to  elevated  

NO3
- -N concentrations in some water sources (McLay et al. 2001). This thesis presents 

evidence for a relationship between bioavailable Cu, AOB/AOA growth, and nitrification rate; 

the data show that an increase in bioavailable Cu results in an increase in nitrification rate and 

the abundance of AOB.  

Understanding this relationship could support the development of novel Cu-complexing 

compounds that can reduce nitrification rate, and better correlate Cu discharge from animal 

remedies or dairy farm effluent with nitrification (Bolan et al. 2003). This is because dairy 

farms heavily supplement cows with Cu (López-Alonso and Miranda 2020; Silva et al. 2022) 

or apply farm effluent containing Cu (Panagos et al. 2018). Such practices could increase levels 

of bioavailable Cu in established dairy soils, and thereby increasing nitrification rate.  

As a potential strategy to reduce soil nitrification rates, the results of this doctoral study 

demonstrate that application of Cu-complexing organic compounds (LS and PA-MA) can 

reduce nitrification rate through reducing the bioavailable Cu concentration in soil. New 

Zealand soils typically have low native Cu levels of about 20-30 µg g-1 (Morgan and Bowden 
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1993). However, even at these low levels, added organic compounds (LS and PA-MA) were 

able to induce significant reduction in bioavailable Cu concentration. Although the results 

showed a reduction in the bioavailable concentration of Cu in soil with the applied inhibitors, 

there was no significant difference in the herbage Cu and macronutrient concentration between 

the applied inhibitor and urine-only treatments (Figure 5.2). Any reduction in bioavailable Cu 

might affect microbial processes in the soil while not affecting pasture uptake due to the greater 

sensitivity of soil microbial activity than pasture to small changes of bioavailable Cu in the soil 

than pasture (Shuaib et al. 2021). This highlights that Cu levels can be manipulated in the soils 

and such a strategy could be applicable to NZ farming systems. There is minimal risk that 

manipulation of soil bioavailable Cu levels will impact on the Cu nutrient status of grazing 

animals. To further account for the applicability of this strategy, based on cost, the estimated 

cost of LS and PA-MA is US$ 36 ha-1 and US$ 11 ha-1, respectively compared to DCD at US$ 

16 ha-1. However, another significant cost on the use of LS can be transport cost because LS is 

very bulky compared to both DCD and PA-MA.  

The inclusion of a GA as a mechanism to increase N uptake and growth is an effective strategy 

for N management, especially during periods of low growth and when there is a high risk of 

leaching. The boost to plant growth associated with GA application complemented the 

effectiveness of inhibitors by increasing the uptake of soil available NH4
+ -N.   

7.3.2 For the horticulture industry 

The findings of this doctoral thesis can also be potentially applied in the horticulture industry, 

where research has shown an increasing Cu concentration in orchard soils in both NZ and 

internationally due to the excessive use of fungicide and bacterial sprays containing Cu (Taylor 

et al. 2010; Victorino et al. 2021). For example, literature evidence shows that there is high N 

fertiliser use in the horticulture industry to meet plant demand but only approximately 30% of 
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this applied N is utilised by plants (Gentile et al. 2022). This suggests that there is high 

conversion of NH4
+ -N to NO3

- -N and a high proportion of the NO3
- -N becomes susceptible 

to leaching or lost through other pathways. The high nitrification rate in orchard soils could 

potential be linked with the increasing levels of Cu concentration in the soil due to 

accumulation of Cu residues from Cu sprays. For example, Jeyakumar et al. (2014) reported 

that Cu-based bactericide sprays are an effective strategy to reduce Psa in kiwifruit. However, 

continuous application of these Cu sprays can lead to significant Cu accumulation in soil. This 

thesis work demonstrates that increasing bioavailable Cu concentration in soil can potentially 

increase nitrification rate, leading to increased mineral N leaching.  

7.3.3 Recommendations for future studies 

To expand on the knowledge presented in this doctoral research, there are several ongoing 

knowledge gaps that justify further research, and these are summarised in this section.  

i. Field experiments are recommended to examine the potential effect of the Cu 

complexing compounds in terms of causing plant Cu deficiency and complexing 

with other elements in diversifying soil types.  

ii. The potential impact of using this Cu-complexing compounds may show effect 

on pasture tissue Cu, and to the grazing animal through food chain. Therefore, 

a detailed study is recommended to examine this issue.  

iii. Investigate soil properties such as organic matter, Al, Fe, and soil pH that may 

influence the efficacy of the Cu-complexing compounds.  

iv. Field experiments should be conducted to investigate the effect of LS and  

PA-MA on nitrous oxide emissions and the associated gene abundance in 

diverse soil types. 
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v. Experiments should be conducted on the potential combination of the plant 

growth hormone GA with other inhibitors to mitigate mineral N leaching in 

different soils and management practices.  

vi. Research is needed to analyse the potential short-term and long-term effect of 

the applied organic compounds on non-target soil microbiota.  

This doctoral research has provided critical knowledge on the relationship between the trace 

element Cu and AOB/AOA functional genes in pastoral soils. The findings of this research 

provide fundamental information that can underpin ongoing research to design sustainable 

mechanism that reduce N losses from grazed pasture. This will help both NZ and international 

agriculture systems to minimise environmental contamination associated with urine patches. 
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APPENDIX 

Appendix 1. Supporting Information for Chapter 4 

Table A1.1 Pearson's correlation coefficients between AOB/AOA amoA gene abundance and soil 
bioavailable Cu, NH4

+ -N concentration, NO3
- -N concentration, and soil pH for the Pumice soil. 

Significance difference:  ** P < 0.01. The relationship was analysed at day 1 because it is where 
treatment effect was at maximum for all the soils. 

Items Bioavailable Cu AOA amoA Soil pH NH4
+ -N NO3

- -N AOB 

amoA 

Bioavailable Cu 1      

AOA amoA 0.421  1        

Soil pH 0.654 0.052  1      

NH4
+ -N 0.029 -0.435 0.158  1    

NO3
- -N -0.053 -0.499 -0.057 0.91**  1  

AOB amoA 0.067 -0.111 0.551 -0.142 -0.07 1 
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Table A1.2 Pearson's correlation coefficients between AOB/AOA amoA gene abundance and soil 
bioavailable Cu, NH4

+ -N concentration, NO3
- -N concentration, and soil pH for the Pallic soil. 

Significance difference:  ** P < 0.01, * P < 0.05. The relationship was analysed at day 1 because it is 
where treatment effect was at maximum for all the soils. 

Items Bioavailable Cu AOA amoA Soil pH NH4
+ -N NO3

- -N 
AOB 

amoA 

Bioavailable Cu 1      

AOA amoA 0.096  1        

Soil pH 0.161 0.545  1      

NH4
+ -N -0.386 -0.509 -0.511  1    

NO3
- -N 0.748* -0.167 -0.407 0.222  1  

AOB amoA 0.702* -0.176 -0.48 0.213 0.982** 1 
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Table A1.3 Pearson's correlation coefficients between AOB/AOA amoA gene abundance and soil 
bioavailable Cu, NH4

+ -N concentration, NO3
- -N concentration, and soil pH for the Recent soil. 

Significance difference:  ** P < 0.01, * P < 0.05. The relationship was analysed at day 1 because it is 
where treatment effect was at maximum for all the soils. 
Items  Bioavailable Cu AOA amoA Soil pH NH4

+ -N NO3
- -N AOB 

amoA 

Bioavailable Cu 1      

AOA amoA 0.139  1        

Soil pH -0.285 0.19  1      

NH4
+ -N -0.243 0.116 0.402  1    

NO3
- -N 0.937** 0.221 -0.191 -0.406  1  

AOB amoA 0.940** 0.316 -0.025 -0.224 0.943** 1 
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Appendix 2. Supporting Information for Chapter 5 

Does delay in field Lysimeter leachate samples collection influence nitrate and ammonia 

concentration results: pre-liminary experiment 

This experiment consisted of field stored samples. These field conditions samples were 

compared to immediately collected and analysed samples. For this experiment, four 

independent lysimeter leachate samples; Sample A, B, C, and D were randomly selected from 

an on-going lysimeter study at Manawatu, Massey University farm 

(40°23'0.95"S175°36'36.16"E). Each bulk sample was collected into 250 ml bottles. The 

samples bottles were left in the experimental site covered in aluminium foil to replicate the 

black containers used for leachate collection in real lysimeter experiment. 

Leachate Analysis  

Each bulk sample was replicated three times. Sampling was done at 0 (control), 7, 14, 21, 28, 

56, and 90 days. The initial samples analysis was analysed within 1 hour from collection. All 

Samples were measured for pH using a pH meter (acumen 910, Fisher Scientific Ltd, 

Pittsburgh, PA, USA) and analysed for NO3
- -N and NH4

+ -N using the Technicon  autoanalyzer 

(Blakemore 1987).  

Statistical analysis 

Statistical analyses in this experiment were done using Minitab™ 19 and graphs were drawn 

sigma plot 13. The effect of storage days on each sample was analysed using the ANOVA test 

and significant (P < 0.05) differences between mean were determined using Turkey post hoc 

test. 

Results  

There storage period did not have significant effect on each sample relative to control in 
relation to leachate pH, NO3

- -N, and NH4
+ -N concentration (Figure A2.1).  
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Figure A2.1 The effect of lysimeter leachate collection period in the field on leachate pH, NO3
- -N, and 

NH4
+ -N concentration in different sampling days relative to day 0 (control). There were no significant 

changes in leachate parameters as influenced by period sample collection in the field.  
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Figure A2.2 Leached NO3

- -N from the Pumice (a) and Pallic soil (b), and leached NH4
+ -N from the 

Pumice (c) and Pallic lysimeters (d) as a function of cumulative drainage following late-autumn urine 
and treatments application to lysimeters. Error bars represent standard deviation of mean (n = 4). Data 
points for the Pallic soil lysimeters start at 61.8 cumulative drainage and correspond to both the 
maximum and first collected drainage for the late-autumn treatment application. 
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Figure A2.3 Leached NO3

- -N from the Pumice (a) and Pallic soil lysimeters (b), and leached NH4
+ -N 

from the Pumice (c) and Pallic soil lysimeters (d) as a function of cumulative drainage following mid-
winter urine and treatments application to lysimeters. NH4

+ -N concentration after 150 mm cumulative 
drainage from the Pumice soil lysimeters was below detectable levels. Vertical error bars represent 
standard deviation of means (n = 4). Data points for the Canterbury lysimeters start at 18.4 mm 
cumulative drainage and correspond to the first collected drainage for the mid-winter treatment 
application.  

 

 

 

 

 

 

 

 

 

 

 



169 
 

Table A2.1 NO3
- -N in leachate in the late-autumn treatments application in the Pumice and Pallic 

lysimeters before treatment application. 

Treatments  

Pumice soil  
05/06/2020  09/06/202 
Leachate 

kg NO3
- -N ha-1 

 Leachate 
kg NO3

- -N ha-1 
Control 1.0±0.23a  1.4±0.75a 
Urine only 1.4±0.26a  1.5±0.39a 
Urine + DCD 1.1±0.37a  1.5±0.09a 
Urine + PA-MA 1.6±0.90a  1.1±0.44a 
Urine + LS 1.3±0.29a  1.4±0.73a 
Urine + 2LS 2.0±0.69a  1.2±0.69a 
Urine + GA + LS 0.9±0.27a  0.9±0.19a 

Treatments  

Pallic soil  
13/05/2020  20/05/2020 
Leachate 

kg NO3
- -N ha-1 

 Leachate 
kg NO3

- -N ha-1 
Control 8.5±2.37a  1.0±0.23 
Urine only 9.7±1.46a  1.4±0.26 
Urine + DCD 9.4±1.38a  1.6±1.33 
Urine + PA-MA 11.3±1.91a  1.6±0.90 
Urine + LS 9.4±1.73a  1.5±0.61 
Urine + 2LS 9.6±1.73a  1.9±0.69 
Urine + GA + LS 8.7±1.15a  1.0±0.74 

Different small letters in each soil column indicate significant difference at P < 0.05. NH4
+ -N was below 

detectable concentrations.  
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Table A2.2 NO3
- -N in leachate in the mid-winter treatments application in the Pumice and Pallic 

lysimeters before treatments application. 

Treatments 

Pumice soil 
05/06/2020  09/06/202 
Leachate 

kg NO3
- -N ha-1  Leachate 

kg NO3
- -N ha-1 

Control 1.2±0.21a  1.0±0.30a 
Urine only 0.9±0.52a  1.0±0.20a 
Urine + GA 1.4±0.93a  1.2±0.18a 
Urine + GA + LS 1.3±0.90a  1.0±0.58a 

Treatments  

Pallic soil 
13/05/2020  20/05/2020 
Leachate 

kg NO3
- -N ha-1  Leachate 

kg NO3
- -N ha-1 

Control 10.1±1.04a  0.9±0.60a 
Urine only 11.2±1.55a  1.0±0.42a 
Urine + GA 10.9±1.06a  0.9±0.50a 
Urine + GA + LS 9.7±0.35a  1.3±0.90a 

Different small letters in each soil column indicate significant difference at P < 0.05. NH4
+ -N was below 

detectable concentrations. 
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Table A2.3. Herbage N uptake (kg N/ha) and herbage DM yield (kg DM/ha), following late-autumn urine and treatment application to the Pumice and Pallic 
soils.  

     Pumice soil      

Treatments 
11/07/20  11/09/20  10/10/20  11/11/20  11/12/20  

kg N/ha kg DM/ha  kg N/ha kg DM/ha  kg N/ha kg DM/ha  kg N/ha kg DM/ha  kg N/ha kg DM/ha  

Control  2.7d 91e  1.8d 121b  11.6c 538d  11.0a 772b  21.4a 1262b  

Urine only 11.6c 266d  95.2b 3062a  66.8b 2663c  31.7ab 1968a  24.6a 1520a  

Urine + DCD 16.8b 373b  95.3b 3303a  79.5ab 2815bc  35.7a 2088a  27.4a 1697a  

Urine + PA-MA 11.7c 274dc  62.9c 3196a  76.2ab 3067ab  28.9b 1888a  24.5a 1515a  

Urine + LS 13.9c 320c  67.6c 2857a  72.8ab 2614c  32.2ab 1975a  26.7a 1708a  

Urine + 2LS 16.9b 385b  101.8b 3190a  85.4a 3276a  28.7b 1860a  25.3a 1590a  

Urine + GA + LS 21.3a 505a  114.9a 2993a  68.5b 2527c  30.8ab 1897a  25.6a 1661a  

      Pallic soil      

 
   27/08/20  17/10/20  19/11/20  16/12/20  

Treatments   kg N/ha kg DM/ha  kg N/ha kg DM/ha  kg N/ha kg DM/ha  kg N/ha kg DM/ha  

Control   11.4c 454d  27.1c 1002b  36.8b 2212b  18.0d 777b  

Urine only  76.8a 1964ab  74.6b 3122a  91.9a 3798a  37.6c 1221a  

Urine + DCD  80.80a 2125a  93.7a 3098a  103.4a 4114a  46.9b 1634a  

Urine + PA-MA  61.8b 1693abc  88.8a 2934a  94.4a 4275a  41.6bc 1321a  

Urine + LS  54.8b 1450bc  95.9a 3013a  102.4a 4483a  55.0a 1650a  

Urine + 2LS  56.7b 1276c  96.4a 3731a  116.6a 4445a  42.2bc 1440a  

Urine + GA + LS  80.7a 2144a  89.1a 3161a  101.8a 4541a  42.8bc 1441a  

Values in each column, followed by different small letters within a column for each soil, are significantly different at P < 0.05. 
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Table A2.4 Effect of applied inhibitors on herbage cation uptake in the Pumice and Pallic soil after 
late-autumn urine application. 

Treatments  Ca Mg Na K P 
 % 
 Pumice soil 
Control  0.48 ± 0.01a 0.19 ± 0.11a 0.05 ± 0.01ab 4.82 ± 0.02b 0.23 ±0 .02a 
Urine only 0.36 ± 0.00b 0.13 ± 0.01bc 0.05 ± 0.01ab 5.40 ± 0.16ab 0.18 ± 0.08ab 
Urine + DCD 0.34 ± 0.03b 0.13 ± 0.01bc 0.04 ± 0.01ab 5.81 ± 0.20a 0.19 ± 0.06ab 
Urine + PA-MA 0.35 ± 0.02b 0.13 ± 0.00c 0.04 ± 0.00ab 5.76 ± 0.19a 0.13 ± 0.01b 
Urine + LS 0.35 ± 0.01b 0.13 ± 0.01bc 0.04 ± 0.01ab 5.65 ± 0.48a 0.14 ± 0.00b 
Urine + 2LS 0.34 ± 0.01b 0.13 ± 0.01c 0.04 ± 0.01b 5.85 ± 0.40a 0.12 ± 0.01b 
Urine + GA + LS 0.36 ± 0.02b 0.15 ± 0.01b 0.06 ± 0.01a 6.05 ± 0.45a 0.13 ± 0.01b 
   Pallic soil    
Control  0.57 ± 0.07a 0.15 ± 0.03a 0.06 ± 0.02ab 1.51 ± 0.17a 0.19 ± 0.05a 
Urine only 0.46 ± 0.03ab 0.15 ± 0.01a 0.07 ± 0.01a 3.76 ± 0.51a 0.18 ± 0.00a 
Urine + DCD 0.41 ± 0.05b 0.13 ± 0.01a 0.03 ± 0.01b 3.33 ± 0.31a 0.18 ± 0.02a 
Urine + PA-MA 0.51 ± 0.01ab 0.14 ± 0.01a 0.07 ± 0.03ab 3.21 ± 0.31a 0.16 ± 0.05a 
Urine + LS 0.55 ± 0.07a 0.14 ± 0.02a 0.04 ± 0.01ab 3.33 ± 0.32a 0.17 ± 0.01a 
Urine + 2LS 0.47 ± 0.02ab 0.14 ± 0.01a 0.04 ± 0.01ab 3.59 ± 0.47a 0.17 ± 0.02a 
Urine + GA + LS 0.51 ± 0.04ab 0.15 ± 0.01a 0.05 ± 0.02ab 3.18 ± 0.13a 0.18 ± 0.03a 

The values displayed are mean cation concentration from 1st and 2nd herbage harvests.  Different small letters 
following each other in a column in each soil type are significantly different (P < 0.05) (n = 4). Values after ± 
represent standard deviation. 



173 
 

Table A2.5. Herbage N uptake (kg N/ha) and herbage DM yield (kg DM/ha) following mid-winter urine and treatment application to the Pumice and Pallic 
soils.  

   Pumice soil      

Treatments  

11/09/20  10/10/20  11/11/20  10/12/20  

kg N/ha kg DM/ha  kg N/ha kg DM/ha  kg N/ha kg DM/ha  kg N/ha kg DM/ha  

Control  1.8c 121c  11.6c 538b  11.0b 772c  21.4a 1262b  

Urine only 33.6b 867b  94.5a 2986a  47.4a 2682b  25.6a 1527a  

Urine + GA 57.2a 1554a  102.5a 3037a  57.8a 3157a  28.4a 1771a  

Urine + GA + LS 52.6a 1428a  96.8a 3031a  52.5a 3107a  25.3a 1704a  

    Pallic soil      

Treatments 

   17/10/20  16/11/20  16/12/20  

   kg N/ha kg DM/ha  kg N/ha kg DM/ha  kg N/ha kg DM/ha  

Control   27.1c 1002b  36.8c 2212c  18.0c 777c  

Urine only  125.6b 3675a  87.6b 3968b  58.3b 1762b  

Urine + GA  119.7b 3667a  130.6a 4802a  71.5a 2040a  

Urine + GA + LS  139.3a 4032a  124.3a 5123a  72.4a 1993a  

Values in each column, followed by different small letters within a column for each soil, are significantly different at P < 0.05. 
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Appendix 3. Supporting Information for Chapter 6 

 
Figure A3.1 Leached NO3

- -N (A) and mid-winter treatment application (C). Leached NH4
+ -N from 

late-autumn (C) and mid-winter treatment application (D) as a function of cumulative drainage. Error 
bars represent standard deviation of mean (n = 4). Data points for the mid-winter treatment application 
start at 80.5 cumulative drainage and correspond to both the maximum and first collected drainage for 
the mid-winter treatment application. 
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Figure A3.2 Herbage N uptake (kg N ha-1) and Herbage DM yield (kg DM ha-1), following  
late-autumn and mid-winter treatment application. 

 










