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Abstract 24 

Riparian zones lie at the interface between aquatic and terrestrial ecosystems and usually 25 

have fertile soils, which play a crucial role in maintaining ecosystem productivity and 26 

biodiversity. Riparian zones are currently subject to vegetation loss and degradation due 27 

to human activities, intensification of agricultural practices, weed invasion, and global 28 

climate change. Therefore, there is an urgent need to revegetate and/or maintain the 29 

current vegetation of riparian zones.  30 

Soil nitrogen (N) is one of the most important growth-limiting nutrients and plays a 31 

crucial role in plant growth and productivity. Various management practices such as 32 

revegetation establishment, weed control methods, fertiliser applications, and/or organic 33 

amendments are practiced to sustain vegetation in riparian zones. However, management 34 

practices can alter soil N cycling. It is essential to understand the effect of different land 35 

management practices on soil N transformations, to maintain the long-term functional 36 

stability of riparian zones ecosystems. 37 

Revegetation of degraded riparian zones is considered one of the most effective measures 38 

in riparian management, which may influence soil N cycling. To date, no systematic 39 

literature review (meta-analysis) exists to assess the effects of different vegetation types 40 

and age on soil N pools regarding the revegetation of riparian zones (Chapter 2). 41 

Vegetation types along the riparian zones can be both native tree species and/or 42 

horticultural trees. The success of riparian revegetation projects with tree species 43 

currently depends on weed control to reduce the non-target vegetation competing over 44 

nutrients. I, hence, investigated the effects of chemical weed control on N cycling using 45 

glyphosate (commonly used herbicide) and organic-based herbicides including the 46 

registered products BioWeedTM, Pelargonic acid (Slasher®), and horticultural vinegar 47 

(acetic acid) compared with mulching. Additionally, there is a lack of information on how 48 
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different herbicides could affect soil N dynamics and microbial community structure even 49 

after the application was ceased for at least one year (Chapter 3).  50 

Horticultural crops established within riparian zones are also one of the major land-use 51 

practices requiring large quantities of fertiliser, particularly N, and herbicide inputs. 52 

Glyphosate is commonly applied in horticultural lands and glyphosate interactions with 53 

organic amendments (e.g., biochar) remain uncertain. I explored the long-term 54 

interactions between biochar-amended soil and repeated application of glyphosate even 55 

after the application has ceased for over two years on soil microbial communities and soil 56 

N transformations are not well understood (Chapter 4). Glyphosate application is likely 57 

to be resumed even after stopping for a period of time and usually, very short-term N 58 

pools in response to glyphosate application in the presence of soil organic amendments 59 

like biochar are overlooked. Short-term N pools may have implications for long-term N 60 

management and hence it is important to understand short-term N pools with respect to 61 

treatments (Chapter 5).  62 

Therefore, my thesis specifically aimed to:  63 

(1) Examine the influence of riparian zone revegetation with different revegetation types 64 

and age on soil N pools by conducting a quantitative literature review (meta-analysis) 65 

(Chapter 2). 66 

(2) Assess and compare the effects of different organic-based herbicides (BioWeedTM, 67 

Slasher®, and acetic acid) and the commonly used herbicide glyphosate with mulch, on 68 

soil N dynamics and microbial community structure at two riparian revegetation sites up 69 

to two years repeated application of herbicides followed by one year after stopping 70 

herbicides applications (in total three years since the revegetation establishment) (Chapter 71 

3). 72 
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(3) Investigate the impacts of long-term repeated application of glyphosate (12 years) 73 

interacted with biochar (for three years) on soil N cycling, more specifically abundance 74 

of nitrifying populations such as the ammonia-oxidizing bacteria and archaea (AOB and 75 

AOA) as well as the overall soil microbial diversity and community structure (both fungi 76 

and bacteria) after two years following the cessation of herbicide applications (Chapter 77 

4). 78 

(4) Explore how the interaction of biochar and glyphosate would immediately affect soil 79 

N transformations in short-term (in a 5-day laboratory incubation) using the 15N pool 80 

dilution techniques (Chapter 5). 81 

In Chapter 2: A meta-analysis was undertaken using a categorical mixed effect model to 82 

synthesise the results from 52 published articles. This study aimed to explore how 83 

different revegetation types (woodland, shrubland, and grassland) and revegetation age 84 

(< 3 years, 3-10 years, 10-20 years, 20-40 years, or > 40 years) would affect soil N pools. 85 

This meta-analysis revealed that revegetation of riparian zones significantly increased 86 

soil total nitrogen (TN) particularly in woodlands, which was associated with the presence 87 

of N fixing species and high litter inputs. Soil TN increased in revegetation ages between 88 

10 and 40 years following revegetation, which might be associated with the increased soil 89 

organic carbon (SOC) inputs within those ages following establishment. Of the 90 

revegetation types considered in this study, NO3
--N concentration in soil followed the 91 

order of grassland < shrubland < woodland, suggesting that woodland might be more 92 

efficient in soil NO3
--N retention than grassland. However, revegetation significantly 93 

decreased soil moisture by 7.6% compared with the corresponding control, which might 94 

be associated with the selection of exotic species as dominant vegetation in riparian zone 95 

revegetation. This study provides insight into the influence of different revegetation types 96 
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and age on soil N pools and soil moisture. This study also highlights the importance of 97 

revegetating riparian zones to increase soil TN, particularly in woodlands.  98 

Therefore, in Chapter 3, I used two newly established revegetation sites at (Kandanga and 99 

Pinbarren sites), planted with native wood species to investigate how different weed 100 

control methods including organic-based herbicides (BioWeedTM, Slasher®, and acetic 101 

acid) and the commonly used herbicide, glyphosate with mulch would affect soil N 102 

dynamics and microbial community structure over three years following revegetation 103 

establishment (two years repeated application of herbicides followed by one year after 104 

stopping herbicides applications). Soil samples were collected three times following 105 

revegetation establishment at months 2, 14, and 26 at the Kandanga site and at months 106 

10, 22, and 34 at the Pinbarren site. The last sampling at the Pinbarren site (at month 34) 107 

occurred one year after the last herbicide was applied. In this study, I found that soil 108 

microbial biomass carbon (MBC) was significantly higher in response to mulch compared 109 

with glyphosate and organic-based herbicide treatments at months 26 at the Kandanga 110 

site and months 10 at the Pinbarren site following the revegetation establishment. 111 

However, soil MBC at month 34 at the Pinbarren site was only significantly higher in the 112 

mulch treatment than glyphosate and BioWeedTM
. The level of MBC in glyphosate and 113 

BioWeedTM was also lower than the acceptable threshold at month 34 at the Pinbarren 114 

site. I also found that soil nitrate (NO3
--N) was significantly higher in the soil treated with 115 

mulch than only glyphosate treatment at months 22 and 34 after revegetation at the 116 

Pinbarren site. Higher soil NO3
--N in mulch compared with that of glyphosate could be 117 

partly explained by decreased denitrifying bacteria (Candidatus solibacter and 118 

Candidatus koribacter). However, there were no significant differences in soil NO3
--N 119 

between mulch and other organic-based herbicides despite the fact that C. solibacter and 120 

C. koribacter were still lower under mulch than those of other herbicides. My study 121 

suggested that the application of mulch in the riparian revegetation projects would be 122 
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beneficial for soil microbial functionality, particularly soil MBC as compared with 123 

glyphosate and other organic-based herbicides. Additionally, this study suggested that 124 

some herbicides like glyphosate and BioWeedTM may have long-lasting effects on soil 125 

microbial biomass even if they do not necessarily change microbial diversity. Hence, the 126 

long-term use of glyphosate and BioWeedTM needs to be considered with caution. 127 

Some woodlands within riparian zones are also horticultural sites where intensive weed 128 

control management practices are applied (Chapter 4). Therefore, an established 129 

horticultural site (Macadamia orchard) located in a riparian zone, with a history of 130 

repeated application of glyphosate (up to four times per annum for 12 years) was chosen 131 

to understand the impacts of repeated application of glyphosate interacted with biochar 132 

on soil N cycling. Wood-based biochar was first applied at this site in 2012 (64 months 133 

before my sampling time) at two different rates of 10 dry t ha-1 (B10) and 30 dry t ha-1 134 

(B30) and the glyphosate had not been applied for two years before my sampling. 135 

Therefore, biochar and glyphosate applications coincided for three years before 136 

glyphosate was ceased. The results showed that soil TN was significantly higher in the 137 

glyphosate applied areas compared with those of no glyphosate, which may suggest that 138 

glyphosate may have stimulated N transformations in this study through increasing soil 139 

carbon (C) substrate resulting from the degradation of glyphosate and dieback of weeds. 140 

Similarly, no effect of glyphosate on soil microbial diversity and community structure 141 

was observed two years after glyphosate application had been ceased. However, 142 

glyphosate-treated soil had significantly higher AOB abundance than no glyphosate 143 

areas, which might be potentially associated with increased total carbon (TC). 144 

Conversely, biochar did not affect soil TN in this study, potentially due to the low TN 145 

content of the biochar used in this study (wood-based biochar), but had also significantly 146 

higher AOB abundance than those of no biochar plots, potentially through stimulated N 147 

cycling. In summary, neither glyphosate nor biochar impacted soil microbial diversity or 148 
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community structure, but both increased AOB abundance with possible long-term 149 

implications on soil N cycling even after two years since the last glyphosate was applied. 150 

In Chapter 5, I then investigated the short-term N pools in response to the immediate 151 

interaction of glyphosate in an amended soil with biochar. I conducted an incubation 152 

study (5-day) to understand the short-term and immediate effects of glyphosate interacted 153 

with biochar on soil N transformations (ammonification, nitrification, and N 154 

mineralisation) using the 15N pool dilution techniques. Soil samples were collected from 155 

the same horticultural site used in Chapter 4. My 5-day incubation study showed that δ15N 156 

of NO3
--N was not affected by any of the factors assessed including glyphosate, biochar, 157 

and moisture content, nor were their interactions significant. However, this study showed 158 

that both nitrification and N mineralisation were stimulated by biochar. My results also 159 

showed that application of glyphosate significantly decreased δ15N of NH4
+-N in soil 160 

following 3- and 5-day incubation, indicating that N mineralisation occurred, which could 161 

be related to stimulation of soil microbes due to the addition of C as a source for soil 162 

microbes resulting from the decomposition of glyphosate. 163 

In summary, my work highlighted the importance of revegetating riparian zones to 164 

increase soil N retention particularly using woodland species and showed that glyphosate 165 

and organic-based herbicides may not necessarily alter soil microbial diversity but there 166 

were long-lasting effects on soil microbial biomass observed about one year after the 167 

application being terminated. In the horticultural site, there was also an indication of both 168 

glyphosate and biochar having affected soil microbial abundance.  This long-lasting effect 169 

of herbicides on soil N cycling may have implications for the long-term sustainability of 170 

riparian zones. Therefore, my work suggested that the application of mulch should be an 171 

alternative for chemical weed control when possible. 172 

 173 



 

viii 
 

Keywords: Riparian zone, land management practices, Revegetation, Weed control 174 

methods, Glyphosate, Organic-based herbicides, Mulch, Wood-based Biochar, Soil N 175 

pools, Soil microbial community structure 176 

 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 

 185 

 186 

 187 

 188 

 189 

 190 

 191 

 192 

 193 



 

ix 
 

Declaration of Originality 194 

This work has not previously been submitted for a degree or diploma in any university. 195 

To the best of my knowledge and belief, the thesis contains no material previously 196 

published or written by another person except where due reference is made in the thesis 197 

itself. 198 

 199 

200 

                                                                                                     Negar Omidvar 201 

                                                                                                              28 June 2021           202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 



 

x 
 

Acknowledgment 210 

My thesis would not have been possible without the support, guidance, encouragement 211 

from my supervisors, group members, friends, and families. I would like gratefully to 212 

acknowledge all of them for being part of this wonderful journey and making this thesis 213 

possible. 214 

I am truly indebted to my supervisors Dr. Shahla Hosseini Bai, Professor Zhihong Xu, 215 

Professor Rebecca Ford, and Dr. Steven Ogbourne for their outstanding support and 216 

thoughtful guidance through my Ph.D. endeavor. This study could not have been 217 

accomplished without their supervision and support. I would sincerely appreciate my 218 

principal supervisor, Professor Zhihong Xu who provided me with his generous support 219 

and encouragement. I would like to express my deepest appreciation to Dr. Shahla 220 

Hosseini Bai for her endless support, kind encouragement, patience, and continuous 221 

meetings even when she was not in Brisbane during the first two years of my study. It 222 

was also my honor that she became one of my principal supervisors after she came back 223 

to Griffith University. I have learned so many things from her and I merely believe that 224 

it would have been impossible for me to write this thesis without Shahla’s help and 225 

guidance. Especially, I would acknowledge Professor Rebecca Ford for her kind 226 

encouragement and patience in this study. I would like to acknowledge her constructive 227 

suggestions for developing the research questions and patience with my manuscript 228 

development for each of my journal papers. My greatest thanks to Dr. Steven Ogbourne, 229 

my external supervisor, who has helped me to develop the experimental sites at Kandanga 230 

and Pinbarren, for his constructive comments and suggestions for each of my journal 231 

papers.  232 

I would like to acknowledge my fellow Ph.D. students, friends, and staff at Griffith 233 

University, the Centre for Planetary Health and Food Security and the University of 234 



 

xi 
 

Sunshine Coast, Ms. Dian Riseley, Mr. Isaac Knights, Dr. Iman Tahmasbian, Dr. Michael 235 

Farrar, Dr. Thi Thu Nhan Nguyen, Dr. Prabhakaran Thanjavur Sambasivam, Dr. Ido Bar, 236 

Ms. Ashrafun Nessa, Ms. Fang Wang, Dr. Juan Zhan, Ms. Jiaping Yang, Ms. Amal 237 

Succarie, Ms. Edith Kichamu-Wachira, Dr. Dianjie Wang, Dr. Tian Hu,  Dr. Ronxiao 238 

Che, Dr. Yaling Zhang, Dr. Manyun Zhang, Dr. Linfeng Li, Mr. Sabah Tarash Ms. Kate 239 

Kingston and all my friends for their support. 240 

I am also grateful for the kind encouragement and guidance offered by Dr. Ruby Michael 241 

during my Ph.D. journey. Additionally, I appreciate the support given by the Department 242 

of Environment and Science for giving me access to the Chemistry Centre for analysing 243 

my data and for their valuable contribution to my project. My greatest thanks and 244 

appreciation to Dr. Joanne Burton, Ms. Rob De Hayr, Ms. Siok Yo, Dr. Angus McElnea, 245 

and Ms. Sonya Mork. 246 

I would like to express my deepest appreciation to people who mean a lot to me, my 247 

parents Masi and Mahmood who have always loved me unconditionally and whose good 248 

examples have taught me to work hard for the things that I aspire to achieve. To my lovely 249 

sister and brothers and in-laws, Neda, Farshad, Farhang, Jamshid, Farkhondeh, and 250 

Nasim, and my lovely nieces Nika and Baran for their boundless love and encouragement. 251 

Also, my warmest thanks to my family-in-law, Mahvash, Hassan, Helia, Sasan for their 252 

love and encouragement. I would also like to acknowledge my brother-in-law, Arash 253 

whose memories and love never lost in my heart. 254 

Finally, I am sincerely grateful to my husband, Babak, who has been a constant source of 255 

love, support, and encouragement during my life. I am truly thankful for having him in 256 

my life. It would have been impossible for me to accomplish this journey without having 257 

him by my side. I would also like to thank my special fur friend, Teeleh, for his energy 258 

and love who has been always keeping me happy and never lets me feel alone.  259 



 

xii 
 

List of publications and presentations during the Ph.D. Candidature 260 

 Journal articles (Published or in preparation) 261 

Omidvar, N., Xu, Z., Nguyen, T. T. N., Salehin, B., Ogbourne, S., Ford, R., Bai, S. H., 262 

2021. A global meta-analysis shows soil nitrogen pool increases after revegetation 263 

of riparian zones. Journal of Soils and Sediments, 21, 665-677. 264 

Omidvar, N., Ogbourne, S., Xu, Z., Burton, J., Salehin, B., Ford, R., Tahmasbian, I., 265 

Michael, R., Wilson, R., Bai, S. H., 2021. Soil carbon, nitrogen pools, and 266 

microbial composition in response to mulch and repeated herbicide application on 267 

two contrasting revegetated riparian zones. Submitted to Chemosphere. 268 

Omidvar, N., Xu, Z., Ogbourne, S., Ford, R., Sambasivam, P.T., Salehin, B., Wang, F., 269 

Tahmasbian, I., Wilson, R., Bai, S. H., 2021. Long-term effects of glyphosate on 270 

soil total nitrogen and microbial composition when interacting with biochar. 271 

Ready for submission to Chemosphere. 272 

Omidvar, N., Xu, Z., Nesaa, A., Salehin, B., Tahmasbian, I., Bai, S. H., 2021. Soil 273 

nitrogen transformations after short-term application of glyphosate in an amended 274 

soil with biochar in the riparian soils. Ready for submission to Journal of Soils 275 

and Sediments. 276 

 277 

 278 

 279 

 280 

 281 



 

xiii 
 

Conferences 282 

Omidvar, N., Xu, Z., Nguyen, T. T. N., Salehin, B., Ogbourne, S., Ford, R., Bai, S. H., 283 

2019. The 9th International Conference on Geochemistry in the Tropics & Sub-284 

Tropics – Biogeochemistry of Carbon and Nutrients as well as Pollutants in the 285 

Soil, Water and Environment, 28th - 31st July 2019, Crowne Plaza, Surfers 286 

Paradise, Queensland, Australia.  287 

Omidvar, N., Bai, S. H., 2019. International Conference on Conservation and Science. 288 

Student Conference on Conservation Science (SCCS) – 3-10 July 2019, 289 

Queensland, Australia. 290 

Omidvar, N., 2019. EFFRI student symposium at Griffith University. (2019), Brisbane, 291 

Queensland, Australia. Awarded the third prize. 292 

Omidvar, N., 2018. EFFRI student symposium at Griffith University. (2018), Brisbane, 293 

Queensland, Australia. Awarded the fourth prize. 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 



 

xiv 
 

Papers Published or in Preparation during the Ph.D. Candidature 302 

(Co-author) 303 

I have been actively involved in other research projects, publishing, and co-authoring 304 

the following papers, which are not included in this thesis. 305 

Kichamu-Wachira, E., Xu, Z., Reardon-Smith, K., Biggs, D., Wachira, G., Omidvar, N., 306 

2021. Effects of climate-smart agricultural practices on crop yields, soil carbon, 307 

and nitrogen pools in Africa: a meta-analysis. Journal of Soils and Sediments. 308 

Bottrill, D., Ogbourne, S., Citerne, N., Smith, T., Farrar, M. B., Hu, H.W., Omidvar, N., 309 

Wang, J., Burton, J., Kamper, W., Bai, S. H., 2020. Short-term application of 310 

mulch, roundup, and organic herbicides did not affect soil microbial biomass or 311 

bacterial and fungal diversity. Chemosphere, 244, 125436. 312 

Tahmasbian, I., Xu, Z., Nguyen, T. T. N., Che, R., Omidvar, N., Lambert, G., Bai, S. H., 313 

2019. Short-term carbon and nitrogen dynamics in soil, litterfall, and canopy of a 314 

suburban native forest subjected to prescribed burning in subtropical Australia. 315 

Journal of Soils and Sediments, 19, 3969-3981.  316 

Citerne, N., Wallace, H.M., Lewis, T., Reverchon, F., Omidvar, N., Hu, H.W., Shi, X.Z., 317 

Zhou, X., Zhou, G., Farrar, M., Rezaei Rashti, M., Bai, S. H., 2021. Effects of 318 

biochar on C and N cycling after a short-term drought: a laboratory study. Journal 319 

of Soil Science and Plant Nutrition, 1-11. 320 

Taresh, S., Bai, S. H., Abdullah, K.M., Zalucki, J., Nesaa, A., Omidvar, N., Wang, D., 321 

Zhan, J., Wang, F., Yang, J., Kichamu-Wachira, E., Xu, Z., 2021. The long-term 322 

impact of prescribed burning on water use efficiency, biological nitrogen fixation, 323 

and tree growth of understory acacia species in a suburban forest ecosystem of 324 

subtropical Australia. Journal of Soils and Sediments, 21, 3620-3631. 325 



 

xv 
 

Nesaa, A., Bai, S. H., Wang, D., Karim, Z., Omidvar, N., Zhan, J., Xu, Z., 2021. Soil 326 

nitrification and nitrogen mineralization responded non-linearly to the addition of 327 

wood biochar produced under different pyrolysis temperatures. Journal of Soils 328 

and Sediments, 1-12. 329 

Bai, S. H., Omidvar, N., Tahmasbian, I., Kämper, W., Gallart, M., Farrar, M., Sing, K., 330 

Muqadass, B., Xu, C.Y., Koech, R., Li, Y., Nguyen, T.T.N., Zwieten, L.V., 2021. 331 

Increasing crop yield by using biochar and co-applying biochar with fertilisers: a 332 

meta-analysis. Submitted to Science of the Total Environment. 333 

 334 

 335 

 336 

 337 

 338 

 339 

 340 

 341 

 342 

 343 

 344 

 345 

 346 



 

xvi 
 

ALL PAPERS INCLUDED ARE CO-AUTHORED 347 

Acknowledgment of Papers Included in this Thesis 348 

Included in this thesis are papers in Chapters 2, 3, 4, and 5, which are co-authored with 349 

other researchers. My contribution to each co-authored paper is outlined at the front of 350 

the relevant chapter. The bibliographic details for these papers including all authors are: 351 

 352 

Chapter 2: Omidvar, N., Xu, Z., Nguyen, T. T. N., Salehin, B., Ogbourne, S., Ford, R., 353 

Bai, S. H., 2021. A global meta-analysis shows soil nitrogen pool increases after 354 

revegetation of riparian zones. Journal of Soils and Sediments, 21, 665-677. 355 

Chapter 3: Omidvar, N., Ogbourne, S., Xu, Z., Burton, J., Salehin, B., Ford, R., 356 

Tahmasbian, I., Michael, R., Wilson, R., Bai, S. H., 2021. Soil carbon, nitrogen pools, 357 

and microbial composition in response to mulch and repeated herbicide application on 358 

two contrasting revegetated riparian zones. Submitted to Chemosphere. 359 

Chapter 4: Omidvar, N., Xu, Z., Ogbourne, S., Ford, R., Sambasivam, P.T., Salehin, B., 360 

Wang, F., Tahmasbian, I., Wilson, R., Bai, S. H., 2021. Long-term effects of glyphosate 361 

on soil total nitrogen and microbial composition when interacting with biochar. Ready for 362 

submission to Chemosphere. 363 

Chapter 5: Omidvar, N., Xu, Z., Nesaa, A., Salehin, B., Tahmasbian, I., Bai, S. H., 2021. 364 

Soil nitrogen transformations after short-term application of glyphosate in an amended 365 

soil with biochar in the riparian soils. Ready for submission to Journal of Soils and 366 

Sediments. 367 

 368 

 369 





 

xviii 
 

Table of Contents 382 

Abstract ............................................................................................................................. ii 383 

Declaration of Originality ................................................................................................ ix 384 

Acknowledgment .............................................................................................................. x 385 

List of publications and presentations during the Ph.D. Candidature ............................ xii 386 

Acknowledgment of Papers Included in this Thesis ..................................................... xvi 387 

Table of Contents ........................................................................................................ xviii 388 

List of Tables ............................................................................................................... xxiii 389 

List of Figures ............................................................................................................. xxvii 390 

List of Abbreviations ................................................................................................. xxxiii 391 

Chapter 1 General Introduction ................................................................................... 1 392 

1.1 Riparian zone definition and management practices .............................................. 1 393 

1.2 Literature review..................................................................................................... 3 394 

1.2.1 Importance of N in plant production ............................................................... 3 395 

1.2.2 The N cycling in soil ....................................................................................... 3 396 

1.2.3 Biological function and microbial community structure – soil N cycling ...... 4 397 

1.3 Different land management practices in riparian zone ........................................... 6 398 

1.3.1 Riparian zone revegetation and its effects on soil N pools.............................. 6 399 

1.3.2 Management practices to control weeds .......................................................... 8 400 

1.3.3 Chemical weed control methods- Glyphosate ................................................. 9 401 

1.3.4 Chemical weed control methods - Organic-based herbicides ....................... 13 402 

1.3.5 Mechanical weed control methods- mulching ............................................... 15 403 



 

xix 
 

1.4 Land management practices in horticultural riparian zone soils .......................... 16 404 

1.4.1 Soil N amendment with biochar .................................................................... 16 405 

1.4.2 Effect of biochar on soil N cycling ................................................................ 17 406 

1.4.3 Effects of biochar on soil microbial functional genes (MFG) involved in N 407 

cycling .................................................................................................................... 18 408 

1.4.4 Interaction of biochar and glyphosate ........................................................... 19 409 

1.5 Research aims ....................................................................................................... 22 410 

1.6 Reference .............................................................................................................. 24 411 

Chapter 2 A global meta-analysis shows soil nitrogen pool increases after 412 

revegetation of riparian zones ..................................................................................... 47 413 

2.1 Abstract ................................................................................................................. 49 414 

2.2 Introduction .......................................................................................................... 50 415 

2.3 Materials and methods .......................................................................................... 52 416 

2.3.1 Study data selection and compilation ............................................................ 52 417 

2.3.2 Statistical analyses ......................................................................................... 54 418 

2.4 Results .................................................................................................................. 58 419 

2.4.1 Overview of the meta-analysis ...................................................................... 58 420 

2.4.2 Influence of revegetation type on soil TN, NH4
+-N, and NO3

--N ................. 58 421 

2.4.3 Effect of revegetation age on soil TN, NH4
+-N, and NO3

--N ........................ 59 422 

2.4.4 Effect of soil depth on soil TN, NH4
+-N, and NO3

--N .................................. 63 423 

2.4.5 Effect of revegetation on soil moisture and pH ............................................. 65 424 

2.4.6 Relationship between SOC and TN ............................................................... 69 425 

2.5 Discussion ............................................................................................................. 70 426 



 

xx 
 

2.5.1 Changes in soil TN following the riparian zone revegetation ....................... 70 427 

2.5.2 Changes in soil NO3
--N following the riparian zone revegetation ................ 72 428 

2.5.3 Changes in soil moisture following the riparian zone revegetation .............. 73 429 

2.6 Conclusions .......................................................................................................... 74 430 

2.7 Reference .............................................................................................................. 76 431 

Chapter 3 Soil carbon, nitrogen pools and microbial composition in response to 432 

mulch and repeated applications of herbicides in two contrasting revegetated 433 

riparian zones ................................................................................................................ 89 434 

3.1 Abstract ................................................................................................................. 91 435 

3.2 Introduction .......................................................................................................... 92 436 

3.3 Materials and methods .......................................................................................... 95 437 

3.3.1 Study sites description ................................................................................... 95 438 

3.3.2 Experimental design and treatments .............................................................. 98 439 

3.3.3 Soil sample collection .................................................................................. 101 440 

3.3.4 Soil chemical analyses ................................................................................. 101 441 

3.3.5 Soil DNA extraction .................................................................................... 104 442 

3.3.6 Next-generation sequencing (NGS) library preparation and Illumina MiSeq 443 

sequencing ............................................................................................................ 104 444 

3.3.7 Statistical analysis and data analysis ........................................................... 105 445 

3.4 Results ............................................................................................................ 106 446 

3.4.1 Effect of different treatments on soil pH, C, and N dynamics .................... 106 447 

3.4.2 Soil bacterial and fungal community composition ...................................... 112 448 

3.5 Discussion ........................................................................................................... 124 449 



 

xxi 
 

3.6 Conclusions ........................................................................................................ 128 450 

3.7 References .......................................................................................................... 129 451 

Chapter 4 Long-term effects of glyphosate on soil total nitrogen and microbial 452 

composition when interacting with biochar ............................................................. 141 453 

4.1 Abstract ............................................................................................................... 143 454 

4.2 Introduction ........................................................................................................ 144 455 

4.3 Materials and Methods ....................................................................................... 147 456 

4.3.1 Site description and experimental design .................................................... 147 457 

4.3.2 Soil sample collection and chemical analysis ............................................. 149 458 

4.3.3 Soil DNA extraction and real-time quantitative PCR (qPCR) .................... 150 459 

4.3.4 The Illumina MiSeq sequencing .................................................................. 152 460 

4.3.5 Leaf sample collection and chemical analyses ............................................ 153 461 

4.3.6 Statistical analysis and data analysis ........................................................... 153 462 

4.4 Results ............................................................................................................ 154 463 

4.4.1 Soil chemical analysis ................................................................................. 154 464 

4.4.2 Abundance of AOA and AOB ..................................................................... 154 465 

4.4.3 Soil bacterial and fungal community composition ...................................... 159 466 

4.4.4 Foliar chemical analysis .............................................................................. 169 467 

4.5 Discussion ........................................................................................................... 169 468 

4.5.1 Effects of glyphosate and biochar on soil TN ............................................. 169 469 

4.5.2 Effects of  glyphosate and biochar on soil microbial communities ............. 171 470 

4.6 Conclusions ........................................................................................................ 173 471 



 

xxii 
 

4.7 References .......................................................................................................... 175 472 

Chapter 5 Soil nitrogen transformations in response to glyphosate and biochar 473 

application in the riparian soils ................................................................................. 190 474 

5.1 Abstract ............................................................................................................... 192 475 

5.2 Introduction ......................................................................................................... 193 476 

5.3 Materials and methods ........................................................................................ 196 477 

5.3.1 Site description and sampling program ....................................................... 196 478 

5.3.2 Soil incubation experiment .......................................................................... 196 479 

5.3.3 Soil chemical analysis .................................................................................. 198 480 

5.3.4 Data analysis ................................................................................................ 200 481 

5.4 Results ................................................................................................................. 200 482 

5.4.1 The δ15N of soil inorganic N pool ............................................................... 200 483 

5.4.2 Changes in cumulative soil ammonification, nitrification, and N 484 

mineralisation ....................................................................................................... 202 485 

5.5 Discussion ........................................................................................................... 206 486 

5.6 Conclusions ........................................................................................................ 208 487 

5.7 References ........................................................................................................... 209 488 

Chapter 6 General conclusions and future works ................................................... 218 489 

6.1 General conclusions ............................................................................................ 218 490 

6.2 The significance of the study and summary of the aims in this thesis ............... 219 491 

Supplementary Materials .............................................................................................. 233 492 

 493 



 

xxiii 
 

List of Tables 494 

Table 2.1. The between‐group heterogeneity (Qb) of riparian zone revegetation on 495 

various response variables. ............................................................................................. 56 496 

Table 2.2. Probability of the funnel plot statistics, fail-safe numbers, and tolerance level 497 

for the fail-safe number at each categorical variable. n represents the number of 498 

observations at each categorical variable. ...................................................................... 57 499 

Table 2.3. The mean effect size of revegetation age on changes of soil TN, NH4
+-N, and 500 

NO3
--N in different revegetation types. Values in bold indicate significant differences of 501 

each revegetation type compared with the corresponding control at each revegetation age 502 

(P < 0.05). The sample size (n) for each variable is shown on the closed parenthesis. 503 

Groups of fewer than 2 valid studies were eliminated from the analysis. ...................... 62 504 

Table 2.4. The mean effect size of soil depth on changes of soil TN, NH4
+-N, and NO3

--505 

N in different revegetation types. Values in bold indicate significant differences of each 506 

revegetation type compared with the corresponding control at each soil depth (P < 0.05). 507 

The sample size (n) for each variable is shown on the closed parenthesis. Groups of fewer 508 

than 2 valid studies were eliminated from the analysis. ................................................. 64 509 

Table 2.5. The mean effect size of revegetation age on changes of soil moisture and pH 510 

in different revegetation types. Values in bold indicate significant differences of each 511 

revegetation type compared with the corresponding control at each revegetation age (P < 512 

0.05). The sample size (n) for each variable is shown on the closed parenthesis. Groups 513 

of fewer than 2 valid studies were eliminated from the analysis.................................... 67 514 

Table 2.6. The mean effect size of soil depth on changes of soil moisture and pH in 515 

different revegetation types. Values in bold indicate significant differences of each 516 

revegetation type compared with the corresponding control at each soil depth (P < 0.05). 517 

The sample size (n) for each variable is shown on the closed parenthesis. Groups of fewer 518 

than 2 valid studies were eliminated from the analysis. ................................................. 68 519 



 

xxiv 
 

Table 3.1. Soil pH, DOC, and DN in response to different weed control methods at 520 

months 2, 14, and 26 at the Kandanga site and months 10, 22, and 34 at the Pinbarren site 521 

following revegetation establishment. Different lower case letters at each row indicate 522 

significant differences among treatments at P < 0.05. No letters indicate no significant 523 

difference among treatments P < 0.05. Values in parentheses indicate standard errors 524 

(n=5). ............................................................................................................................ 109 525 

Table 3.2. Soil NH4
+-N, NO3

--N, PMN-7 days, and PMN-14 days in response to different 526 

weed control methods at months 2, 14, and 26 at the Kandanga site and months 10, 22, 527 

and 34 at the Pinbarren site following revegetation establishment. Different lower 528 

case letters at each row indicate significant differences among treatments at P < 0.05. No 529 

letters indicate no significant difference among treatments P < 0.05. Values in 530 

parentheses indicate standard errors (n=5). .................................................................. 110 531 

Table 3.3. Alpha diversity of soil bacteria and fungi in response to different weed control 532 

methods at the Kandanga and Pinbarren sites. ............................................................. 114 533 

Table 3.4. Stepwise regression to identify factors explaining Shannon index of bacteria 534 

and fungi, NH4
+-N, NO3

--N, MBC, and MBN using soil variables as independent 535 

parameters. .................................................................................................................... 124 536 

Table 4.1. The forward and reverse primers used for the determinations of AOA and 537 

AOB abundances. ......................................................................................................... 151 538 

Table 4.2. Three-way analysis of variation (ANOVA) on the impacts of biochar, the 539 

application rate of biochar, and glyphosate on soil chemical properties in a macadamia 540 

orchard. ns = not significant (P > 0.05), *P < 0.05; **P < 0.001. ................................ 156 541 

Table 4.3. Soil moisture, pH, total C (TC), total N (TN), and N isotope composition 542 

(δ15N) in a macadamia orchard following application of biochar and glyphosate. Mean 543 

standard errors are presented in the brackets. ............................................................... 157 544 



 

xxv 
 

Table 4.4. Abundances of AOA and AOB genes (number of gene copies g-1 soil) resulting 545 

from treatments of biochar application and glyphosate. Mean standard errors are 546 

presented in the brackets. No letter means no statistically significant difference. ....... 158 547 

Table 4.5. Three-way analysis of variation (ANOVA) of biochar, the application rate of 548 

biochar and glyphosate on the abundance of AOA and AOB in a macadamia orchard. ns 549 

= not significant (P > 0.05), *P < 0.05; **P < 0.001. .................................................. 158 550 

Table 4.6. Alpha diversity statistics of soil bacteria and fungi in different treatments. 551 

Mean standard errors are presented in the brackets. No letter means no statistically 552 

significant difference. ................................................................................................... 160 553 

Table 4.7. Total C (TC), total N (TN), and N isotope composition (δ15N) in macadamia 554 

leaf following 64 months of application of biochar. Mean standard errors are presented in 555 

the brackets. No letter means no statistically significant difference. ........................... 169 556 

Table 5.1. Summary of incubation treatments ............................................................. 197 557 

Table 5.2. Background soil properties of the 0-5 cm soils at study site of B (biochar) and 558 

NB (no biochar) plots in a macadamia orchard. Soil moisture, pH, total C (TC), total N 559 

(TN), and nitrogen isotope composition (δ15N). Mean standard errors are presented in the 560 

brackets. ........................................................................................................................ 198 561 

Table 5.3. Three-way analysis of variation (ANOVA) on the impacts of biochar, 562 

glyphosate and soil moisture content on δ15N of NO3
--N following five days incubation. 563 

ns = not significant (P > 0.05), *P < 0.05; **P < 0.001. ............................................. 201 564 

Table 5.4. Soil δ15N (‰) of NO3
--N following five days incubation among different 565 

treatments. Values are the means ± standard errors (n=6). .......................................... 201 566 

Table 5.5. Three-way analysis of variation (ANOVA) on the impacts of biochar, 567 

glyphosate and soil moisture content on δ15N of NH4
+-N following five days incubation. 568 

ns = not significant (P > 0.05), *P < 0.05; **P < 0.001. ............................................. 203 569 



 

xxvi 
 

Table 5.6. Soil δ15N (‰) of NH4
+-N following five days incubation among different 570 

treatments. Values are the means ± standard errors (n=6). .......................................... 203 571 

Table 5.7. Three-way analysis of variation (ANOVA) on the impacts of biochar, 572 

glyphosate and soil moisture content on cumulative ammonification, nitrification and N 573 

mineralization following five days incubation. ns = not significant (P > 0.05), * P < 0.05; 574 

** P < 0.001. ................................................................................................................ 204 575 

Table 6.1. A summary of treatments and analysis in this thesis .................................. 222 576 

Table S3.1. Subtropical rainforest plant species planted at the Kandanga and Pinbarren 577 

sites. .............................................................................................................................. 234 578 

Table S3.2. Application rate of treatments and the method of site preparation and 579 

maintenance at the Kandanga and Pinbarren sites........................................................ 235 580 

Table S3.3. Treatment history at the Kandanga and Pinbarren sites ........................... 236 581 

 582 

 583 

 584 

 585 

 586 

 587 

 588 

 589 

 590 



 

xxvii 
 

List of Figures 591 

Figure 1.1. Geomorphology of riparian zone associated with sustainable management 592 

practices to revegetation of riparian zone and its effects on soil N cycling. .................... 2 593 

Figure 1.2. Impacts of different management practices on N cycling and microbial 594 

functional gene (MFG) groups involved in N cycling in revegetation of riparian zone. . 6 595 

Figure 1.3. The chemical structure of glyphosate.......................................................... 10 596 

Figure 1.4. Impacts of mineralization of glyphosate on soil microbes and N cycling. . 12 597 

Figure 1.5. The conceptual model and experimental flowchart of my thesis ................ 23 598 

Figure 2.1. Overall mean effect size of revegetation regardless of revegetation types, age, 599 

and soil sampling depth on changes of soil TN, NH4
+-N, NO3

--N, and moisture. Error bars 600 

represent 95% confidence intervals. The sample size (n) for each variable is shown next 601 

to each class. The effect was considered significant if the 95% CI of the effect size did 602 

not cover zero. ................................................................................................................ 58 603 

Figure 2.2. Mean effect size of revegetation types on changes of soil (a) TN; (b) NH4
+-604 

N; and (c) NO3
--N, the mean effect size of revegetation age on changes of soil (d) TN; (e) 605 

NH4
+-N; and (f) NO3

--N; and the mean effect size of soil depth on changes of soil (g) TN; 606 

(h) NH4
+-N; and (i) NO3

--N. Error bars represent 95% confidence intervals. The sample 607 

size (n) for each variable is shown next to each class. The dotted line indicates the mean 608 

effect size. The effect was considered significant if the 95% CI of the effect size did not 609 

cover zero. ...................................................................................................................... 61 610 

Figure 2.3. The mean effect size of revegetation types on changes of (a) soil moisture; 611 

and (d) soil pH, the mean effect size of revegetation age on changes of (b) soil moisture 612 

and (e) soil pH; and the mean effect size of soil depth on changes of (c) soil moisture; and 613 

(f) soil pH. Error bars represent 95% confidence intervals. The sample size (n) for each 614 

variable is shown next to each class. The dotted line indicates the mean effect size. The 615 

effect was considered significant if the 95% CI of the effect size did not cover zero. .. 66 616 



 

xxviii 
 

Figure 2.4. Relationship between soil organic carbon (SOC) and total nitrogen (TN). 69 617 

Figure 3.1. Location of the experimental sites at (a) Kandanga and at (b) Pinbarren in the 618 

Mary River basin in the South East Queensland and treatment layout. ......................... 97 619 

Figure 3.2. Rainfall and temperature during the period of study at (a) the Kandanga site 620 

and at (b) the Pinbarren site. ........................................................................................... 98 621 

Figure 3.3. Treatment layout at the Kandanga and Pinbarren sites. .............................. 99 622 

Figure 3.4. Trial design and plot planting graphic ...................................................... 100 623 

Figure 3.5. The snapshot of the revegetated study site and soil collection. ................ 100 624 

Figure 3.6. Soil chemical analysis at the Griffith University soil laboratory and the 625 

Chemistry laboratory at the Department of Environment and Science. ....................... 103 626 

Figure 3.7. Soil microbial biomass C and N (MBC and MBN) for each treatment at the 627 

Kandanga site (a, c) at months 2, 14, and 26 and at the Pinbarren site (b, d) at months 10 628 

and 22 following revegetation establishment. Different lower case letters at each bar 629 

indicate significant differences among treatments at P < 0.05. No letters indicate no 630 

significant difference among treatments. ..................................................................... 111 631 

Figure 3.8. Soil bacterial community structure at the phylum level at the Kandanga site 632 

at months 14 and 26 and at the Pinbarren site at months 10, 22, and 34 following 633 

revegetation establishment. Relative abundance was based on the proportional 634 

frequencies of DNA sequences that could be classified. Bacteria phylum identified are 635 

shown as individual colors and listed in the legend. .................................................... 113 636 

Figure 3.9. NMDS ordinations derived from the Bray-Curtis dissimilarity matrices 637 

showing the changes in the community structure of soil bacteria in different weed control 638 

methods (a) at the Kandanga and (b) at the Pinbarren sites, and soil fungi (c) at the 639 

Kandanga and (d) at the Pinbarren sites. Treatments including Mulch (circle symbols), 640 

BioWeedTM (Square symbols  ( , Slasher® (diamond symbols), glyphosate (right-side-up 641 

triangle symbols), acetic acid (upside-down triangle symbols) at the Kandanga site at 642 



 

xxix 
 

months 14 (green) and 26 (purple), and the Pinbarren site at months 10 (grey), 22 (brown) 643 

and 34 (blue) following revegetation establishment. Treatments from the same sampling 644 

time were marked in the same color. ............................................................................ 115 645 

Figure 3.10. Soil fungal community structure at the phylum level at the Kandanga site at 646 

months 14 and 26 and at the Pinbarren site at months 10, 22, and 34 following 647 

revegetation establishment. Relative abundance was based on the proportional 648 

frequencies of DNA sequences that could be classified. Fungal phylum identified are 649 

shown as individual colors and listed in the legend. .................................................... 116 650 

Figure 3.11. Heatmap of bacterial distribution of the top 30 abundant species present in 651 

the microbial community of samples. The heatmap plot depicted the relative abundance 652 

of the different treatments at the Kandanga site at months 14 and 26 and the Pinbarren 653 

site at months 10, 22, and 34 following revegetation establishment. The relative value for 654 

bacterial species is indicated by color intensity............................................................ 118 655 

Figure 3.12. Heatmap of fungal distribution of the top 30 abundant species present in the 656 

microbial community of samples. The heatmap plot depicted the relative abundance of 657 

the different treatments at the Kandanga site at months 14 and 26 and the Pinbarren site 658 

at months 10, 22, and 34 following revegetation establishment. The relative value for 659 

fungal species is indicated by color intensity. .............................................................. 119 660 

Figure 3.13. Bacterial phyla identified under different weed control methods including 661 

Mulch (orange), BioWeedTM (green), Slasher® (grey), glyphosate (red) or acetic acid 662 

(yellow) at (a) Kandanga at months 14 and 26 and at (b) Pinbarren at months 10, 22 and 663 

34 following revegetation establishment. The width of lines between treatments (top) and 664 

taxa (bottom) indicate the relative abundance of taxa within soil samples of that treatment. 665 

Phyla in very small abundances (<1% per sample on average), were grouped as “Other”.666 

 ...................................................................................................................................... 121 667 



 

xxx 
 

Figure 3.14. Fungal phyla identified under different weed control methods including 668 

Mulch (orange), BioWeedTM (green), Slasher® (grey), glyphosate (red) or acetic acid 669 

(yellow) at (a) Kandanga at months 14 and 26 and at (b) Pinbarren at months 10, 22 and 670 

34 following revegetation establishment. The width of lines between treatments (top) and 671 

taxa (bottom) indicate the relative abundance of taxa within soil samples of that treatment. 672 

Phyla in very small abundances (<1% per sample on average), were grouped as “Other”.673 

 ...................................................................................................................................... 123 674 

Figure 4.1. An aerial image of the experimental site located at Beerwah in South East 675 

Queensland, Australia. .................................................................................................. 148 676 

Figure 4.2. The location of glyphosate application and soil sample collection points. 149 677 

Figure 4.3. Soil sample collection at Beerwah in South East Queensland, Australia, and 678 

laboratory analysis at the Griffith University. .............................................................. 150 679 

Figure 4.4. Soil bacterial community structure at the phylum level at the Beerwah site. 680 

Relative abundance was based on the proportional frequencies of DNA sequences that 681 

could be classified. Bacteria phylum identified are shown as individual colors and listed 682 

in the legend. ................................................................................................................ 161 683 

Figure 4.5. NMDS ordinations derived from the Bray-Curtis dissimilarity matrices 684 

showing changes in the community structure of (a) soil bacteria and (b) soil fungi in 685 

different treatments including under tree canopy (glyphosate), under tree canopy (no 686 

glyphosate), and outside tree canopy (no glyphosate). ................................................. 162 687 

Figure 4.6. Soil fungal community structure at the phylum level at the Beerwah site. 688 

Relative abundance was based on the proportional frequencies of DNA sequences that 689 

could be classified. Fungal phylum identified are shown as individual colors and listed in 690 

the legend. ..................................................................................................................... 163 691 

Figure 4.7. Heatmap of bacterial distribution of the top 30 abundant species present in 692 

the microbial community of samples. The heatmap depicted the relative abundance of the 693 



 

xxxi 
 

different treatments in Beerwah. The relative values for bacterial species are indicated by 694 

color intensity. .............................................................................................................. 164 695 

Figure 4.8. Heatmap of fungal distribution of the top 30 abundant species present in the 696 

microbial community of samples. The heatmap depicted the relative abundance of the 697 

different treatments in Beerwah. The relative values for fungal species are indicated by 698 

color intensity. .............................................................................................................. 165 699 

Figure 4.9. Bacterial phyla identified under different treatments including under tree 700 

canopy (red-shade), under tree canopy (no glyphosate) (green-shade), and outside tree 701 

canopy (no glyphosate) (yellow-shade). The width of lines between treatments (top) and 702 

taxa (bottom) indicate the relative abundance of taxa within soil samples of that treatment. 703 

Phyla in very small abundances (<1% per sample on average), were grouped as “Other”.704 

 ...................................................................................................................................... 167 705 

Figure 4.10. Fungal phyla identified under different weed control methods including 706 

under tree canopy (red-shade), under tree canopy (no glyphosate) (green-shade), and 707 

outside tree canopy (no glyphosate) (yellow-shade). The width of lines between 708 

treatments (top) and taxa (bottom) indicate the relative abundance of taxa within soil 709 

samples of that treatment. Phyla in very small abundances (<1% per sample on average), 710 

were grouped as “Other”. ............................................................................................. 168 711 

Figure 5.1. Determination of mineral 15N in KCl extracts using micro diffusion method712 

 ...................................................................................................................................... 199 713 

Figure 5.2. Cumulative (a) ammonification, (b) nitrification, and (c) N mineralization 714 

among treatments following five days incubation. Treatments were B: biochar (black 715 

columns), B+G: biochar and glyphosate (hatch columns), No B+G: no biochar and 716 

glyphosate (dotted grey columns), and NB+NG: no biochar and no glyphosate (white 717 

columns)   under 50% and 60% WHC. Different letters indicate significant differences 718 

among all treatments (one-way ANOVA, P < 0.05, n=6). ........................................... 205 719 



 

xxxii 
 

Figure S2.1. Empirical functions for estimating soil bulk density (BD) based on data from 720 

studies reporting soil organic carbon (SOC) and soil BD. ........................................... 233 721 

 722 

 723 

 724 

 725 

 726 

 727 

 728 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 



 

xxxiii 
 

List of Abbreviations 737 

Abbreviations Explanations 

(NH4)2 SO4 Ammonium sulphate 

AMPA Aminomethylphosphonic acid 

ANOVA Analysis of Variance 

AOA Ammonia-oxidizing archaea 

AOB Ammonia-oxidizing bacteria 

NH3 Ammonia 

C Carbon 

CEC Cation exchange capacity 

CF Chloroform fumigation 

CHCl3 Chloroform 

CI Confidence interval 

DCA Discrete Chemistry Analyser 

ddH2O Distilled H2O 

DN Dissolved nitrogen 

DOC Dissolved organic carbon 

EPSPS Enzyme 5-enolpyruvylshikimate-3- phosphate 

F Fumigated 

K2SO4 Potassium sulphate 

KCL Potassium chloride 

KHSO4 Potassium bisulfate 

KNO3 Potassium nitrate 

MB Microbial biomass 

MBC Microbial biomass carbon 

MBN Microbial biomass nitrogen 

MCS MiSeq Control Software 

MFG Microbial functional group 

MgO Magnesium oxide 

N Nitrogen 

NF Not fumigated 

NGS Next-generation sequencing 

NH4
+-N Ammonium 

NMDS Non-metric multidimensional scaling 



 

xxxiv 
 

  

Abbreviations Explanations 

NO Nitric Oxide 

NO2 Nitrite 

NO3
--N Nitrate 

OTUs The operational taxonomic units 

PMN Potentially mineralizable nitrogen 

PRISMA Preferred Reporting Items for Systematic Reviews 

Qb Between‐group heterogeneity  

QIIME Quantitative Insights Into Microbial Ecology 

qPCR Real-time quantitative PCR 

RDP Ribosomal Database Program 

SD Standard deviation 

SE Standard error 

SOC Soil organic carbon 

SOM Soil organic matter 

TC Total carbon 

TN Total nitrogen 

TOC Total organic carbon 

WHC Water holding capacity 

δ13C Carbon isotope composition 

δ15N Nitrogen isotope composition 

δ15N of NH4
+-N δ15N of ammonium 

δ15N of NO3
--N δ15N of nitrate 

  738 

 739 

 740 

 741 

 742 



Chapter 1 General Introduction 

 

1 
 

Chapter 1 General Introduction 743 

1.1 Riparian zone definition and management practices  744 

Riparian zones are defined as the area of interface between aquatic and terrestrial 745 

ecosystems (Naiman et al., 2010; Jiang et al., 2017). This area of land is extremely fertile 746 

and plays a crucial role in productivity and biodiversity (Naiman et al., 2010). Riparian 747 

zone can also play an important role in the health of water bodies by removing excess 748 

nutrients particularly nitrogen (N), which can be leached from riparian soils (Schade et 749 

al., 2001). Vegetation in riparian zones provides biodiversity enhancement, water quality 750 

improvement, temperature and light control, and erosion control (Price and Lovett, 1999). 751 

However, soils in riparian zones are highly susceptible to erosion, particularly without 752 

vegetation (Naiman et al., 2010). Riparian zones are currently subject to vegetation loss 753 

and degradation due to human activities, intensification of agricultural practices, weed 754 

invasion, and global climate change (Njue et al., 2016; Hale et al., 2018). Therefore, 755 

revegetation of riparian zone is considered one of the most effective measures in riparian 756 

management. Different land management practices are applied to ensure the success of 757 

revegetation. However, management practices including revegetation establishment 758 

(Chapter 2), weed control methods (Chapter 3), and soil amendments interacted with 759 

herbicides (Chapters 4 and 5) can affect soil N cycling and therefore the health of riparian 760 

zones. Hence, it is essential that different management practices in riparian zones improve 761 

N retention in soil, which can be gradually available for plant uptakes. (Fig. 1.1).762 
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 763 

Figure 1.1. Geomorphology of riparian zone associated with sustainable management practices to revegetation of riparian zone and its effects on soil N 764 

cycling. 765 
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1.2 Literature review  766 

1.2.1 Importance of N in plant production 767 

Nitrogen (N) is the primary component of important biomolecules including nucleotides 768 

(RNA and DNA), proteins, and amino acids, which are essential for living organisms 769 

(Stevenson and Cole, 1999; Robertson and Vitousek, 2009; Osman and Springer, 2013). 770 

The ultimate source of soil N is the atmosphere, where the strongly bonded molecular 771 

(N2) is the predominant gas by the volume of 79.1% (Clark and Bartholomew, 1965; 772 

Stevenson and Cole, 1999). Despite being abundant in the atmosphere, most forms of N 773 

are not directly available for plants to be taken up (Moreau et al., 2019). Therefore, N 774 

remains one of the most important growth-limiting nutrients for plants. As a result, plant 775 

growth and development largely depend on N availability in the soil, which is a result of 776 

transformations of N in soil (Marschner et al., 2012; DeLuca et al., 2015). Of all nutrients, 777 

N is also used as an indicator to assess soil quality and fertility (Atkinson et al., 2010; 778 

Hosseini Bai et al., 2012a, b; Reverchon et al., 2014). However, N cycling in soil depends 779 

on biochemical processes, which can be influenced by many factors such as weather, 780 

fertilisation, cropping systems, soil properties, and different land management practices 781 

(Balasubramanian et al., 2004; Mikha et al., 2006). The effect of different land 782 

management practices including revegetation establishment, weed control methods, and 783 

interaction of herbicides with soil N amendment methods on soil N cycling are complex 784 

and not fully understood.  785 

1.2.2 The N cycling in soil 786 

More than 95% of N in soil is in the form of organic matter, which requires the biological 787 

process to be mineralised into the inorganic forms of N before it can be taken up by plants 788 

(Schimel and Bennett, 2004; Peela et al., 2015). Nitrate (NO3
--N) and ammonium 789 

(NH4
+-N) are two inorganic forms of N in the soil, which are available and can be 790 
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assimilated by plants. The NO3
--N is soluble in soil and does not bind to the soil due to 791 

its negative charges (Osman and Springer, 2013; Peela et al., 2015), therefore, is highly 792 

prone to leaching (Chintala et al., 2013; Osman and Springer, 2013). In contrast, NH4
+-N 793 

is positively charged and tends to bind to the soil particles with negatively charged 794 

surfaces (Osman and Springer, 2013; Peela et al., 2015). Thus, NH4
+-N is not susceptible 795 

to leaching; however, may be lost through volatilisation. Soil N transformations are 796 

microbially meditated and biological processes, which are influenced by prevailing 797 

different land management practices along with the physical and chemical properties of 798 

a particular soil. 799 

1.2.3 Biological function and microbial community structure – soil N cycling 800 

Nitrogen transformations in soil require diverse microbial communities, which possess 801 

several key microbial functional genes (MFG), encoding specific enzymes (Wallenstein 802 

and Vilgalys, 2005; Mafa-Attoye et al., 2020) including those involved in (a) 803 

mineralization (chiA), (b) denitrification (nirS, nirK), which both encode nitrite 804 

reductases to convert nitrite (NO2
-) to nitric oxide (NO) and nosZ, which encodes a nitrous 805 

oxide (N2O) reductase, responsible for degrading N2O to N2, (c) nitrification (amoA) by 806 

ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bacteria (AOB), which 807 

encodes the active site of ammonia monooxygenase, and (d) N fixation (nifH), which 808 

encodes the iron-containing subunit of nitrogenase (Wallenstein and Vilgalys, 2005; 809 

Ducey et al., 2013; Zhang et al., 2013) (Fig. 1.2). The abundance and diversity of MFG 810 

involved in N cycling can be used to study the impacts of various management practices 811 

on soil N transformations (Xiao et al., 2019; Wang et al., 2017).  812 

Soil microorganisms (e.g bacteria and fungi) can make up 95% of the total microbial 813 

biomass (Bardgett, 2005), and play an important role in various biochemical processes, 814 

including decomposition of soil organic matter (SOM) and nutrient cycling, and represent 815 
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the health of agroecosystems (Thomas et al., 2011; Wang et al., 2013). For example, 816 

fungi are essential SOM decomposers, which can secrete exoenzymes that are vital to the 817 

breakdown of recalcitrant organic matter such as lignin and cellulose (Fontaine et al., 818 

2011; Poll et al., 2008). Depolymerisation of lignin and complex compounds produce 819 

newly available substrates in soil, thereby increase soil N availability (Poll et al., 2008). 820 

Both bacterial and fungal communities are responsive to different land management 821 

practices and any environmental changes may affect the bacterial and fungal community 822 

structures in the soil, thus N availability (Falkowski et al., 2008; Urbanova et al., 2015; 823 

Nguyen et al., 2018). Different land management practices may alter the abiotic factors 824 

such as soil pH, moisture, and temperature, which can further affect the diversity and 825 

abundance of bacteria and archaea involved in the N transformations (Fierer and Jackson, 826 

2006; He et al., 2007; Nicol et al., 2008; Rousk et al., 2010). 827 

Soil N cycling is complex and requires an understanding of the biochemical pathways of 828 

N in planting systems as well as the effect of different management practices (Robertson 829 

and Vitousek, 2009). However, little work has been undertaken to investigate the effects 830 

of different management practices and their interactions on soil abiotic and biotic factors 831 

and their relation to soil N cycling. Understanding the relationship between different land 832 

management practices and the dynamics of soil microbial communities is crucial to gain 833 

insight into N cycling in the riparian zone soils. 834 

 835 

 836 

 837 

 838 

 839 
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Figure 1.2. Impacts of different management practices on N cycling and microbial 841 

functional gene (MFG) groups involved in N cycling in revegetation of riparian zone. 842 

1.3 Different land management practices in riparian zone  843 

1.3.1 Riparian zone revegetation and its effects on soil N pools  844 

Vegetation in riparian zone plays a crucial role in protecting both waterways and soil 845 

ecosystems (Price and Lovett, 1999). Vegetation in riparian zone offers a variety of 846 

valuable functions including erosion control, biodiversity enhancement, water quality 847 

improvement, temperature, and light control (Price and Lovett, 1999). Riparian zone acts 848 

as an effective nutrient sink, which may remove N from groundwater through riparian 849 

soils (Peterjohn and Correll, 1984; Lowrance et al., 1984; Groffman et al., 1992; Hill et 850 
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al., 1998; Hill, 2000). However, riparian zones are currently subject to vegetation loss 851 

and degradation due to human activities, intensification of agricultural practices, and 852 

global climate change (Njue et al., 2016; Hale et al., 2018). Therefore, sustainable and 853 

restoration approaches are considered the most effective measures in riparian 854 

management, which lead to maximize the vegetation benefits in this area (Fennessy and 855 

Cronk, 1997; Paul et al., 2002), restore and protect the riparian ecosystem (Lu et al., 2010; 856 

Kreiling et al., 2011), and improve soil N retention (Kreiling et al., 2011; Liu et al., 2011). 857 

The effects of revegetation on soil N are governed through several mechanisms (Hefting 858 

et al., 2005; Ye et al., 2015). These include soil N transformations (i.e., mineralization 859 

and nitrification), which are microbially-mediated processes regulated by soil organic 860 

matter (SOM) (Reverchon et al., 2014; Bai et al., 2015a, b), soil moisture, and soil pH 861 

(Dijkstra et al., 2008; Cheng et al., 2011). Revegetation may alter SOM input resulting in 862 

changes in soil N mineralisation and nitrification (Booth et al., 2005; Cheng et al., 2010). 863 

Changes in soil N cycling can greatly affect plant productivity and growth (Bai et al., 864 

2015a, b). The consequences of revegetation on soil N cycling have been studied but the 865 

influence of different revegetation types (woodland, shrubland, and grassland) on N 866 

cycling remains controversial (Peterjohn and Correll, 1984; Knops et al., 2002; Hefting 867 

et al., 2005). All types of vegetation would affect N cycling and microbial communities 868 

differently in the soil (Ye et al., 2017) due to the differences in their litter production and 869 

the quality and quantity of SOM inputs (Knops et al., 2002; Liu et al., 2011). For example, 870 

inorganic N concentrations and N leaching are generally greater in grass and shrub 871 

ecosystems compared to woody vegetation (Ye et al., 2012; Ye et al., 2015). It is because 872 

grass has higher die back which contributed to increase SOM input to soil leading to an 873 

increase in soil inorganic N concentration (Wu et al., 2004; Liu et al., 2005). It has also 874 

been reported that both net mineralisation and ammonification rates decrease in the tree 875 

plantation compared to the grass and shrub plantations which are associated with 876 
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decreased soil SOC and temperature (Ye et al., 2012; Ye et al., 2015). The response of 877 

soil N availability to revegetation age also differs (An and Huang, 2006; An et al., 2009; 878 

Deng et al., 2016). For example, some studies have reported that soil N increases with 879 

revegetation age (An and Huang, 2006; Deng et al., 2016). Whereas others have indicated 880 

a decrease in soil N concentration as vegetations become mature (Binkley and Resh, 881 

1999; Smal and Olszewska, 2008) which could be associated with the slower growth of 882 

leaf and root biomass as trees are matured (Vitousek and Reiners, 1975; Boggs and 883 

Weaver, 1994; Dosskey et al., 2010). Currently, published sources are based on individual 884 

studies and sometimes present contradictory results. Therefore, it is important to address 885 

contradictory results about which types of revegetation would be more effective in soil N 886 

retention. In order to understand the contradictory result of the effects of revegetation 887 

types and age on N availability in riparian zone, a meta-analysis can be undertaken 888 

(Chapter 2). Meta-analysis is a quantitative method, which is used to compare and 889 

analysis of research outcomes from multiple independent experiments (Johnson and 890 

Curtis, 2001; Wan et al., 2001) with an attempt to address a common question, test a 891 

common hypothesis, or identify a gap of knowledge for future studies. 892 

1.3.2 Management practices to control weeds   893 

Weeds are an important constraint to revegetation projects in the riparian zone. Weed 894 

management practices play an important role to reduce the non-target vegetation 895 

competing over nutrients and ensure the success of planting systems and revegetation 896 

projects (Bottrill et al., 2020). Otherwise, mismanagement of weeds may lead to 897 

revegetation failure, which can be difficult to be revegetated and is highly costly 898 

(Schirmer and Field, 2014). There are many methods available to control weeds such as 899 

chemical herbicides (e.g glyphosate), organic-based herbicides (BioWeedTM, Slasher®, 900 

and acetic acid), and mechanical control (mulching). However, different methods of weed 901 



Chapter 1 General Introduction 

 

9 
 

controls may have some implications for soil microbial health and soil microbial N 902 

transformation and therefore N availability. Hence, it is critical that weed control methods 903 

do not lead to N declines in the soil. Therefore, Chapter 3 of this thesis will address how 904 

different herbicides including chemical herbicides (glyphosate) and three organic-based 905 

herbicides (BioWeedTM, Slasher®, and acetic acid) with mulch influence soil N dynamics 906 

and microbial community structure even after being ceased for at least one year. 907 

1.3.3 Chemical weed control methods- Glyphosate  908 

Chemical herbicides are the most dominant and effective methods to inhibit weed growth 909 

and control invasive species in different planting systems (Veiga et al., 2001; Ede and 910 

Hunt, 2008; Bai and Ogbourne, 2016). Glyphosate [N-(phosphonomethyl) glycine] is a 911 

post-emergence, non-selective and broad-spectrum herbicide, which is widely used in 912 

planting systems and is commonly known as (Roundup®) (Carlisle and Trevors, 1988; 913 

Baylis, 2000; Duke and Powles, 2008; Bai and Ogbourne, 2016) (Fig. 1.3). Glyphosate 914 

has become the most used herbicide worldwide and its usage has been increased by 915 

approximately 600 to 700 million kg from 1995 to 2014 (Duke and Powles, 2008; Harker, 916 

2013; Rose et al., 2016; Duke, 2017; Schütte et al., 2017). The glyphosate usage is 917 

expected to increase by 740 to 920 thousand tonnes by 2025 (Maggi et al., 2020). 918 

Glyphosate’s mode of action is inhibition of the enzyme 5-enolpyruvylshikimate-3- 919 

phosphate (EPSPS) synthase, in the shikimate pathway (Duke and Powles, 2008). The 920 

shikimate pathway produces aromatic amino acids used for the synthesis of proteins and 921 

plays an important role in the production of secondary metabolites such as lignin (Haslam, 922 

2014). Therefore, inhibition of EPSPS resulting in the depletion of essential aromatic 923 

amino acids is needed for plant survival (Ahrens, 1994; Mahendrakar et al., 2014).  924 
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 925 

 Figure 1.3. The chemical structure of glyphosate 926 

Glyphosate is relatively immobile and can be degraded quickly in soil (Busse et al., 2001; 927 

Zhang et al., 2015). The degradation of glyphosate is carried out by microorganisms, 928 

which use glyphosate as a source of phosphorus, and the aminomethylphosphonic acid 929 

(AMPA) is its primary metabolite (Forlani et al., 1999; Ibáñez et al., 2005; Solomon et 930 

al., 2007; Singh et al., 2020). The half-life of glyphosate and AMPA ranged between 931 

0.8-151 and 10-98 days respectively depends on the soil properties and environmental 932 

conditions (Bai and Ogbourne, 2016; Silva et al., 2018). Glyphosate may undergo 933 

mineralisation, immobalisation and leaching once applied (Bai and Ogbourne, 2016). 934 

However, it is not prone to be volatilised as it has an extremely low vapour pressure 935 

(Mamy et al., 2005; Al-Rajab and Schiavon, 2010). Mineralisation of glyphosate is the 936 

primary degradation mechanism in which AMPA, methylphosphonic acid, glycine, and 937 

sarcosine are produced (Mamy et al., 2005; Kwiatkowska et al., 2014). AMPA is also 938 

mineralised to produce methylamine and phosphate, with decomposition finally 939 

producing CO2 and NH3 (Borggaard and Gimsing, 2008; Al-Rajab and Schiavon, 2010) 940 

(Fig. 1.4). 941 

Mineralisation of glyphosate and AMPA is also affected by soil biochemical properties 942 

(Bai and Ogbourne, 2016), soil temperature, moisture, and acidity (Muskus et al., 2020). 943 

High soil pH and phosphate content may accelerate both glyphosate and AMPA 944 

mineralisation (Morillo et al., 2000; Mamy et al., 2005; Ghafoor et al., 2011; Zhang et 945 

al., 2015). Glyphosate also has a high adsorption coefficient result in immobilisation in 946 
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most natural situations (Bergström et al., 2011; Syan et al., 2014). Glyphosate 947 

immobilisation can be influenced by clay, mineral content, and SOM (Bai and Ogbourne, 948 

2016). High adsorption depends on low pH and phosphate concentration, high organic 949 

matter and clay content, and high Al and Fe concentrations in the soil (Gimsing et al., 950 

2004a, b; Laitinen, 2009; Shushkova et al., 2009). Glyphosate and AMPA are prone to 951 

leaching in soils with low organic matter, high pH, and phosphate, mainly due to 952 

decreased adsorption capacity (Laitinen et al., 2009; Shushkova et al., 2009). 953 

It has been reported that glyphosate and its primary metabolite (AMPA) are the most 954 

commonly detected residue in the topsoil, which may potentially affect soil microbial 955 

activity and N cycling (Haney et al., 2000; Busse et al., 2001; Araújo et al., 2003; Zhang 956 

et al., 2015) (Fig. 1.4). The effects of glyphosate on soil microbial activity vary 957 

significantly in different studies and depend on soil pH and soil organic matter content 958 

(Albers et al., 2009; Tejada, 2009). For example, some studies have reported that 959 

glyphosate has no significant effect on soil microbial activity or has temporary effects 960 

when applied at higher rates (Wardle and Parkinson, 1990, 1992; Olson and Lindwall, 961 

1991; Hart and Brookes, 1996; Nguyen et al., 2018). However, some studies report that 962 

the presence of glyphosate stimulates microbial activity in the soil (Haney et al., 2000; 963 

Busse et al., 2001). A 32-days incubation study on glyphosate indicates that the 964 

application of glyphosate increases fungal activity and the number of fungi (Araújo et al., 965 

2003). There is concern that the application of glyphosate may negatively influence soil 966 

microbial diversity. However, findings from studies are contradictory.  967 

The application of glyphosate could also be toxic for several bacteria and fungi (Busse et 968 

al., 2001). However, it largely depends on the rate and frequency of application. For 969 

example, some studies have indicated that one-off application of glyphosate does not 970 

affect soil microbial diversity and the function of bacteria and archaea (Nguyen et al., 971 
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2018). Moreover, glyphosate application at or below the recommended field rate has 972 

shown to have negligible (Ratcliff et al., 2006; Barriuso et al., 2011) or minor (Weaver et 973 

al., 2007; Barriuso et al., 2012) effects on soil microbial community structure. However, 974 

repeated application of glyphosate is common practice, which may induce changes in soil 975 

microbial composition and structure, and subsequently affect N availability (Helander et 976 

al., 2012). Changes in soil microbial composition as a result of repeated application of 977 

glyphosate may slow down the glyphosate decomposition (Andréa et al., 2003), which 978 

may further cause a negative impact on soil microbial community and also increase risks 979 

of glyphosate being leached into nearby waterways.   980 

 981 

Figure 1.4. Impacts of mineralization of glyphosate on soil microbes and N cycling. 982 

Glyphosate application has been tested on a forest soil N cycling over eight months and 983 

no significant effects on nitrification and denitrification rates have been found (Stratton 984 

and Stewart, 1991). Ammonification is usually stimulated by glyphosate (Marsh et al., 985 

1977). It is because the C content of glyphosate can be used by microbes to stimulate their 986 

activities. The application rate of glyphosate is another factor playing an important role 987 

in N cycling. For example, high concentrations (> 300 μg g-1) of glyphosate are required 988 

to inhibit anaerobic N fixation (Carlisle and Trevors, 1986), nitrification (Carlisle and 989 
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Trevors, 1986; Stratton, 1990), and denitrification (Muller et al., 1981; Carlisle and 990 

Trevors, 1986). The unrealistic rate of glyphosate can be simply toxic for soil microbes. 991 

The interference of other factors such as the application rate, the frequency of application, 992 

the number of years that soil has been exposed to glyphosate, and other management 993 

practices have led to contradictory results observed in current publications. Few studies 994 

have been conducted on the interaction of glyphosate with soil N amendments and its 995 

effect on soil N cycling in the long term. Additionally, there is a lack of knowledge of the 996 

effects of glyphosate, once its application has ceased because it is assumed to breakdown 997 

quickly in soil, even though the breakdown products might prime soil processes on 998 

interact with any N amendments and N cycling processes. In addition, other alternative 999 

weed control methods including organic-based herbicides, mulching, and mechanical 1000 

methods are sought to be investigated. 1001 

1.3.4 Chemical weed control methods - Organic-based herbicides  1002 

Alternative non-synthetic herbicides exist in the commercial retail marketplace including 1003 

registered organic-based herbicides such as BioWeedTM, Pelargonic acid (Slasher®), and 1004 

horticultural vinegar (acetic acid). BioWeedTM is the first generation of plant-derived 1005 

herbicide a non-synthetic, non-systemic, and pre-emergence which is extracted from 1006 

plants, such as citrus fruit, lemongrass, and pine oil (Fernandez et al., 2009; Barker and 1007 

Prostak, 2014). The application of BioWeedTM is led to dehydrating and desiccating of 1008 

plants due to the stripping of the outer wax layer from the leaf surface (Nornasuha and 1009 

Ismail, 2017). BioWeedTM has been reported as a low toxicity herbicide, which is rapidly 1010 

degraded in the environment (Fernandez et al., 2009). Therefore, it is considered a 1011 

non-toxic herbicidal with minimal harmful effects for the environment and might be a 1012 

useful alternative for synthetic herbicides such as glyphosate.  1013 
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Slasher® is another organic-based herbicide, which is a contact, broad-spectrum, burn-1014 

down, commercial herbicide used to control annual weeds (Webber and Shrefler, 2006; 1015 

Dayan et al., 2009). Slasher® is a naturally occurring fatty acid, which is present in all 1016 

species of animals and plants (Webber and Shrefler, 2006). It destroys the cell membrane, 1017 

leading to cell leakage and rapid loss of cellular function, and desiccates green tissue 1018 

(Webber and Shrefler, 2006; Dayan et al., 2009; Kuwar, 2012). Slasher® has also been 1019 

reported as low toxicity and environmental impact herbicide (Malkomes, 2006; Webber 1020 

and Shrefler, 2006; Senseman, 2007; Dayan et al., 2009). Moreover, no residual activity 1021 

is reported (Dayan et al., 2009). Therefore, it might be a good alternative for synthetic 1022 

herbicides such as glyphosate.  1023 

Acetic acid (horticulture vinegar) is another organic-based herbicide and is non-selective, 1024 

post-emergence, and contact herbicide (Dayan et al., 2009; Barker and Prostak, 2014). 1025 

Acetic acid causes rapid desiccation of the aerial portion of plants (Dayan et al., 2009; 1026 

Barker and Prostak, 2014). However, it does not affect the underground parts and roots. 1027 

Therefore, weeds grow back from the rooting system after a couple of days, and 1028 

reapplication of this product is required. Some studies indicate that the cost of acetic acid 1029 

application is ten times greater than synthetic herbicides such as glyphosate (Dayan et al., 1030 

2009) due to the additional labour cost required for reapplication. The effectiveness of 1031 

this product depends on the weed species, weed life stage, and application rate (Kuwar, 1032 

2012; Barker and Prostak, 2014). For example, some studies have observed that the 1033 

application of acetic acid might be less effective at the late stages of weed development. 1034 

Hence, the time of application is critical for maximizing its effectiveness (Evans and 1035 

Bellinder 2009; Evans et al., 2009).  1036 
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There is no information on how these alternative weed control methods (BioWeedTM, 1037 

Slasher®, and acetic acid) would affect soil microbial community structure and soil N 1038 

cycling. This research gap would be addressed in this study (Chapter 3).  1039 

1.3.5 Mechanical weed control methods- mulching   1040 

Mulching is a widespread mechanical technique, used to control weeds, control soil 1041 

temperature, preserve soil moisture and increase SOM inputs (Huang et al., 2008; Bai et 1042 

al., 2014). The organic mulching materials are derived from organic substrates (including 1043 

agricultural waste, wood waste, processing residue, and animal wastes) (Kader et al., 1044 

2017; Zhang et al., 2020). Mulching practices have numerous advantages in soil. For 1045 

example, mulch protects soil from physical, chemical, and biological degradation (Kader 1046 

et al., 2017) and improves soil quality in the revegetated areas (Bai et al., 2014). It also 1047 

helps to reduce soil temperature fluctuations (Murungu et al., 2011). Different studies 1048 

have proven that the rate of soil moisture retention has been significantly increased by 1049 

mulch application as mulch may reduce the evaporation rate and prevent soil moisture 1050 

reduction (Khurshid et al., 2006; Huang et al., 2008; Zhang et al., 2009). Mulch 1051 

application may also improve the physical and chemical properties of soil as its material 1052 

contain a high percentage of organic matter (Khurshid et al., 2006; Huang et al., 2008). 1053 

Mulch can increase dissolved organic carbon (DOC) and N retention in soil through the 1054 

decomposition of plant substances (Chantigny, 2003; Youkhana and Idol, 2009). Besides 1055 

improving soil physical and chemical properties, mulch residue can affect soil biological 1056 

properties (Huang et al., 2008; Chaparro et al., 2012). Soil microorganisms play an 1057 

important role in soil biochemical properties such as decomposition of SOM and soil 1058 

nutrient cycling (Huang et al., 2008). Land management practices such as mulching may 1059 

affect soil microbial diversity and community structure, which may eventually affect soil 1060 

nutrient cycling (Huang et al., 2008; Zhang et al., 2020).  However, the extent to which 1061 
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wood-based mulching can alter the soil microbial composition, abundance, and biomass 1062 

compared with chemical herbicides is largely unknown. This research gap will be 1063 

addressed in Chapter 3 of this thesis. 1064 

1.4 Land management practices in horticultural riparian zone soils 1065 

Modern and intensive farming systems require excessive fertiliser inputs particularly 1066 

nitrogen (N) and repeated application of herbicides (Bai et al., 2015a; Nivelle et al., 2017). 1067 

Horticultural systems in riparian zones are one of the major land-use practices requiring 1068 

a high volume of fertilisers and herbicides, which can be discharged into waterways 1069 

(Bartley et al., 2012; Mottes et al., 2017). Inorganic N input does not always fulfill the 1070 

demand of N for plants and available N may be decreased through leaching, sorption, and 1071 

volatilisation (Jaynes et al., 2001; Bai et al., 2015a). Therefore, to increase N-use 1072 

efficiency and reduce off-site impacts of N, there is a need to apply alternative nutrient 1073 

retaining compounds such as various organic amendments (Faloye et al., 2017). However, 1074 

organic amendments can interact with herbicide applications leading to affect soil N 1075 

availability and microbial diversity. Different management practices are sought to ensure 1076 

that herbicide application does not interfere with soil N dynamics in the presence of 1077 

organic amendments. This research gap will be addressed in Chapters 4 and 5 of this 1078 

thesis. 1079 

1.4.1 Soil N amendment with biochar 1080 

Biochar is a carbon (C) rich material created by pyrolysis from different feedstock sources 1081 

at low temperature (<700 °C) in the absence of Oxygen (Clough et al., 2013; Bai et al., 1082 

2015a, b; Nguyen et al., 2017). Biochar can be produced from different feedstocks such 1083 

as crop residues, wood chips, poultry litter, or manure (Lehmann and Joseph, 2009; Bai 1084 

et al., 2015a, b; Xu et al., 2015). Biochar is a soil amendment and has been shown to 1085 

increase soil quality (Lehmann, 2007; Lehmann and Joseph, 2010; Bai et al., 2015; Song 1086 
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et al., 2016). Many studies have indicated that biochar can improve soil structure, increase 1087 

soil porosity, soil water storage capacity, enhance soil aggregation and decrease soil bulk 1088 

density (Baiamonte et al., 2015). It has been also reported that biochar can increase 1089 

electrical conductivity (Oguntunde et al., 2004) cation exchange capacity (Laird et al., 1090 

2010), and increase soil pH (Wang et al., 2014; Ding et al., 2016).  1091 

1.4.2 Effect of biochar on soil N cycling 1092 

Biochar has been shown to increase soil N retention leading to decreased fertiliser inputs 1093 

(Lehmann et al., 2006; Atkinson et al., 2010; Jeffery et al., 2011; Mukherjee et al., 2013; 1094 

Nguyen et al., 2017; Farrar et al., 2021). There are several mechanisms to explain the N 1095 

retention in biochar-amended soil. These mechanisms including adsorption of inorganic 1096 

N onto biochar, cation, or anion exchange reactions and immobilisation of N as a 1097 

consequence of labile C in the biochar content (Van Zwieten et al., 2010a, b; Cayuela et 1098 

al., 2013; Van Zwieten et al., 2014). These processes may temporarily decrease the 1099 

availability of N for plants, but the N adsorbed by biochar will eventually become 1100 

available for plants (Deenik et al., 2010; Taghizadeh-Toosi et al., 2012a, b). Biochar can 1101 

also alter the physical and chemical properties of soil, which indirectly influence soil N 1102 

transformation (DeLuca et al., 2015; Nguyen et al., 2017).  1103 

N cycling can be affected by increasing cation exchange capacity, altering soil pH, or 1104 

direct N inputs from biochar (DeLuca et al., 2015; Bai et al., 2015a, b; Nguyen et al., 1105 

2017). Soil pH increases after biochar application can result in increased N bioavailability 1106 

in different soil types (Jones et al., 2012). Biochar potentially can manipulate the rates of 1107 

N cycling in soil systems by influencing nitrification rates and adsorption of ammonia 1108 

(NH3) and increasing NH4
+-N storage by enhancing cation exchange capacity in soils 1109 

(Clough et al., 2013; Bai et al., 2015a, b; Nguyen et al., 2017). Biochar has been shown 1110 

to decrease N leaching and N2O emission through alteration of soil biochemical properties 1111 
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leading to decrease N fertilisation (Clough et al., 2013; Bai et al., 2015a, b; Nguyen et al., 1112 

2017). There are many studies on the effect of biochar on N cycling. However, it is 1113 

unclear how biochar may interact with glyphosate leading to disruptions in N cycling. 1114 

1.4.3 Effects of biochar on soil microbial functional genes (MFG) involved in N 1115 

cycling 1116 

Soil N transformation is largely driven by diverse soil microorganisms such as 1117 

ammonia-oxidizing bacteria (AOB) and archaea (AOA), nitrite-reducing bacteria, and 1118 

denitrifying bacteria (Carey et al., 2016; Ouyang et al., 2018). Biochar can alter soil 1119 

microbial communities (Gul et al., 2015) and the abundance of MFG involved in soil N 1120 

transformations through the changes in soil physical and chemical properties (Ducey et 1121 

al., 2013; Yu et al., 2019). However, there are contradictory reports regarding the effect 1122 

of biochar application on MFG abundance. For example, previous laboratory-based 1123 

studies have shown that biochar application may increase the relative abundance of 1124 

nifH, amoA, nirS, and nosZ (Ducey et al., 2013; Harter et al., 2014), while some 1125 

field-based studies have confirmed that only AOA and narG are affected (Bai et al., 1126 

2015a). A recent meta-analysis has shown that the application of biochar does not have 1127 

notable effects on MFG involved in N fixation, while it significantly increases the 1128 

abundance of most MFG involved in nitrification including AOA and AOB (Xiao et al., 1129 

2019). It has been previously proven that the application of biochar can improve soil 1130 

aeration and increase pH, which may affect the abundance of AOA and AOB (French et 1131 

al., 2012; Zhalnina et al., 2015).  1132 

 The effects of biochar on the abundance of MFG more specifically the abundance of 1133 

AOA and AOB are depended on the feedstock type, pyrolysis temperature, soil 1134 

properties, vegetation types, and interaction with other environmental factors such as 1135 

herbicides (Hagemann et al., 2017; Lan et al., 2019). For example, a recent meta-analysis 1136 
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found that wood-based biochar with high pyrolysis temperature increase the abundance 1137 

of AOB compares with the manure feedstock produced at a lower temperature (Xiao et 1138 

al., 2019). Such effect could be explained by the fact that the wood-based biochar has 1139 

more porosity and microspores in its structure, which enhance the aeration (Lei and 1140 

Zhang, 2013), thus provide a suitable place for growing the nitrifying bacteria (Xiao et 1141 

al., 2019). However, it is likely that biochar interacts with herbicides leading to affect the 1142 

abundance of MFG, more specifically the abundance of AOA and AOB and microbial 1143 

communities, thus affecting soil N availability (Chapter 4). 1144 

1.4.4 Interaction of biochar and glyphosate  1145 

Glyphosate is relatively immobile and can be degraded quickly in soil (Busse et al., 2001; 1146 

Zhang et al., 2015). Due to its rapid adsorption to soil particles and vulnerability to 1147 

microbial degradation, glyphosate is supposed to be inactivated quickly after spraying. 1148 

Therefore, it has given rise to the common belief that glyphosate is a relatively 1149 

environmentally safe herbicide. However, recent investigations have shown that the rate 1150 

of degradation and sorption of glyphosate are dependent on soil properties and the 1151 

frequency of application, thus the biosafety of glyphosate has been questioned (Gimsing 1152 

et al., 2004a, b; Hagner et al., 2013). Additionally, glyphosate is highly soluble in water 1153 

and could be mobile in aquatic systems (Veiga et al., 2001). Loss of glyphosate by 1154 

leaching and run-off from upland farms into the groundwater has also been recently 1155 

reported (Tzaskos et al., 2012; Battaglin et al., 2014), which causes serious environmental 1156 

concerns.  1157 

The application of biochar on soil is recently attracted attention to increasing soil fertility 1158 

and has been proposed to be used as an innovative strategy to mitigate glyphosate residue 1159 

and leaching in the soil (Yang and Sheng, 2003; Sun et al., 2012). Adding biochar into 1160 

the soil may enhance the sorption potential of soil (Yang and Sheng, 2003; Herath et al., 1161 
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2016).  Biochar may enhance the absorptivity of the soil for inorganic compounds such 1162 

as herbicides (Cao et al., 2009; Wang et al., 2010; Herath et al., 2016). Some studies 1163 

indicate that biochar may increase sorption potential and reduce the degradation of several 1164 

pesticides in soil, such as diuron, simazine, atrazine, phenanthrene, chlorophenol, and 1165 

glyphosate (Liu et al., 2010; Zheng et al., 2010; Wang et al., 2015; Liu et al., 2018; 1166 

Mendes et al., 2018). In general, the soil content of organic C, clay, or amorphous oxides 1167 

controls the soil sorption capacity (Wauchope et al., 2002), but biochar-induced changes 1168 

in soil (e.g., pH and cationic composition) may play an important role in the altering 1169 

sorption process (De Jonge, 1999; De Jonge, 2000).  1170 

The adsorption of glyphosate is mainly associated with different physical and chemical 1171 

mechanisms including pore-filling, hydrogen bonding, complexation, and electrostatic 1172 

interactions (Jiang et al., 2018). Biochar has a high surface area with a various number of 1173 

micro-, meso-, and macro- pores, which can diffuse glyphosate molecules (Herath et al., 1174 

2016). Biochar contains different functional groups such as hydroxyl, phenolic, carboxyl 1175 

(Khalid et al., 2020) and hydrogen bonding between these functional groups on the 1176 

biochar surface and the amino and phosphonic acid groups present in glyphosate also 1177 

occurs (Jiang et al., 2018). Glyphosate is negatively charged which can be bound by 1178 

biochar through the electrostatic interactions more specifically at lower pH (Jiang et al., 1179 

2018). The strong binding between glyphosate and biochar may affect the mineralization 1180 

of glyphosate. Nevertheless, to my knowledge, the interactions between biochar-amended 1181 

soil and repeated glyphosate applications on soil N cycling, MFG abundance, and soil 1182 

microbial communities have not been well understood. This research gap will be 1183 

addressed in Chapters 4 and 5 of this thesis. 1184 

Most studies have been focused on single or repeated applications of glyphosate (Bottrill 1185 

et al., 2020; Bai and Ogbourne, 2016). Repeated application of glyphosate is a common 1186 
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scenario in land management practices and the potential interaction between glyphosate 1187 

and biochar on the soil microbial communities and subsequent N transformation 1188 

processes is currently unknown. However, there is a paucity of knowledge on soil N 1189 

cycling and microbial community and structure after the cessation of herbicide 1190 

applications. This research gap will be addressed in Chapters 3 and 4.   1191 

 1192 
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1.5 Research aims  1207 

The main aims of this thesis included  1208 

(1) Examine the influence of riparian zone revegetation with different revegetation types 1209 

and age on soil N pools by conducting a quantitative literature review (meta-analysis) 1210 

(Chapter 2). 1211 

 (2) Assess and compare the effects of different organic-based herbicides (BioWeedTM, 1212 

Slasher®, and acetic acid) and the commonly used herbicide, glyphosate, with mulch on 1213 

soil N dynamics and microbial community structure at two riparian revegetation sites up 1214 

to two years repeated application of herbicides and one year after stopping herbicides 1215 

applications (in total three years since the revegetation establishment) (Chapter 3).  1216 

(3) Investigate the impacts of long-term repeated application of glyphosate (12 years) and 1217 

the interaction with biochar (for three years) on soil N cycling, more specifically 1218 

abundance of nitrifying populations as wells as the overall soil microbial diversity and 1219 

community structure (both fungi and bacteria) after two years following the cessation of 1220 

herbicide application (Chapter 4). 1221 

(4) Explore how the interaction of biochar and glyphosate would immediately affect soil 1222 

N transformations in short-term (under 5-day laboratory incubation) using the 15N pool 1223 

dilution techniques (Chapter 5). 1224 

The conceptual model and experimental flowchart indicating N cycling under different 1225 

management practices in riparian zone were presented in Fig. 1.5. 1226 

 1227 
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 12  

               Figure 1.5. The conceptual model and experimental flowchart of my thesis 1229 
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2.1 Abstract 1831 

Sustainable management of riparian zone soils is required to ensure the health of natural 1832 

ecosystems and maintenance of soil nitrogen (N) pools and soil N cycling. However, the 1833 

effect of revegetation type and age on soil N pools remains poorly understood. This study 1834 

compiled data from published articles to understand the effects of revegetation types and 1835 

age on soil total N (TN) and soil inorganic N (NH4
+-N, and NO3

--N) using a 1836 

meta-analysis. I extracted 645 observations from 52 published scientific articles. The 1837 

revegetation of riparian zones led to a significant increase of soil TN (mean effect size: 1838 

11.5%; 95% CI: 3.1% and 20.6%). Woodland increased soil TN significantly by 14.0%, 1839 

which was associated with the presence of N fixing species and high litter inputs. Soil 1840 

NH4+-N concentration significantly increased (mean effect size: 20.1%; 95% CI: 15.1% 1841 

and 25.4%), whereas a significant decrease in soil NO3
--N (mean effect size: -21.5%; 95% 1842 

CI: -15.0% and -27.5%) was observed. Of the revegetation types considered in this paper, 1843 

NO3
--N concentration in soil followed the order: grassland < shrubland < woodland, 1844 

suggesting that woodland might be more efficient in soil NO3
--N retention than grassland. 1845 

The high plant N uptake and accelerated NO3
--N leaching in grassland could be related 1846 

to the decreased soil NO3
--N in grassland compared with other revegetation types. 1847 

Revegetation significantly decreased soil moisture (mean effect size: -7.9%; 95% CI: -1848 

3.3% and -12.2%) compared with the control, which might be associated with the 1849 

selection of exotic species as dominant vegetation in the riparian zone. Soil TN increased 1850 

in revegetation ages between 10 and 40 years following revegetation and was related to 1851 

increased soil organic carbon inputs within those ages following the establishment. This 1852 

study provides insight into the influence of different vegetation types and age on soil N 1853 

pools and soil moisture. This study also highlights the importance of revegetation in 1854 

riparian zones to increase soil TN. 1855 

Keywords: Soil N cycling, Riparian zone, Revegetation, Woodland, Shrubland, Grassland 1856 
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2.2 Introduction 1857 

Riparian zones lie at the interface between aquatic and terrestrial ecosystems and usually 1858 

have fertile soil, which plays a crucial role in productivity and biodiversity (Naiman et 1859 

al., 2010; Jiang et al., 2017). However, soil in riparian zones is highly susceptible to 1860 

erosion, particularly without vegetation (Naiman et al., 2010). Vegetation in riparian 1861 

zones provides biodiversity enhancement, water quality improvement, temperature and 1862 

light control, and erosion control (Price and Lovett, 1999). Riparian zones are currently 1863 

subject to vegetation loss and degradation due to human activities, intensification of 1864 

agricultural practices, and global climate change (Njue et al., 2016; Hale et al., 2018).  1865 

Therefore, sustainable management practices are required to revegetate riparian zones 1866 

and ensure the health of these “natural” ecosystems.  1867 

Riparian zone vegetation plays a key role in improving soil nutrient retention, particularly 1868 

nitrogen (N) (Karjalainen et al., 2001; Schade et al., 2001; Menyailo et al., 2002; Cheng, 1869 

2009; Ye et al., 2012). Soil N is an important indicator of soil fertility and potential plant 1870 

growth (Galloway et al., 2004; Atkinson et al., 2010; Bai et al., 2012; Reverchon et al., 1871 

2014; Bai et al., 2017), whereas soil N limitation can result in poor plant growth (Bai et 1872 

al., 2015). Equally, excess soil N leads to many major environmental impacts such as 1873 

water quality deterioration, eutrophication in aquatic ecosystems, and biodiversity loss 1874 

(DeSimone et al., 2010; Liu et al., 2011; Jacobs and Harrison, 2014; Bai et al., 2015). 1875 

Revegetation of degraded riparian zones influences soil N cycling and may improve soil 1876 

N retention (Kreiling et al., 2011; Liu et al., 2011). However, a wide variety of factors 1877 

including environmental factors, soil characteristics (Bateman and Baggs, 2005), 1878 

revegetation types and plant species (Peterjohn and Correll, 1984; Knops et al., 2002; 1879 

Hefting et al., 2005), revegetation age (Deng et al., 2016), and management practices 1880 

(Räty et al., 2010; Bottrill et al., 2020; Reverchon et al., 2020) influence N cycling in the 1881 
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revegetated lands. However, an understanding of the effects of revegetation on soil N 1882 

cycling remains limited.  1883 

The effects of revegetation on soil N are governed through several mechanisms (Hefting 1884 

et al., 2005; Ye et al., 2015). These include soil N transformations (i.e., mineralization 1885 

and nitrification), which are microbially-mediated processes regulated by soil organic 1886 

matter (SOM) (Bai et al., 2015; Reverchon et al., 2015), soil moisture, and soil pH 1887 

(Dijkstra et al., 2008; Cheng et al., 2011). Revegetation may alter soil properties including 1888 

SOM input resulting in changes in soil N transformation and cycling (Bardgett and 1889 

Wardle, 2003; Knoepp and Vose, 2007; Kreiling et al., 2011; Do Carmo et al., 2012). 1890 

Vegetation type may also affect soil N cycling due to differences in the quantities and 1891 

qualities of SOM inputs through plant root exudation and litter production (Knops et al., 1892 

2002; Liu et al., 2011). Many studies have obtained contradictory results on the effects of 1893 

vegetation type on soil N retention efficiency (Peterjohn and Correll, 1984; Knops et al., 1894 

2002; Hefting et al., 2005). For example, woodland vegetation has been reported to have 1895 

a greater N retention efficiency than grassland vegetation (Peterjohn and Correll, 1984; 1896 

Hefting et al., 2005). This was proposed to be due to higher N capacity, higher total 1897 

biomass, and the deep root systems of woodland species (Hefting et al., 2005). Other 1898 

studies report that grassland species create a greater N retention efficiency than woodland 1899 

species (Groffman et al., 1991; Kuusemets et al., 2001). Grass strips are considered 1900 

sediment traps, which can deposit a large amount of N from surface flow (Peterjohn and 1901 

Correll, 1984). Therefore, it is important to address contradictory results about which 1902 

types of revegetation would be more effective in soil N retention. 1903 

Vegetation age is also reported to impact soil N availability (An et al., 2009), with some 1904 

studies reporting an increase (An and Huang, 2006; Deng et al., 2016), while others report 1905 

a decrease (Binkley and Resh, 1999; Smal and Olszewska, 2008) in soil N content with 1906 

vegetation age. The decrease in soil TN by revegetation age might be due to the slowing 1907 
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down in the leaf production and root biomass when trees are matured (Vitousek and 1908 

Reiners, 1975; Boggs and Weaver, 1994; Dosskey et al., 2010). Using meta-analysis, this 1909 

study aimed to (a) understand the extent to which revegetation types and age affects soil 1910 

TN, NH4
+-N, and soil NO3

--N, soil moisture, and pH (b) explore possible mechanisms 1911 

underlying alterations of soil N in response to revegetation. 1912 

2.3 Materials and methods 1913 

2.3.1 Study data selection and compilation 1914 

Literature was examined by searching the online reference databases of Google Scholar, 1915 

Griffith University Library, and Science Direct using the specific keywords 1916 

(“revegetation” OR “restoration of riparian zone”) AND (“soil properties” OR “nitrogen” 1917 

OR “mineral N” OR “inorganic N”) AND (“soil”) NOT (“meta-analysis”) NOT 1918 

(“review”). Only publications that met the following criteria were included: (1) the 1919 

experiment had at least three replicates per treatment; (2) the study was conducted under 1920 

field conditions with experiments conducted in a laboratory (modeling studies) excluded; 1921 

(3) the original data could be either extracted from the tables and figures or extracted by 1922 

digitizing graphs using the software Plot Digitizer version 2.6.2 (Huwaldt, 2012); (4) the 1923 

standard deviation (SD) of the mean was reported or using the reported standard error 1924 

(SE) and sample size, SD could be extrapolated; and (5) the experiment included natural 1925 

vegetation or abandoned lands as the control, and the treatments were categorized as 1926 

revegetation with grasslands, woodland or shrubland. Relevant publications and studies 1927 

were identified following the application of the PRISMA statement (Moher et al., 2009). 1928 

The final study dataset included 645 observations from 52 published articles in high 1929 

quality peer-reviewed sources. 1930 

The following basic information was compiled from each published paper: name of 1931 

author, date, and location of study, revegetation age, type and depth of soil, type of land 1932 

use, and type of revegetation (woodland, shrubland, and grassland, excluding cropland). 1933 
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Soil pH, moisture, total nitrogen (TN), ammonium (NH4
+-N) concentration, and nitrate 1934 

(NO3
--N) concentration were collected as “variables”. Variables were subsequently 1935 

categorised into the following groups: Revegetation type was classified as woodland, 1936 

shrubland, or grassland. The main dominant species employed for revegetation of riparian 1937 

zones included in this meta-analysis were black locust or Robinia pesudoacacia in 1938 

woodlands, Caragana korshinskii, and Hippophae rhamnoides in shrublands and 1939 

Medicago sativa, Artemisia gmelinii, Artemisia giralaii, and Stipa bungeana in 1940 

grasslands. Revegetation age was classified as < 3 years, 3-10 years, 10-20 years, 20-40 1941 

years, or > 40 years. Soil sampling depth was classified into four groups: 0-10 cm, 10-20 1942 

cm, 20-40 cm, or > 40 cm (Shi et al. 2013; Xu et al. 2019). If the soil samples were 1943 

collected within different layers of soil as defined here, I used the middle depth to identify 1944 

the category of the soil (Xu et al., 2019). 1945 

Soil pH was classified into three groups: very acidic pH < 5, acidic 5 < pH < 6, or neutral 1946 

pH > 6 (Jeffery et al., 2011). Variable data were then unitised as follows: 1947 

The pH, measured using CaCl2 or KCl, was converted to pH (H2O) using the following 1948 

formula (Augusto et al., 2006): 1949 

 1950 

𝑝𝐻(𝐻2𝑂) = 1.65 + 0.86 × 𝑝𝐻( 𝐶𝑎𝐶𝑙2) (𝑟2 = 0.70; 𝑃 < 0.001),                      Eq. (2.1)  1951 

  𝑝𝐻(𝐻2𝑂) = 1.96 + 0.74 × 𝑝𝐻( 𝐾𝐶𝐿) (𝑟2 = 0.57; 𝑃 < 0.001),                        Eq. (2.2)  1952 

                                                                                                                                    1953 

I only had four studies reporting N stock (tonne/ha-1) that were converted to g/kg using 1954 

the soil bulk density (g/cm3) and sampling depth (cm). Missing soil bulk density data 1955 

were estimated from logarithmic linear function 𝑦 =  −0.0115𝑥 + 1.3792 (Fig. S2.1), 1956 

which was established with the soil bulk density and SOC content of the reported 1957 

published literatures (Shi et al., 2013). 1958 
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2.3.2 Statistical analyses 1959 

The meta-analysis was conducted using MetaWin Version 2 statistical software 1960 

(Rosenberg et al., 2000) to determine changes in soil chemical properties after 1961 

revegetation under different revegetation types. The data extracted was the mean of the 1962 

control, the mean of the treatment, and the standard deviation (SD) or standard error (SE). 1963 

Where no SD was reported, the SD was calculated as follows:  1964 

𝑆𝐷 = 𝑆𝐸 √𝑛,                                                                                                                       Eq. (2.3) 1965 

Where SE is the standard error and n is the sample size. Where needed, the corresponding 1966 

author was contacted to provide more information and clarification.  1967 

The effect size was calculated using the natural log-transformed response ratio (RR): 1968 

𝐼𝑛𝑅𝑅 = 𝐼𝑛 (
𝑋𝑇

𝑋𝐶
) ,                                                                                                              Eq. (2.4) 1969 

Where XT is the mean of the treatment and XC is the mean of the control group. 1970 

The following equation was used to calculate the variance (v) in InRR: 1971 

𝑣 =
𝑆𝐷𝑇

2

𝑛𝑇𝑋𝑇
2 +

𝑆𝐷𝐶
2

𝑛𝐶𝑋𝐶
2 ,                                                                                                           Eq. (2.5) 1972 

Where SDT and SDC are the standard deviations of treatment and control, respectively, 1973 

and nT and nC are the sample sizes of treatment and control, respectively. The effect size 1974 

of each group was calculated using a categorical random effects model in MetaWin 1975 

version 2. In this model, the effect size was weighted in inverse proportion to its variance 1976 

(Adams et al., 1997). Bootstrapping (999 intervals) was used to generate the mean effect 1977 

size for each group with a 95% confidence interval (CI) (Rosenberg et al., 2000). The 1978 

effect size was converted to % change with the following formula (Cayuela et al., 2013): 1979 

% 𝐶ℎ𝑎𝑛𝑔𝑒 = (𝑒𝐼𝑛𝑅𝑅 − 1) × 100,                                                                          Eq. (2.6) 1980 
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If the 95% CI for a given variable overlapped with zero, the treatment was considered not 1981 

significantly different from the control (P > 0.05) and was considered significantly 1982 

different if the 95% CIs did not overlap with zero (P < 0.05) (Luo et al., 2006).  1983 

A significant between‐group heterogeneity test (Qb) of the random effect model was used 1984 

to test the heterogeneity among categories. Differences among categories were 1985 

considered significantly heterogeneous when P < 0.05 (Borenstein et al., 2009) (Table 1986 

2.1). The funnel plot statistics and fail-safe numbers technique were used to test the 1987 

effects of publication bias and the robustness of the meta-analysis (Rosenthal and 1988 

Rosnow, 1984; Rothstein et al., 2005) (Table 2.2). When the funnel plot statistics 1989 

(Kendall's Tau and Spearman Rank-Order Correlation) were significant (P < 0.05), the 1990 

fail-safe number was applied which were then compared with the tolerance level (5n + 1991 

10) (n is the number of observations) (Long, 2001). Fail-safe numbers greater than the 1992 

tolerance level shows the reliability in the significance of meta-analysis results (Long, 1993 

2001) and indicates the dataset has not been affected by publication bias (Deng et al., 1994 

2017). In addition to the meta-analysis, a linear regression was performed to examine the 1995 

relationship between SOC and TN in soil. IBM SPSS Statistics (version 26) was used for 1996 

the statistical analyses. 1997 

 1998 

 1999 

 2000 

 2001 

 2002 

 2003 

 2004 
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Table 2.1. The between‐group heterogeneity (Qb) of riparian zone revegetation 

on various response variables. 

Response variables Categorical variables Qb dfb P-Value 

Revegetation type Change of TN (%) 0.57 2 0.464 
Change of NH4

+-N (%) 24.64 2 0.015 
Change of NO3

--N (%) 27.33 2 0.032 
Change of soil moisture (%) 0.59 2 0.801 
Change of pH (%) 8.87 2 0.063 

Revegetation age Change of TN (%) 7.48 5 0.032 
Change of NH4

+-N (%) 16.48 4 0.146 
Change of NO3

--N (%) 249.89 4 0.001 
Change of soil moisture (%) 60.27 5 0.001 
Change of pH (%) 
 

62.16 5 0.001 

Soil depths Change of TN (%) 14.55 3 0.001 
Change of NH4

+-N (%) 10.20 3 0.264 
Change of NO3

--N (%) 97.72 3 0.001 
Change of soil moisture (%) 15.58 2 0.003 
Change of pH (%) 1.36 3 0.835 

 2005 

  2006 
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Table 2.2. Probability of the funnel plot statistics, fail-safe numbers, and tolerance level for the fail-safe number at each 

categorical variable. n represents the number of observations at each categorical variable. 

Factor Variable Funnel plot statistics Fail-safe numbers Tolerance 
level 
(5n+10) 

Does bias 
affect the 
trend? Kendall's 

Tau 
Spearman Rank-
Order Correlation 

 

Revegetation 
type 

TN (%) 0.00111 0.00360 292561.9 1610 NO 
NH4

+-N (%) 0.77192 0.77352 - - NO 
NO3

--N (%) 0.10424 0.12811 - - NO 
Soil moisture (%) 0.33541 0.40029 - - NO 
pH (%) 0.00006 0.00040 14.8 1150 Yes 

       
Revegetation 
age 

TN (%) 0.00090 0.00250 292561.9 1610 NO 
NH4

+-N (%) 0.35627 0.41415 - - NO 
NO3

--N (%) 0.86443 0.72946 - - NO 
Soil moisture (%) 0.33541 0.40029 - - NO 
pH (%) 0.00017 0.00089 51 1150 Yes 

       
Soil depths TN (%) 0.00090 0.00250 292561.9 1610 NO 

NH4
+-N (%) 0.35627 0.41415 - - NO 

NO3
--N (%) 0.86443 0.72946 - - NO 

Soil moisture (%) 0.33541 0.40029 - - NO 
pH (%) 0.00006 0.00040 35.3 1150 Yes 

2007 
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2.4 Results 2008 

2.4.1 Overview of the meta-analysis 2009 

Revegetation of riparian zones, independent of revegetation type, age and sampling 2010 

depths, led to a statistically significant increase in soil TN (mean effect size: 11.5%; 95% 2011 

CI: 3.1% and 20.6%). Soil NH4+-N concentration significantly increased (mean effect 2012 

size: 20.1%; 95% CI: 15.1% and 25.4%), whereas there was a significant decrease in soil 2013 

NO3
--N (mean effect size: -21.5%; 95% CI: -15.0% and -27.5%). Revegetation 2014 

significantly decreased soil moisture by (mean effect size: -7.9%; 95% CI: -3.3% and -2015 

12.2%) compared with the control (Fig. 2.1). 2016 

 2017 

Figure 2.1. Overall mean effect size of revegetation regardless of revegetation types, age, 2018 

and soil sampling depth on changes of soil TN, NH4
+-N, NO3

--N, and moisture. Error bars 2019 

represent 95% confidence intervals. The sample size (n) for each variable is shown next 2020 

to each class. The effect was considered significant if the 95% CI of the effect size did 2021 

not cover zero. 2022 

2.4.2 Influence of revegetation type on soil TN, NH4+-N, and NO3--N  2023 

On average, revegetation resulted in significant increases in soil TN by 10.9% compared 2024 

with the corresponding control (Fig. 2.2a). Woodland significantly increased soil TN by 2025 

-50 -30 -10 10 30 50

Total changes to variebles (%)  

Total N (298)

NH4
+-N (231)

Soil moisture (115)

NO3
--N (226) 
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14.0%. No significant differences were observed within different revegetation types (Fig. 2026 

2.2a). 2027 

Soil NH4
+-N was significantly increased in all three revegetation types by 20.1% 2028 

compared with the corresponding control (Fig. 2.2b). The magnitude of the increase was 2029 

significantly less in woodland with a 9.8% increase, compared with shrubland (37.1%) 2030 

and grassland (34.5%) (Fig. 2.2b).  2031 

Soil NO3
--N was significantly decreased in all three revegetation types by -21.5% 2032 

compared with the corresponding control (Fig.  2.2c). Soil NO3
--N was significantly 2033 

reduced the least in woodland (-13.9 %), and shrubland (-16.6 %), and the most in 2034 

grassland (-54 %) compared with the control (Fig. 2.2c). There was a significant 2035 

difference between the decrease in NO3
--N in grassland and that in the other types of 2036 

revegetation (Fig. 2.2c).  2037 

2.4.3 Effect of revegetation age on soil TN, NH4+-N, and NO3--N 2038 

No changes in soil TN were observed before 10 years or after 40 years of revegetation 2039 

compared with the corresponding control, but a significant increase in soil TN occurred 2040 

between 10 and 40 years of revegetation compared with the control (Fig. 2.2d). Woodland 2041 

had a significant effect on the magnitude of soil TN increase between 20 and 40 years 2042 

following revegetation (Table 2.3). 2043 

No changes in soil NH4
+-N, regardless of revegetation type, were detected before 3 years 2044 

or after 40 years following revegetation compared with the corresponding control (Fig. 2045 

2.2e). However, a significant increase in soil NH4
+-N was detected between 3 and 40 2046 

years following revegetation compared with the control (Fig. 2.2e). Specifically, there 2047 

was a 35.3% increase between 3 and 10 years, 29.0 % between 10 and 20 years, and 2048 

17.1% between 20 and 40 years (Fig. 2.2e). Grassland had no significant effect on the 2049 

magnitude of increase (Table 2.3). 2050 
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A revegetation age of < 20 years significantly decreased soil NO3
--N, increasingly less 2051 

with 3-10 years following the revegetation. Whereas the revegetation age of > 20 years 2052 

significantly increased soil NO3
--N (Fig. 2.2f).2053 
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 2054 

Figure 2.2. Mean effect size of revegetation types on changes of soil (a) TN; (b) NH4
+-N; and (c) NO3

--N, the mean effect size of revegetation 2055 

age on changes of soil (d) TN; (e) NH4
+-N; and (f) NO3

--N; and the mean effect size of soil depth on changes of soil (g) TN; (h) NH4
+-N; 2056 

and (i) NO3
--N. Error bars represent 95% confidence intervals. The sample size (n) for each variable is shown next to each class. The dotted 2057 

line indicates the mean effect size. The effect was considered significant if the 95% CI of the effect size did not cover zero. 2058 
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Table 2.3. The mean effect size of revegetation age on changes of soil TN, NH4
+-N, and NO3

--N in different revegetation types. Values in bold 

indicate significant differences of each revegetation type compared with the corresponding control at each revegetation age (P < 0.05). The sample 

size (n) for each variable is shown on the closed parenthesis. Groups of fewer than 2 valid studies were eliminated from the analysis. 

Revegetation age 
(years) 

Change of TN (%)  Change of NH4
+-N (%)  Change of NO3

--N (%) 

Woodland Shrubland Grassland  Woodland Shrubland Grassland  Woodland Shrubland Grassland 

< 3 -5.1 (11) 1.6 (10) -3.8 (7)  15.7 (14) 8.8 (12) 8.0 (10)  -47.1 (15) -47.0 (12) -61.1 (10) 

3-10 -21.6 (12) 15.8 (15) 1.9 (10)  28.0 (13) 45.8 (10) 34.7 (9)  -73.7 (13) -75.7 (10) -75.6 (9) 

10-20 13.7 (70) 18.3 (12) 5.8 (33)  18.9 (49) 59.6 (21) -  -23.7 (46) -28.7 (17) - 

20-40 29.1 (52) 8.6 (20) 14.7 (15)  -0.4 (40) 34.2 (26) 81.2 (7)  -2.7 (40) 135.9 (26) 44.3 (7) 

> 40 17.1 (24) - -  -2.3 (19) - -  189.8 (19) - - 

Grand mean 13.8 (169) 7.5 (57) 4.8 (65)  10.1 (135) 38.1 (69) 34.2 (26)  -13.5 (133) -10.3 (65) -52.8 (26) 

2059 
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2.4.4 Effect of soil depth on soil TN, NH4+-N, and NO3--N 2060 

No significant changes in TN were observed in the > 20 cm soil depth compared with the 2061 

control, while soil TN was significantly increased by 24.5% and 7.1% in the 0-10 cm and 2062 

10-20 cm of soil depths respectively (Fig. 2.2g). Woodland resulted in a significant 2063 

increase in soil TN in the 0-10 cm soil depth, while in the 10-20 cm soil depth, all types 2064 

of revegetation caused a significant increase in soil TN (Table 2.4) 2065 

The effect of revegetation on soil NH4
+-N was positive in all of the observed soil depths, 2066 

with a significant increase observed in the 0-10 cm (29.9%) and 10-20 cm (18.0%) soil 2067 

depths regardless of revegetation type (Fig. 2.2h). Woodland and shrubland vegetation 2068 

resulted in a significant increase in soil NH4+-N in the 0-10 cm soil depth, while in the 2069 

10-20 cm soil depth in shrubland only, caused a significant increase in soil NH4+-N (Table 2070 

2.4). 2071 

On the other hand, revegetation led to a significant decrease in soil NO3
--N in the 0-10 2072 

cm (-18.1%) and the 10-20 cm (-46.5%) soil depths regardless of revegetation type (Fig. 2073 

2.2i). Woodland resulted in a significant decrease in soil NO3
--N in the 0-10 cm soil depth, 2074 

while in the 10-20 cm soil depth, all types of revegetation caused a significant decrease 2075 

in soil NO3
--N (Table 2.4). Soil NO3

--N significantly increased in the 20-40 cm (73.9%) 2076 

and the > 40 cm soil depths (70.1%) (Fig. 2.2i). Woodland significantly increased soil 2077 

NO3
--N in the > 40 cm soil depths (Table 2.4). 2078 
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Table 2.4. The mean effect size of soil depth on changes of soil TN, NH4
+-N, and NO3

--N in different revegetation types. Values in bold indicate 

significant differences of each revegetation type compared with the corresponding control at each soil depth (P < 0.05). The sample size (n) for each 

variable is shown on the closed parenthesis. Groups of fewer than 2 valid studies were eliminated from the analysis. 

Soil depths (cm) Change of TN (%)  Change of NH4
+-N (%)  Change of NO3

--N (%) 

Woodland Shrubland Grassland  Woodland Shrubland Grassland  Woodland Shrubland Grassland 

0-10 cm 41.5 (52) 4.6 (16) 0.01 (16)  20.3 (62) 53.2 (30) 33.8 (8)  -17.6 (63) -5.8 (31) -35.1 (8) 

10-20 cm 22.3 (71) 7.3 (29) 9.6 (26)  9.9 (51) 25.7 (29) 36.9 (14)  -34.9 (47) -37.6 (25) -75.2 (14) 

20-40 cm 17.7 (13) 11.5 (7) -0.1 (9)  -9.9 (9) 18.1 (6) 19.7 (2)  35.2 (10) 130.6 (6) 155.1 (2) 

> 40 cm -5.1 (27) 9.4 (8) 11.1 (14)  -8.1(14) 66.9 (4) 57.9 (3)  95.9 (14) 77.9 (4) -16.5 (3) 

Grand mean 24.0(163) 8.6 (60) 4.9 (65)  10.1 (136) 37.9 (69) 37.1 (27)  -13.6 (134) -9.5 (66) -55.1 (27) 

 2079 

 2080 

 2081 
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2.4.5 Effect of revegetation on soil moisture and pH 2082 

In general, revegetation decreased soil moisture by -7.6% compared with the 2083 

corresponding control (Fig. 2.3a). Woodland and grassland had no significant effects on 2084 

soil moisture and shrubland significantly decreased soil moisture by -10.43% (Fig. 2.3a). 2085 

No changes in soil moisture were detected before 3 years or between 20 and 40 years or 2086 

after 40 years of revegetation regardless of revegetation type, but soil moisture 2087 

significantly decreased between 3 and 20 years of revegetation compared with the 2088 

corresponding control (Fig. 2.3b). There was a -27.7% decrease between 3 and 10 years 2089 

and -9.2 % between 10 and 20 years following revegetation (Fig. 2.3b). All revegetation 2090 

types were responsible for significant decreases in soil moisture between 3 and 10 years 2091 

following revegetation (Table 2.5). No significant changes in soil moisture, regardless of 2092 

revegetation type, were observed in 0-20 cm soil depth, whereas a significant decrease 2093 

was detected in the > 40 cm depth (-25.1%) (Fig. 2.3c). All types of revegetation caused 2094 

significant decreases in soil moisture in the > 40 cm depth (Table 2.6). 2095 

Revegetation with shrubland or woodland had no significant effect on soil pH but 2096 

revegetation with grassland significantly increased soil pH by 4.9% compared with the 2097 

corresponding control (Fig. 2.3d). Soil pH did not significantly change < 3 years or 2098 

between 10 and 40 years following revegetation, but, a significant increase (9.5 %) was 2099 

detected between 3 and 10 years, and a significant decrease in soil pH (-7.9 %) was 2100 

detected > 40 years (Fig. 2.3e). Woodland had no significant effect on the magnitude of 2101 

increase in pH between 3 and 10 years following revegetation but did significantly affect 2102 

the magnitude of decrease after > 40 years of revegetation (Table 2.5). No significant 2103 

differences in soil pH were observed among any of the soil depths assessed (Fig. 2.3f). A 2104 

publication bias for the result of soil pH (revegetation types, age, and soil depths) was 2105 

suggested by the fail-safe number (Table 2.2).2106 
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 2107 

Figure 2.3. The mean effect size of revegetation types on changes of (a) soil moisture; 2108 

and (d) soil pH, the mean effect size of revegetation age on changes of (b) soil moisture 2109 

and (e) soil pH; and the mean effect size of soil depth on changes of (c) soil moisture; and 2110 

(f) soil pH. Error bars represent 95% confidence intervals. The sample size (n) for each 2111 

variable is shown next to each class. The dotted line indicates the mean effect size. The 2112 

effect was considered significant if the 95% CI of the effect size did not cover zero.2113 
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Table 2.5. The mean effect size of revegetation age on changes of soil moisture and pH in different 

revegetation types. Values in bold indicate significant differences of each revegetation type compared with 

the corresponding control at each revegetation age (P < 0.05). The sample size (n) for each variable is 

shown on the closed parenthesis. Groups of fewer than 2 valid studies were eliminated from the analysis.  

Revegetation age 
(years) 

Change of Soil moisture (%)  Change of pH (%) 

Woodland Shrubland Grassland  Woodland Shrubland Grassland 

< 3 2.9 (9) 5.1 (9) 1.2 (6)  1.0 (9) 3.0 (9) 2.4 (7) 

3-10 -32.9 (8) -30.6 (7) -21.2 (7)  1.8 (10) 1.6 (14) 18.5 (9) 

10-20 3.5 (7) -21.2 (9) -8.5 (10)  0.1 (54) -1.2 (5) 0.2 (4) 

20-40 -2.7 (23) 11.6 (4) 21.9 (3)  0.5 (63) -1.0 (10) 1.2 (10) 

> 40 -6.9 (6) - -  -3.4 (16) - - 

Grand mean -6.5 (53) -11.1 (29) -9.7 (26)  0.02 (152) 0.1 (38) 3.7 (30) 

 2114 

 2115 

 2116 

 2117 

 2118 

 2119 

 2120 

 2121 

 2122 

 2123 



Chapter 2 Meta analysis 

 

68 
 

Table 2.6. The mean effect size of soil depth on changes of soil moisture and pH in different revegetation 

types. Values in bold indicate significant differences of each revegetation type compared with the 

corresponding control at each soil depth (P < 0.05). The sample size (n) for each variable is shown on the 

closed parenthesis. Groups of fewer than 2 valid studies were eliminated from the analysis.  

Soil depths (cm) Change of soil moisture (%)  Change of pH (%) 

Woodland Shrubland Grassland  Woodland Shrubland Grassland 

0-10 cm 4.1 (20) -1.2 (13) -8.7 (6)  0.7 (45) 0.7 (15) -1.1 (9) 

10-20 cm -5.8 (24) -12.6 (12) -0.9 (15)  -0.4 (66) 0.3 (19) 6.2 (17) 

20-40 cm - - -  0.2 (12) -0.6 (5) 2.3 (3) 

> 40 cm -28.2 (9) -26.3 (7) -20.1 (7)  -0.08 (30) 0.2 (2) 1.8 (3) 

Grand mean -5.9 (53) -10.4 (32) -7.4 (28)  0.05 (153) 0.3 (41) 3.2 (32) 

 2124 

 2125 
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2.4.6 Relationship between SOC and TN 2126 

Linear regression was performed to indicate the relationship between the changes in SOC 2127 

and TN following revegetation of riparian zone. Subsequently, changes in TN were 2128 

positive correlated with changes in SOC (R2 = 0.69, n= 259, p < 0.05). (Fig. 2.4). 2129 

 2130 

Figure 2.4. Relationship between soil organic carbon (SOC) and total nitrogen (TN).2131 
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2.5 Discussion  2132 

In general, revegetation of riparian zones led to a significant increase in TN (11.5%), a 2133 

significant increase in soil NH4+-N (20.1 %), and a significant decrease in soil NO3
--N (-2134 

21.5 %) concentration regardless of revegetation types compared with the corresponding 2135 

controls. Soil TN and NH4+-N did not differ among revegetation types but grassland had 2136 

lower soil NO3
--N concentration compared with the woodland and shrubland.   2137 

2.5.1 Changes in soil TN following the riparian zone revegetation 2138 

The study showed that revegetation significantly increased soil TN. The quality and 2139 

quantity of litterfall inputs and vegetation cover types are linked to soil TN and SOC 2140 

(Vitousek et al., 1994; Vigulu et al., 2019). Increased SOM inputs to the soil result in 2141 

stimulation of microbial biomass and activity, which in turn increased soil N pools (Liu 2142 

et al., 2019). In this study, increases in soil TN after revegetation was also supported by 2143 

the positive relationship observed between soil TN and SOC (R2 = 0.69, n= 259, P < 0.05). 2144 

I also found that woodland significantly increased TN compared with the control, which 2145 

was not the case for grasslands and shrublands. Shades provided by the vegetation can 2146 

facilitate litter decomposition compared with unshaded areas (Ofori-Frimpong et al., 2147 

2007). In this study, woody species might have provided optimal shade leading to 2148 

accelerated litter decomposition, which would explain increased soil N pools. Litter 2149 

quality also drives N return to soil (Seneviratne, 2000; Vigulu et al., 2019). Litter in 2150 

communities with N fixing species usually has soil with high N concentrations (low C: N 2151 

ratio) due to their ability to fix N (Xu et al., 2014; Jin et al., 2016). The dominant species 2152 

in woodlands in this study was R. pseudoacacia which is an exotic species and is 2153 

commonly used as an artificial woodland plantation in riparian restoration. Planting R. 2154 

pseudoacacia in revegetation is popular due to its high growth rate, the capacity of 2155 

symbiotic rhizobium bacteria to fix N, and improve N availability in soil (Xu et al., 2014; 2156 

Jin et al., 2016; Liang et al., 2018). Previous studies have demonstrated that R. 2157 
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pseudoacacia has a high rate of biological N fixation (Boring et al., 1984; Danso et al., 2158 

1995) and their leaves are also rich in N (Cierjacks et al., 2013; De Marco et al., 2013). 2159 

Hence, legume litters increase soil N when decomposing compared with non-legume 2160 

species (Seneviratne, 2000). My study highlighted the importance of revegetation type to 2161 

increase soil TN in riparian zones.  2162 

This study showed that soil TN significantly increased between 10 and 40 years following 2163 

revegetation establishment. Soil TN may decrease at the initial stages of revegetation due 2164 

to high N uptake from soil to support plant growth and low N input (Mao et al., 2010; Li 2165 

et al., 2012; Liu et al., 2018a, b). This study did not show a significant decrease in TN 2166 

during > 10 years following revegetation. However, a high within data variation in soil 2167 

TN was observed in this study for those data were related to > 10 years following 2168 

revegetation. SOC and TN input to the soil through plant litter production and root 2169 

residues increases when plant growth and biomass accumulations are slowed down over 2170 

time (Hooker and Compton, 2003; Xu et al., 2014). Soil enzyme activity also increases 2171 

by revegetation age, which in turn increases soil N retention (Wang et al., 2012). Increases 2172 

in plant biomass by revegetation age may also lead to increased root density, which in 2173 

turn increases soil enzyme activity (Wang et al., 2012) and dead roots are an additional 2174 

source of N inputs to the soil. Hence, increased TN between 10 and 40 years of 2175 

revegetation might be attributed to increased belowground and aboveground biomass, 2176 

increased litter accumulation on the floor, and subsequently increased litter 2177 

decomposition (Xu et al., 2014). Additionally, species composition can also be one of the 2178 

main driving factors to increase soil TN as revegetation ages. For example, N fixation in 2179 

legume species such as R. pseudoacacia increases soil N pools over the revegetation age 2180 

increase (Wang et al., 2012). A study has reported that a plantation of R. pseudoacacia at 2181 

ages between 30 and 38 years has more soil TN content compared with that of ages 2182 

between 10 and 15 years (Liu et al., 2018a). This study showed that revegetation age of 2183 
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more than 40 years did not significantly increase soil total N. The dominant species in 2184 

woodlands in this study was R. pseudoacacia which is an exotic species and is commonly 2185 

used as an artificial woodland plantation in riparian restoration. The R. pseudoacacia 2186 

plantations take almost 25-30 years to reach maturity and then experience a decline in 2187 

both density and canopy cover (Wang et al., 2012; Kou et al., 2016). Decreased plant 2188 

density and canopy cover have been associated with decreased soil N due to decreased 2189 

organic matter inputs (Burger et al., 2010; Kou et al., 2016; Xu et al., 2020). I believe that 2190 

species composition is a potential factor accounting for a lack of significant change in 2191 

revegetation after 40 years. Additionally, there was also a high within-data variation and 2192 

a limited number of studies for the above 40 years category, meaning caution should be 2193 

made when interpreting the related results. 2194 

2.5.2 Changes in soil NO3--N following the riparian zone revegetation 2195 

My results suggested that woodland might be more efficient in soil NO3
--N retention than 2196 

grassland. Soil NO3
--N can be controlled by both nitrification and denitrification 2197 

(Bateman and bags, 2005). Denitrification is driven by increased soil moisture (Liu et al., 2198 

2011; Xiong et al., 2017). Higher soil moisture can reduce oxygen diffusion, hence 2199 

provides a favourable environment for denitrification (Xiong et al., 2017). I observed a 2200 

decrease in soil moisture and hence denitrification could not explain decreased NO3
--N 2201 

in this study. Soil pH can control soil N nitrification (Paul and Clark, 1989; Curtin et al., 2202 

1998). I found an increase in pH in grassland. Increased soil pH stimulates microbial 2203 

nitrification (Li et al., 2014). The SOC dissolubility increases in high soil pH, and thus 2204 

promotes the activity of nitrobacteria in soil, thereby increasing nitrification (Curtin et 2205 

al., 1998). However, nitrifying bacteria are more active in pH 7 to 8.5 (Allison and 2206 

Prosser, 1993). The average pH in the observed grassland was 7.3. This study showed a 2207 

4.9% increase in soil pH in grassland (average 0.2 unit increases in pH), but my 2208 

conclusion from pH should be carefully considered to avoid over-interpretation because 2209 
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the pH results in this study suffered from a publication bias. In this study, a decrease in 2210 

NO3
--N was accompanied by an increase of NH4

+-N in grasslands, which suggested the 2211 

substrate was not limited to nitrification. Thus, I could suggest that the pH increases may 2212 

not be biologically significant to stimulate nitrification.  2213 

Other factors can also affect NO3
--N concentrations (Dhondt et al., 2004; Sahrawat, 2214 

2008). For example, rapid plant growth and high N uptake by plants lead to decreased 2215 

NO3
--N accumulation in soil of grassland compared with woodland and shrubland 2216 

(Jackson et al., 1989). However, the grasslands have lower above-ground biomass and 2217 

shallower root systems than woodland and shrubland. Shallow-rooted plants are less 2218 

efficient at controlling soil NO3
--N leaching than those of deep-rooted plants (Neilen et 2219 

al., 2017). I also observed an increased NO3
--N concentration in deeper layers of the soil 2220 

in woodlands, which was not the case in grasslands (95.9 vs. -16.5%, respectively). The 2221 

high concentration of NO3
--N in the soil profile of woodlands could suggest a NO3

--N 2222 

retention by woodlands. Therefore, a combination of high N uptake and accelerated NO3
-2223 

-N leaching in grasslands could have been two of the main driving factors for NO3
--N 2224 

decreases in grasslands. 2225 

2.5.3 Changes in soil moisture following the riparian zone revegetation 2226 

In the present study, revegetation significantly decreased soil moisture by -7.9% 2227 

compared with the corresponding controls, regardless of revegetation type or age. My 2228 

finding is consistent with those that reported a decrease in soil moisture following 2229 

revegetation (Deng et al., 2016; Liang et al., 2018). Different vegetation types affect soil 2230 

moisture differently due to different water consumption characteristics (Xiao et al., 2014). 2231 

Species compositions with various root distributions have been associated with soil 2232 

moisture alteration (Deng et al., 2016) and the rate of evaporation (Wang et al., 2001; 2233 

Xiao et al., 2014). Shrubland significantly decreased soil moisture compared with the 2234 

corresponding control. In my meta-analysis study, the dominant species employed for 2235 
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revegetation of riparian zone included black locust or R. pseudoacacia in woodlands, C. 2236 

korshinskii and H.rhamnoides in shrublands, and M. sativa in grasslands. The exotic 2237 

shrub species such as C. korshinskii and H. rhamnoides consume more water to sustain 2238 

their growth (Chen et al., 2008). The dominance of exotic species can, therefore, have 2239 

implications for soil moisture retention of the revegetated lands.  2240 

Additionally, I observed a significant soil moisture deficit in deeper layers of soil (> 40 2241 

cm). Species composition can also be one of the main driving factors to control soil 2242 

moisture in the soil profile. For example, R. pseudoacacia has shown a decline in soil 2243 

moisture in various soil layers (Xiao et al., 2014). In contrast, both C. korshinskii and H. 2244 

rhamnoides species have resulted in severe soil moisture deficit at deep layers of soil 2245 

(Wang et al., 2009; Jia et al., 2017). The species C. korshinskii, H. rhamnoides, and R. 2246 

pseudoacacia have deep and well-developed root systems, which have the potential to 2247 

obtain water from deeper levels of soil (Gao et al., 2018). These exotic and newly 2248 

introduced species usually have high transpiration demand, which is the main cause of 2249 

soil moisture depletion (Yuan and Xu, 2004). Soil moisture is a limiting factor of riparian 2250 

zone development and revegetation success (Li et al., 2013). Decreased soil moisture after 2251 

revegetation can lead to revegetation failure particularly in dry and low rainfall lands (Ren 2252 

et al., 2018), and the cost of repeat revegetation efforts can be significant (Follstad Shah 2253 

et al., 2007). Therefore, species selection in revegetation systems is important to maintain 2254 

soil moisture at optimum levels in riparian zones. 2255 

2.6 Conclusions  2256 

Examining the influence of riparian zone revegetation with different revegetation types 2257 

and age on soil N dynamics provides essential information for decision-makers to 2258 

revegetate riparian zones. This meta-analysis indicated that riparian zone revegetation 2259 

significantly increased soil TN (11.0%), particularly in topsoil layers and woodlands. 2260 
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However, revegetation significantly decreased soil moisture by 7.6% compared with the 2261 

corresponding control. Decreased soil moisture was associated with the selection of 2262 

exotic species as dominant vegetation in riparian zone revegetation. This study 2263 

highlighted the importance of revegetating riparian zones to increase soil N retention. 2264 

This quantitative literature review may provide insight into the influence of different 2265 

vegetation types and age on soil N pools. I expect that this information will help decision-2266 

makers select suitable vegetation types in riparian restoration projects in the future. 2267 
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3.1 Abstract  2599 

The revegetation of riparian zones is important to improve their soil nitrogen (N) 2600 

dynamics, preserve their microbial community and protect the waterways. The success of 2601 

riparian revegetation projects currently depends on weed control to reduce the non-target 2602 

vegetation competing for nutrients and ensure the target plant species growth and 2603 

survival. This study compared different herbicides including chemical herbicide 2604 

(glyphosate) and three organic-based herbicides (BioWeedTM, Slasher®, and acetic acid) 2605 

with mulch on soil N dynamics and microbial community structure at two riparian 2606 

revegetation sites up to three years since the revegetation establishment (two years 2607 

repeated application of herbicides followed by one year after the cessation of herbicides 2608 

applications). Soil microbial biomass carbon (MBC) was significantly higher in response 2609 

to mulch compared with that glyphosate and organic-based herbicide treatments at month 2610 

26 at the Kandanga site and month 10 at the Pinbarren site following the revegetation 2611 

establishment. However, soil MBC at month 34 at the Pinbarren site was significantly 2612 

higher in the mulch treatment than glyphosate and BioWeedTM. The level of MBC in 2613 

glyphosate and BioWeedTM was also lower than the acceptable threshold (160 mg/kg) at 2614 

month 34 at the Pinbarren site. Soil nitrate (NO3
--N) was significantly higher in soil 2615 

treated with mulch than the glyphosate treatment at months 22 and 34 after revegetation 2616 

at the Pinbarren site. Higher soil NO3
--N in mulch compared with that of glyphosate could 2617 

be partly explained by decreased denitrifying bacteria (Candidatus solibacter and 2618 

Candidatus koribacter). There were no significant differences in soil NO3
--N between 2619 

mulch and other organic-based herbicides despite the fact that C. solibacter and C. 2620 

koribacter were still lower in mulch than those other organic-based herbicides. 2621 

Additionally, soil bacterial and fungal community responses to mulch differed from other 2622 

herbicides. The segregation persisted even after one year of cessation of all herbicide 2623 

applications at month 34 at the Pinbarren site. However, at the Kandanga site, there was 2624 
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clear segregation of fungal community composition with mulch treatment from the other 2625 

treatments, and it was not the case for bacterial community composition, which suggested 2626 

that microbial response to mulch and herbicides were also site-specific. My study 2627 

suggested that some herbicides like glyphosate and BioWeedTM may have long-lasting 2628 

effects on soil microbial biomass even if they do not necessarily change microbial 2629 

diversity. Hence, the long-term use of glyphosate and BioWeedTM needs to be considered 2630 

with caution. 2631 

Keywords: Revegetation, Riparian zone, Mulch, Glyphosate, BioWeedTM, Slasher®, 2632 

Acetic acid, Soil nitrogen, Soil fungi and bacteria 2633 

3.2 Introduction 2634 

Deforestation is a major factor that contributes to land degradation and soil loss within 2635 

riparian zones with consequences for biodiversity loss, water quality deterioration, and 2636 

soil nutrient limitations, particularly depletion of soil nitrogen (N) (Price and Lovett, 2637 

1999; Ye et al., 2012; Hale et al., 2018). Revegetation of riparian zones is a best 2638 

management practice for reversing soil degradation and increasing soil N (Chen et al., 2639 

2012; Li et al., 2012). However, competitive biological and biochemical interactions 2640 

between target restorer plants and weeds have the potential to hinder riparian restoration 2641 

projects (Bottrill et al., 2020). This may lead to revegetation failure, which can be costly 2642 

(Schirmer and Field, 2014). Therefore, it is essential to control the competing weed 2643 

species to increase resource availability, ensure plant survival, and optimise the growth 2644 

of the target revegetation plants (Campoe et al., 2014). 2645 

Nitrogen is an important growth-limiting nutrient and plays a crucial role in plant 2646 

productivity (Atkinson et al., 2010; Bai et al., 2012a, b). Mineralization of organic N 2647 

produces inorganic N, mainly as ammonium (NH4
+-N) and nitrate (NO3

--N), which are 2648 

the plant-available forms of N (Dilfuza, 2012). However, N mineralisation depends on 2649 
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many environmental factors including soil types, vegetation types, environmental factors, 2650 

and land management practices (Broadbent, 1984; Groot and Houba, 1995; Williams et 2651 

al., 2007; Ros et al., 2011; Omidvar et al., 2021). A meta-analysis conducted in Chapter 2652 

2 of this thesis highlighted that revegetation increases soil N pools within riparian zones 2653 

(Omidvar et al., 2021). 2654 

 Both short- and long-term soil N indicators must be assessed to measure the success of 2655 

revegetation, including inorganic N concentrations and potentially mineralizable N 2656 

(PMN) (Bai et al., 2014). Optimal land management practices need to sustain both short 2657 

and long-term N availability within riparian soils for revegetating plants. PMN is an 2658 

indicator of biologically active soil N that is responsive to changes in land management 2659 

practices (Mahal et al., 2019), which has a strong influence on the soil microbial diversity 2660 

and composition (Wang et al., 2018).   2661 

Soil microbial composition (e.g. bacteria and fungi) and biomass are important 2662 

measurable soil biotic components that are highly responsive to changes in land 2663 

management practices (Falkowski et al., 2008; Urbanova et al., 2015; Nguyen et al., 2664 

2018). Land management practices typically alter the soil environment including soil pH, 2665 

soil water content, and soil organic matter (SOM), which lead to shifts in soil microbial 2666 

composition and abundance (Jangid et al., 2008; Lauber et al., 2008; Rousk et al., 2010). 2667 

Herbicides used for weed control, and their residues, can be toxic to soil-borne microbes 2668 

(Bai and Ogbourne, 2016), and repeated applications may eventually alter soil microbial 2669 

diversity and community structure (Helander et al., 2018).  2670 

Soil microbial biomass carbon (MBC) and N (MBN) are used as an early indicator of soil 2671 

microbial community changes in response to land management practice and/or external 2672 

environmental factors (Jordan et al., 1995; Trasar-Cepeda et al., 1998; Bending et al., 2673 
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2004; Romaniuk et al., 2011). Soil MBC and MBN alteration may subsequently influence 2674 

soil organic carbon (SOC) turnover and soil N availability (Yang et al., 2010). As an 2675 

alternative to herbicides, an organically-derived mulch such as wood chips can be applied 2676 

to control weeds, which increases SOM, preserves soil water, and reduces soil 2677 

temperature fluctuations (Huang et al., 2008; Murungu et al., 2011; Bai et al., 2014). 2678 

Mulch application may also improve the physical and chemical properties of the soil 2679 

(Huang et al., 2008; Khurshid et al., 2006) and increase soil N retention (Bai et al., 2014) 2680 

due to high organic matter inputs. Although physiochemical changes can increase soil 2681 

microbial biomass (MB) (Bai et al., 2014), the extent to which mulch or other weed 2682 

control methods can alter the soil microbial composition, abundance, and biomass is 2683 

largely unknown. 2684 

Chemical application is a globally utilised and relatively cheap weed control option and 2685 

glyphosate is one of the most commonly used post-emergence, non-selective and broad-2686 

spectrum herbicides (Bai and Ogbourne, 2016). Glyphosate is applied on leaves but can 2687 

exude through the roots within 24 hours of application (Laitinen et al., 2007). Potential 2688 

glyphosate toxicity on soil microbial communities and diversity due to the compound’s 2689 

mode of action remains contradictory. Some studies report that the single application of 2690 

glyphosate changes soil microbial community structure (Puertolas et al., 2010; Banks et 2691 

al., 2014). However, in a recent short-term study, no significant impacts of glyphosate on 2692 

soil microbial diversity and community structure were reported (Bottrill et al., 2020). 2693 

Glyphosate may be directly toxic to soil microorganisms due to inhibition of amino acid 2694 

via the shikimate synthesis pathway (Anza et al., 2016; Nguyen et al., 2016) and initial 2695 

longer-term studies have indicated some impacts on soil microbial communities (de 2696 

Andrea et al., 2003; Lancaster et al., 2009; Bai and Ogbourne, 2016). The half-life of 2697 

glyphosate is reported to be within few days to few weeks (0.8-151 days) (Bai and 2698 
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Ogbourne, 2016). However, the frequency of application may prolong the presence of 2699 

glyphosate in the soil (Primost et al., 2017) and later may have adverse consequences on 2700 

microbial community and abundance (Helander et al., 2018). Furthermore, the 2701 

degradation of glyphosate may be delayed due to different environmental factors and soil 2702 

properties (Bai and Ogbourne, 2016). The impact of glyphosate on soil microbes are 2703 

likely to be dependent on many factors including dosage, frequency of application, and 2704 

soil characteristics (Bai et al., 2012a, b; Nguyen et al., 2016). Alternative organic 2705 

chemical herbicides exist in the commercial retail marketplace and include registered 2706 

products BioWeedTM, Pelargonic acid (Slasher®), and horticultural vinegar (acetic acid). 2707 

Currently, it is unknown what effect if any these organic preparations have on the soil 2708 

microbiota. This study aimed to assess and compare impacts of different weed control 2709 

methods on (a) soil N dynamics, (b) soil microbial biomass C (MBC) and N (MBN), and 2710 

(c) soil fungal and bacterial community composition in revegetation of riparian zones 2711 

over two years following repeated application of glyphosate and organic-based herbicides 2712 

and one year after ceasing herbicide application (in total up to three years following 2713 

revegetation establishment). 2714 

3.3 Materials and methods 2715 

3.3.1 Study sites description 2716 

The experimental sites were located in the Mary River basin in South East Queensland, 2717 

Australia (map provided in Fig. 3.1 a, b). These were the (a) Kandanga site (26° 23' 14.22" 2718 

S, 152° 42' 9.74" E), and (b) Pinbarren site (26° 18' 11.92" S, 152° 51' 21.39" E), 2719 

approximately 150 km and 170 km, north of Brisbane, respectively. Temperature and 2720 

rainfall data were collected from the nearest weather station to each site, being Gympie 2721 

(Kandanga) and Traveston (Pinbarren) (Bureau of Meteorology, 2020). The monthly 2722 

rainfall and temperature during the study at the Kandanga and the Pinbarren sites were 2723 
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recorded (Fig. 3.2a, b). The rainfall and average temperature at the Kandanga site during 2724 

the study (Auguest 2016 to August 2018) were approximately 1690.3 mm and 27.8ºC 2725 

respectively. Similarly, the rainfall and average temperature at the Pinbarren site during 2726 

the study (September 2017 to September 2020) were approximately 2031.8 mm and 2727 

25.8ºC respectively (Bureau of Meteorology, 2020). 2728 
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 2729 

 2730 

Figure 3.1. Location of the experimental sites at (a) Kandanga and at (b) Pinbarren in the Mary River basin in the South East Queensland 2731 

and treatment layout.2732 
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al., (2020). The plant species included in this study are provided in Table S3.1. A slow-2746 

release fertilizer (10 g pelletised Agriform - total 20% N) was placed in all planting holes 2747 

at the time of planting. 2748 

Treatments including chemical and organic-based herbicides and mulch were applied 2749 

within each plot as a spot application around the base of each plant in a circular area with 2750 

a radius of 0.5 m out from the base of each plant. Treatments included: Roundup® 2751 

(glyphosate) at the rate of 10 mL/L), BioWeedTM at 200 mL/L, Slasher® (Pelargonic acid) 2752 

at 700 mL/L and acetic acid 90% at 125 mL/L, and wood chips mulch (Table S3.2). At 2753 

the Kandanga site, the liquid herbicide treatments were applied by a hand sprayer directly 2754 

onto the ground to cover weeds at the time of planting (month 0) followed by six further 2755 

applications of each treatment at months 4, 7, 10, 12, 17, and 22 following revegetation 2756 

establishment (Table S3.3). At the Pinbarren site, one pre-establishment spray was 2757 

applied two months before planting directly onto the ground cover weeds and one 2758 

application occurred with all of the herbicides except for glyphosate at the time of 2759 

planting followed by six maintenance applications with all of the herbicides at 1, 2, 6, 12, 2760 

16 and 20 months following revegetation establishment. Mulch was applied only once at 2761 

the time of planting at both the Kandanga and the Pinbarren sites (Table S3.3). The 2762 

snapshot of the study sites and soil collection is presented in Fig. 3.5. 2763 

 2764 

Figure 3.3. Treatment layout at the Kandanga and Pinbarren sites. 2765 
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3.3.3 Soil sample collection 2770 

Soil samples were collected three times following revegetation at each site; at month 2 2771 

(August 2016), at month 14 (August 2017) and at month 26 (August 2018) at the 2772 

Kandanga site and month 10 (September 2018), at month 22 (September 2019) and at 2773 

month 34 (September 2020) at the Pinbarren site (Table S3.3). All soil samples were 2774 

collected within two to four months of herbicide application except for the last sampling 2775 

at the Pinbarren site (at month 34), which was occurred one year after the last herbicide 2776 

was applied. Three soil cores at 0-10 cm depth, 20 cm from the seedling stems were 2777 

collected from each plot using an augur (60 mm internal diameter) and combined to 2778 

provide one sample per plot. All samples were placed on ice and transported to the 2779 

laboratory immediately after collection. A sub-sample of approximately 20 g of the soil 2780 

from each plot was stored at -20 °C for genomics analyses and the remainder was air-2781 

dried and passed through a 2 mm sieve for chemical analysis. 2782 

3.3.4 Soil chemical analyses 2783 

Soil pH was measured using deionised water with a 1:5 (soil: water) ratio. Soil microbial 2784 

biomass carbon (MBC) and soil microbial biomass N (MBN) were determined using 2785 

chloroform fumigation extraction (Jenkinson and Powlson, 1976). In brief, two sub-2786 

samples of soil (10 g) from each plot were weighed out; one sub-sample was not 2787 

fumigated (NF) and renamed as the control, the other was fumigated (F) with chloroform 2788 

(CHCl3) in a vacuum desiccator for 24 hours. Paired NF and F samples were then added 2789 

to 40 mL of 0.25 M potassium sulphate (K2SO4) with a 1:4 (soil: solution) ratio, and the 2790 

mixture was shaken well with an end-over-end shaker for 30 min and centrifuged at 4000 2791 

rpm for 10 min. The extract was then filtered through a 0.45 μm syringe filter. The K2SO4 2792 

extracts were then analysed using a Shimadzu total organic carbon (TOC) and total 2793 

nitrogen (TN) analyser (Shimadzu Corp., Kyoto, Japan) (Chen and Xu, 2005; Bai et al., 2794 

2012a, b). MBC and MBN were derived from the equations as described in Vance et al., 2795 
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(1987) and Brookes et al., (1985), respectively. The K2SO4 extractions from the NF 2796 

samples were also used to determine dissolved organic carbon (DOC) and dissolved 2797 

nitrogen (DN) (Fig. 3.6). 2798 

To measure potentially mineralizable N (PMN), three sub-samples (8 g) from each air-2799 

dried sample were weighed. Two sub-samples were incubated at 30 ºC for 7 and 14 days. 2800 

After incubation, 40 ml of 2 M KCl was added to the samples, and the suspension was 2801 

shaken with an end-over-end shaker for 60 min, centrifuged for 20 min at 2,000 rpm 2802 

followed by filtration through a Whatman No. 42 filter paper. The third sub-sample of 2803 

soil (namely day 0) was added to 40 ml of 2 M KCl processed as above, without 2804 

incubation. The 2 M KCl extraction was used to determine mineral-N concentrations 2805 

using a SmartChem 200, Discrete Chemistry Analyser (DCA). PMN was measured as the 2806 

difference between the mineral-N concentration before and after incubation. The KCl 2807 

extractions from day 0 (non-incubated) were also used to determine NH4
+-N and NO3

--N 2808 

concentrations using a Shimadzu TOC/TN analyser (Shimadzu Corp., Kyoto, Japan) (Fig. 2809 

3.6). 2810 

 2811 

 2812 

 2813 

 2814 

 2815 

 2816 

 2817 

 2818 

 2819 

 2820 

 2821 
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3.3.5 Soil DNA extraction  2826 

Soil DNA was extracted from 0.25g soil samples using a Tiangen Soil DNA Extraction 2827 

Kit (Tiangen, Beijing, China) according to the manufacturer’s instruction. Extracted 2828 

DNA was visualised on a 1% agarose gel and quantified with a Qubit 2.0 Fluorometer 2829 

(Invitrogen, Carlsbad, CA, USA). Soil DNA samples were extracted for each treatment 2830 

from each of the five blocks. The five DNA samples from each treatment were pooled to 2831 

constitute one composite sample per treatment at each sampling occasion. In total, 10 2832 

composite samples from the Kandanga site (collected at months 14 and 26) and 15 2833 

composite samples from the Pinbarren site (collected at months 10, 22, and 34) were 2834 

analysed. 2835 

 2836 

3.3.6 Next-generation sequencing (NGS) library preparation and Illumina MiSeq 2837 

sequencing 2838 

NGS library preparation and Illumina MiSeq sequencing were conducted by GENEWIZ® 2839 

(GENEWIZ, Biotechnology Co., Ltd, Suzhou, China) according to standard protocols. In 2840 

brief, a total of 30-50 ng of each DNA sample was used to generate amplicons using a 2841 

MetaVx™ Library Preparation kit (GENEWIZ, Inc., South Plainfield, NJ, USA) (Han et 2842 

al., 2018). The V3 and V4 hypervariable regions of prokaryotic 16S rDNA were selected 2843 

and amplified using the forward primer 5’-CCTACGGRRBGCASCAGKVRVGAAT-3’ 2844 

and the reverse primer 5’- GGACTACNVGGGTWTCTAATCC-3’ (You et al., 2016). 2845 

For the fungal community, 50-100 ng DNA was used to generate amplicons using a panel 2846 

of primers designed by Genewiz (Huang et al., 2019). Oligonucleotide primers were 2847 

designed to anneal to the relatively conserved sequences spanning fungal ITS regions 2848 

(Huang et al., 2019). The hypervariable regions of ITS2 were selected and amplified using 2849 

the forward primer sequence 5’-GTGAATCATCGARTC-3’ and the reverse primer was 2850 

5’-TCCTCCGCTTATTGAT-3’ (Cai et al., 2018; Huang et al., 2019). At the same time, 2851 
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a linker with index was added to the ends of the PCR product of 16S rDNA amplicons to 2852 

generate indexed libraries ready for down-stream NGS sequencing on the Illumina Miseq 2853 

platform (Qiao et al., 2018). DNA libraries were validated using an Agilent 2100 2854 

bioanalyzer (Agilent Technologies, Palo Alto, CA), and quantified with a Qubit 3.0 2855 

Fluorometer (Applied Biosystems, Carlsbad, CA, USA), and then multiplexed and loaded 2856 

on an Illumina MiSeq instrument according to the manufacturer’s instructions (Illumina, 2857 

San Diego, CA, USA) (Fu et al., 2016; Cai et al., 2018). Sequencing was performed using 2858 

2×300 paired-end (PE); image analysis and base calling were conducted using the MiSeq 2859 

Control Software (MCS) on the MiSeq instrument (Fu et al., 2016; Cai, et al., 2018; 2860 

Huang et al., 2019). Next-generation sequencing was conducted on an Illumina MiSeq 2861 

platform (Illumina, San Diego, USA) at GENEWIZ® (Suzhou, China). 2862 

3.3.7 Statistical analysis and data analysis 2863 

Two-way analysis of variance (ANOVA) tests was conducted where treatments and 2864 

sampling times were assumed as the main effects, for soil pH, DOC, DN, NH4
+-N, 2865 

NO3
--N, PMN, MBC, and MBN. Where interaction between treatment and sampling time 2866 

was found to be significant, a series of one-way ANOVA tests were performed to explore 2867 

differences among specific factors at each sampling time. Stepwise regression using a 2868 

linear model was developed to ascertain which soil variables explained Shannon index 2869 

and soil chemical properties. SPSS Statistics (IBM, version 26) was used for all statistical 2870 

analyses. 2871 

The Quantitative Insights into Microbial Ecology (QIIME) package was used for 16S 2872 

rRNA and ITS rRNA data analysis whereby any low-quality reads were filtered out, and 2873 

any sequences that did not fulfill the following criteria were discarded: sequence length 2874 

< 200 bp, no ambiguous bases, mean quality scores ≥ 20 (Han et al., 2018; Huang et al., 2875 

2019). The sequences were compared with the reference database (RDP Gold database) 2876 
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using the UCHIME algorithm to detect and remove chimeric sequences (Han et al., 2018). 2877 

The effective remaining sequences were used in the final analysis. The operational 2878 

taxonomic units (OTUs) with 97% similarity were grouped using the clustering program 2879 

VSEARCH (v.1.9.6) against the SILVA119 and UNITE ITS database (https:/unite.ut.ee/) 2880 

(Han et al., 2018; Huang et al., 2019). The Ribosomal Database Program (RDP) classifier 2881 

was applied to assign a taxonomic category to all OTUs at a confidence threshold of 0.8 2882 

(Han et al., 2018). The bacterial and fungal alpha diversity indices were calculated in 2883 

QIIME from rarefied samples using the Shannon index for diversity analysis and the ACE 2884 

and Chao1 indices for richness analysis (Cai et al., 2018; Han et al., 2018; Huang et al., 2885 

2019). Non-metric multidimensional scaling (NMDS) was performed to visualize 2886 

similarities among bacterial and fungal communities using R software (v.3.3.1). Heatmap 2887 

analysis was performed using MeV (v.4.2) to visualise similarities within and between 2888 

the bacterial and fungal species under different weed control methods. A bipartite 2889 

interaction network was also created to visualise the bacterial and fungal communities in 2890 

the different treatments based on the proportion of each fungi or bacteria using the R 2891 

package ‘bipartite’ (Dormann et al., 2009). 2892 

3.4 Results 2893 

3.4.1 Effect of different treatments on soil pH, C, and N dynamics 2894 

During the term of the study and across all treatments, soil pH ranged from 4.8 to 6.2 at 2895 

the Kandanga site and from 5.2 to 6.4 at the Pinbarren site (Table 3.1). Soil pH did not 2896 

differ significantly among the treatments at the Kandanga site. However, at the Pinbarren 2897 

site, soil pH was significantly higher in mulch treatment compared with the other 2898 

herbicide treatments at months 10, 22, and 34 after revegetation (P < 0.05). Soil pH at the 2899 

Pinbarren site at month 34 did not significantly differ in acetic acid treatment compared 2900 

with the other treatments (P > 0.05) (Table 3.1).   2901 
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At the Kandanga site, at month 14, soil DOC was significantly higher in the mulch 2902 

treatment than only the acetic acid treatment (Table 3.1). However, at month 26, soil DOC 2903 

was significantly higher in the mulch treatment compared with all other treatments except 2904 

for the Slasher® treatment, where soil DOC did not differ from mulch treatment (P < 0.05) 2905 

(Table 3.1). Soil DOC ranged from 42.1 to 103.7 μg g−1 during the period of study at the 2906 

Kandanga site (Table 1). At the Pinbarren site, at month 10, soil DOC was significantly 2907 

higher in the mulch treatment compared with all other treatments (P < 0.05) (Table 3.1). 2908 

Soil DOC ranged from 77.1 to 169.8 μg g−1 over the study and across all treatments at the 2909 

Pinbarren site (Table 3.1). 2910 

Soil DN did not change with any treatment at all sampling times at the Kandanga site, 2911 

which ranged from 54.6 to 158.4 μg g−1 over the study period (Table 3.1). At the 2912 

Pinbarren site, soil DN ranged from 61.5 to 177.7 μg g−1 during the study period and was 2913 

significantly higher in the mulch treatment compared with all other treatments only at 2914 

month 34 following the revegetation establishment (P < 0.05) (Table 3.1). 2915 

 Neither soil NH4
+-N and nor NO3

--N concentrations were significantly different among 2916 

treatments at the Kandanga site regardless of sampling time (Table 3.2). However, at the 2917 

Pinbarren site, at month 22, treatment with mulch had significantly lower soil NH4
+-N 2918 

compared with all other treatments (P < 0.05) (Table 3.2). Also, NO3
--N was the dominant 2919 

inorganic N in mulch treatment at the Pinbarren site at months 22 and 34, at a level of 2920 

78.5 and 72.4 mg/kg, respectively (Table 3.2). Furthermore, at the Pinbarren site, at 2921 

months 22 and 34, soil NO3
--N was significantly higher in the mulch treatment than only 2922 

the glyphosate treatment (P < 0.05) (Table 3.2).  2923 

Total N mineralized after 7 and 14 days of incubation (PMN-7 days and PMN-14 days) 2924 

were not significantly affected by the different treatments regardless of sampling times at 2925 

the Kandanga site (P > 0.05) (Table 3.2). However, at the Pinbarren site, at months 22, 2926 
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soil PMN-7 days and PMN-14 days were significantly higher in the glyphosate treatment 2927 

than those of acetic acid or BioWeedTM treatments (P < 0.05)  (Table 3.2). 2928 

At the Kandanga site, MBC was not significantly different among treatments at months 2929 

2 and 14 following revegetation (P > 0.05) (Fig. 3.7a). However, at month 26, MBC was 2930 

significantly higher in the mulch treatment than in the glyphosate or organic-based 2931 

herbicide (P < 0.05)  (Fig. 3.7a). Similarly, at the Pinbarren site, MBC was significantly 2932 

higher in the mulch treatment than in the glyphosate or organic-based herbicide 2933 

treatments at month 10. However, at month 34 at the Pinbarren site, soil MBC was 2934 

significantly higher in the mulch than only glyphosate and BioWeedTM (P < 0.05) (Fig. 2935 

3.7b). Soil MBN did not differ significantly among the treatments at all sampling times 2936 

at both Kandanga and Pinbarren sites (P > 0.05) (Fig. 3.7c, d). 2937 
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Table 3.1. Soil pH, DOC, and DN in response to different weed control methods at months 2, 14, and 26 at the Kandanga 
site and months 10, 22, and 34 at the Pinbarren site following revegetation establishment. Different lower case letters at 
each row indicate significant differences among treatments at P < 0.05. No letters indicate no significant difference among 
treatments P > 0.05. Values in parentheses indicate standard errors (n=5). 

         Mulch BioWeedTM Slasher® Glyphosate Acetic acid 

Kandanga Following establishment 
(Month) pH                   

 Month 2 4.92 (0.14) 4.89 (0.21) 4.90 (0.11) 5.04 (0.18) 4.82 (0.21) 

 Month 14 6.20 (0.18) 6.08 (0.12) 5.96 (0.13) 5.89 (0.27) 6.12 (0.16) 
  Month 26 5.95 (0.18) 5.89 (0.17) 5.94 (0.11) 5.76 (0.16) 5.81 (0.14) 

Pinbarren Month 10 6.48 (0.08)a 5.56 (0.11)b 5.42 (0.11)b 5.26 (0.11)b 5.35 (0.16)b 

  Month 22 6.39 (0.11)a 5.48 (0.19)b 5.54 (0.10)b 5.46  (0.20)b 5.39 (0.38)b 

 Month 34 5.87 (0.06)a 5.45 (0.25)b 5.46 (0.14)b 5.46 (0.15)b 5.61 (0.08)ab 

Kandanga 
 

DOC (µg g-1) 
                  

 Month 2 74.82 (6.54) 64.70 (3.49) 66.53 (5.21) 72.32 (3.27) 66.87 (3.95) 
 Month 14 78.73 (10.97)a 60.11 (1.68)ab 57.32 (2.20)ab 60.41 (2.60)ab 53.32 (1.71)b 
  Monts 26 103.70 (24.59)a 42.13 (3.32)b 50.11 (8.70)ab 47.65 (11.36)b 44.96 (4.65)b 
Pinbarren Month 10 169.80 (9.32)a 82.12 (4.48)b 84.88 (5.18)b 89.45 (6.12)b 90.18 (9.25)b 
  Month 22 91.37 (8.49) 77.18 (4.12) 77.65 (3.83) 92.11 (6.67) 81.91 (6.20) 
 Month 34 151.40 (17.60) 118.94 (13.46) 104.00 (8.90) 115.18 (4.78) 105.00 (6.83) 

Kandanga  DN (µg g-1)                 
 Month 2 137.54 (13.32) 158.49 (12.16) 130.80 (16.11) 144.55 (19.46) 126.48 (14.02) 
 Month 14 113.86 (13.24) 114.06 (10.12) 113.80 (12.82) 116.59 (12.46) 100.63 (7.37) 
  Month 26 83.83 (8.51) 69.04 (14.77) 69.88 (17.19) 55.80 (12.16) 54.64 (9.70) 
Pinbarren Month 10 120.36 (14.60) 80.94 (3.69) 93.56 (9.79) 79.54 (5.71) 94.52 (9.19) 
  Month 22 92.06 (16.94) 61.57 (12.43) 64.33 (8.75) 70.95 (10.57) 68.69 (9.84) 
 Month 34 177.70 (5.67)a 114.22 (15.31)b 112.62 (13.33)b 102.04 (7.55)b 107.92 (7.93)b 
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Table 3.2. Soil NH4
+-N, NO3

--N, PMN-7 days, and PMN-14 days in response to different weed control methods at months 2, 14, and 26 at the Kandanga site and 
months 10, 22, and 34 at the Pinbarren site following revegetation establishment. Different lower case letters at each row indicate significant differences among 
treatments at P < 0.05. No letters indicate no significant difference among treatments P > 0.05. Values in parentheses indicate standard errors (n=5). 
       Mulch   BioWeedTM   Slasher®      Glyphosate   Acetic acid 
Kandanga Following establishment (Month) NH4

+-N (mg/kg)               

 Month 2 33.70 (8.17) 42.30 (6.76) 34.00 (13.80) 31.50 (4.85) 29.60 (5.24) 

 Month 14 14.09 (2.02) 15.56 (3.91) 14.55 (4.25) 16.10 (3.73) 13.50 (2.21) 
  Month 26 31.50 (8.78) 27.20 (6.31) 15.80 (3.04) 16.90 (2.55) 18.00 (3.45) 
Pinbarren Month 10 50.4 (11.62) 66.20 (12.13) 50.10 (3.36) 45.10 (6.79) 53.80 (10.14) 

  Month 22 7.54 (3.86)b 27.74 (2.12)a 26.05 (5.85)a 22.34 (3.80)a 31.25 (6.45)a 
 Month 34 13.90 (3.71) 27.40 (7.06) 15.50 (6.79) 14.50 (2.59) 26.90 (6.48) 
Kandanga  NO3

--N (mg/kg)                

 Month 2 7.50 (0.38) 15.10 (0.61) 13.90 (0.25) 10.30 (0.51) 10.30 (0.37) 

 Month 14 2.13 (0.51) 1.62 (0.29) 2.23 (0.39) 4.38 (0.59) 2.25 (0.45) 
  Month 26 12.38 (0.33) 23.40 (0.42) 32.10 (0.48) 30.90 (0.34) 15.50 (0.47) 
Pinbarren Month 10 34.70 (7.04) 31.20 (9.67) 34.90 (5.48) 37.70 (9.49) 41.50 (8.76) 

  Month 22 78.52 (17.51)a 44.10 (14.43)ab 30.20 (11.58)ab 10.14 (2.16)b 47.52 (10.80)ab 
 Month 34 72.40 (6.35)a 52.00 (8.42)ab 46.90 (5.46)ab 32.90 (6.79)b 44.50 (7.61)ab 
Kandanga  PMN-7 days (mg/kg soil)             

 Month 2 74.40 (6.38) 66.70 (7.90) 63.90 (14.55) 80.30 (12.11) 62.60 (13.89) 

 Month 14 89.57 (13.60) 90.65 (6.69) 93.78 (11.62) 95.79 (9.43) 84.83 (7.93) 
  Month 26 132.75 (12.86) 102.00 (15.95) 109.20 (22.03) 78.50 (12.62) 76.40 (10.81) 
Pinbarren Month 10 79.60 (9.39) 64.70 (5.56) 91.20 (11.09) 61.30 (6.95) 97.40 (11.86) 

  Month 22 40.71 (6.21)ab 17.42 (3.27)b 37.69 (11.14)ab 61.75 (10.35)a 24.89 (4.91)b 
 Month 34 81.44 (18.83) 73.14 (18.80) 77.18 (7.31) 68.48 (11.88) 81.72 (16.37) 
Kandanga  PMN-14 days (mg/kg soil)             

 Month 2 80.80 (8.12) 72.20 (7.79) 62.30 (17.67) 87.30 (12.92) 73.00 (13.52) 

 Month 14 96.94 (18.36) 106.26 (8.50) 108.78 (14.77) 116.92 (12.30) 104.87 (9.43) 
  Month 26 137.00 (17.30) 115.60 (18.90) 126.30 (24.05) 96.10 (15.79) 90.70 (12.23) 
Pinbarren Month 10 73.10 (10.81) 85.50 (6.19) 112.25 (14.84) 85.10 (7.34) 105.30 (9.70) 

  Month 22 55.71 (8.39)ab 36.89 (8.36)b 49.01 (11.27)ab 86.33 (17.95)a 39.75 (5.98)b 
 Month 34 111.54 (15.46) 90.62 (18.63) 87.06 (9.49) 84.08 (13.31) 94.08 (16.06) 
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 2938 

Figure 3.7. Soil microbial biomass C and N (MBC and MBN) for each treatment at the Kandanga site (a, c) at months 2, 14, and 26 and at 2939 

the Pinbarren site (b, d) at months 10 and 22 following revegetation establishment. Different lower case letters at each bar indicate significant 2940 

differences among treatments at P < 0.05. No letters indicate no significant difference among treatments. 2941 
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3.4.2 Soil bacterial and fungal community composition 2942 

A total of 5,345,488 high-quality sequences, in a range of 101,676 - 297,692 sequences 2943 

per sample, were detected from the 16S rDNA gene region. These clustered into 6272 2944 

OTUs at a 97% sequence similarity threshold. Taxonomic classification indicated that 2945 

these were representative of 28 bacterial phyla, comprising 530 genera and 583 species. 2946 

Of these, the dominant bacterial phylum was Proteobacteria (38.16%), Actinobacteria 2947 

(21.42%), and Acidobacteria (19.64%) (Fig. 3.8). The bacterial Shannon diversity index 2948 

ranged from 9.53 to 10.16 (Table 3.3). Non-metric multidimensional scaling (NMDS) 2949 

ordinations based on the Bray-Curtis similarity matrices showed no segregation of 2950 

treatments in the community structure of bacteria at the Kandanga site at either sampling 2951 

time (Fig. 3.9a). However, a clear separation of the bacterial community structure was 2952 

evident in the treatment with mulch from the other treatments at the Pinbarren site, at 2953 

months 10, 22, and 34 (Fig. 3.9b).  2954 

A total of 17 fungal phyla, comprising 310 genera and 532 species were identified from 2955 

hypervariable regions of ITS2. The three most abundant fungal phylum identified were 2956 

Ascomycota (40.13%), Basidiomycota (34.25%), and unclassified fungi (11.87%) (Fig. 2957 

3.10). Interestingly, at month 34 at the Pinbarren site, the fungal community shifted in 2958 

composition from Ascomycota (15.98%) towards Basidiomycota (41.28%) domination 2959 

(Fig. 3.10). The fungal Shannon diversity index ranged from 5.34 to 7.49 (Table 3.3). 2960 

Similarly, the NMDS ordinations based on the Bray-Curtis similarity matrices showed 2961 

that there was clear segregation of fungal community composition with the mulch 2962 

treatment from the other treatments at both Kandanga and Pinbarren sites at all sampling 2963 

times (Fig. 3.9c,d). 2964 

 2965 
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 2966 

 2967 

Figure 3.8. Soil bacterial community structure at the phylum level at the Kandanga site 2968 

at months 14 and 26 and at the Pinbarren site at months 10, 22, and 34 following 2969 

revegetation establishment. Relative abundance was based on the proportional 2970 

frequencies of DNA sequences that could be classified. Bacteria phylum identified are 2971 

shown as individual colors and listed in the legend. 2972 

 2973 

 2974 

 2975 
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Table 3.3. Alpha diversity of soil bacteria and fungi in response to different weed control methods at the Kandanga and Pinbarren sites. 
    Bacteria   Fungi 
Site Treatments Chao Ace Shannon Simpson Coverage   Chao Ace Shannon Simpson Coverage 
Kandanga  Mulch 3924.22 3853.29 10.02 0.99 0.98  1064.96 1073.70 5.80 0.89 1.00 
Month 14 BioWeedTM 4068.90 3952.39 10.01 1.00 0.98  1267.48 1233.33 7.13 0.98 1.00 

 Slasher® 4159.50 4115.16 10.13 1.00 0.98  1305.00 1227.88 6.89 0.98 0.99 
 Glyphosate 4071.71 3995.34 10.04 1.00 0.98  1125.11 1134.48 6.35 0.96 1.00 
 Acetic acid 3756.32 3679.79 9.84 1.00 0.98  1047.60 1009.29 6.28 0.95 1.00 
             

Kandanga Mulch 3931.67 3891.15 10.07 1.00 0.98  1236.32 1215.55 7.06 0.97 1.00 
Month 26 BioWeedTM 4022.10 3990.13 10.02 1.00 0.98  1221.32 1224.34 6.34 0.94 0.99 

 Slasher® 4006.63 3975.28 9.80 1.00 0.98  1214.77 1225.68 6.84 0.97 1.00 
 Glyphosate 3890.06 3895.46 9.76 1.00 0.98  1290.17 1289.61 6.68 0.97 0.99 

  Acetic acid 4103.34 4029.98 10.16 1.00 0.98   1282.16 1215.68 7.14 0.98 0.99 
             Pinbarren Mulch 3992.25 3901.58 10.04 1.00 0.98  1373.43 1374.68 5.98 0.91 0.99 

Month 10 BioWeedTM 4006.40 3979.70 9.82 1.00 0.98  1550.84 1561.78 7.17 0.97 0.99 
 Slasher® 3984.07 3933.02 9.80 1.00 0.98  1416.24 1421.46 5.34 0.86 0.99 
 Glyphosate 3863.33 3873.56 9.66 1.00 0.98  1540.06 1509.51 7.27 0.98 0.99 
 Acetic acid 3869.06 3862.41 9.72 1.00 0.98  1457.97 1437.60 6.99 0.98 0.99 
             

Pinbarren Mulch 3593.70 3499.10 9.87 1.00 0.98  1288.31 1290.95 6.26 0.95 0.99 
Month 22 BioWeedTM 3777.72 3788.31 9.77 1.00 0.98  1465.89 1461.75 7.30 0.98 0.99 

 Slasher® 4015.20 3976.09 9.65 1.00 0.98  1627.10 1617.16 7.49 0.99 0.99 

 Glyphosate 3744.47 3672.40 9.53 0.99 0.98  1440.00 1439.81 7.16 0.98 0.99 

 Acetic acid 3943.37 3893.85 9.68 1.00 0.98  1420.82 1440.62 6.94 0.97 0.99 

             
Pinbarren Mulch 3465.66 3520.93 9.96 1.00 0.99  1156.94 1153.65 7.02 0.97 1.00 
Month 34 BioWeedTM 3441.10 3505.61 9.68 1.00 0.99  1224.14 1235.04 7.12 0.98 1.00 

 
 

Slasher® 3664.14 3739.04 9.73 1.00 0.98  1151.88 1140.27 6.69 0.96 1.00 
 Glyphosate 3537.67 3611.32 9.70 1.00 0.98  1164.80 1174.03 6.84 0.97 1.00 
  Acetic acid 3529.02 3605.15 9.69 1.00 0.98   1171.13 1170.38 6.87 0.98 1.00 
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 2976 

Figure 3.9. NMDS ordinations derived from the Bray-Curtis dissimilarity matrices showing the changes in the community structure of soil 2977 

bacteria in different weed control methods (a) at the Kandanga and (b) at the Pinbarren sites, and soil fungi (c) at the Kandanga and (d) at the 2978 

Pinbarren sites. Treatments including Mulch (circle symbols), BioWeedTM (Square symbols  ( , Slasher® (diamond symbols), glyphosate 2979 

(right-side-up triangle symbols), acetic acid (upside-down triangle symbols) at the Kandanga site at months 14 (green) and 26 (purple), and 2980 

the Pinbarren site at months 10 (grey), 22 (brown) and 34 (blue) following revegetation establishment. Treatments from the same sampling 2981 

time were marked in the same color.2982 
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 2983 

 29  

Figure 3.10. Soil fungal community structure at the phylum level at the Kandanga site at 2985 

months 14 and 26 and at the Pinbarren site at months 10, 22, and 34 following 2986 

revegetation establishment. Relative abundance was based on the proportional 2987 

frequencies of DNA sequences that could be classified. Fungal phylum identified are 2988 

shown as individual colors and listed in the legend. 2989 

 2990 

 2991 

 2992 

 2993 
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At the bacterial species level, C. Solibacter, unclassified Acidothermus Ambiguous, 2994 

Bacillus, and uncultured bacterium were most abundant at both the Kandanga and 2995 

Pinbarren sites and under all the treatments regardless of the sampling times (Fig. 3.11). 2996 

The bacterial focussed heatmap indicated that unclassified Bradyrhizobium, 2997 

Mycobacterium, and Acidibacter bacterial species were more abundant in the mulch 2998 

treated samples compared with those other treatments more specifically at months 22 and 2999 

34 at the Pinbarren site (Fig. 3.11). Similarly, there was a lower abundance of C. 3000 

solibacter and C. koribacter in the mulch treatment than in the other treatments including 3001 

at the Pinbarren site, at all sampling times (Fig. 3.11). The 30 most abundant fungal 3002 

species detected among all samples were plotted in the heatmap with the most abundant 3003 

being Mortierella Elongata at the Kandanga site and unclassified Mortierella at the 3004 

Pinbarren site (Fig. 3.12).  3005 

The bacterial co-occurrence patterns and network analysis at the phylum level showed no 3006 

major changes to the communities among the treatments at either site. However, 3007 

Proteobacteria showed higher abundance with all treatments at month 26 at the Kandanga 3008 

site and at month 34 at the Pinbarren site (Figs. 3.13a and 3.13b). The soil fungal phyla 3009 

Ascomycota showed higher abundance at months 14 at the Kandanga site in all treatments 3010 

(Fig. 3.14a). However, at months 26 at the Kandanga site mulch treated soil had a higher 3011 

abundance of Ascomycota compared with the other herbicides (Fig. 3.14a). The soil 3012 

fungal phyla Mortierelomycota and unclassified fungi increased in abundance in month 3013 

34 at the Pinbarren site in all treatments (Fig. 3.14b). 3014 

  3015 

 3016 

 3017 
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 3018 

 3019 

Figure 3.11. Heatmap of bacterial distribution of the top 30 abundant species present in 3020 

the microbial community of samples. The heatmap plot depicted the relative abundance 3021 

of the different treatments at the Kandanga site at months 14 and 26 and the Pinbarren 3022 

site at months 10, 22, and 34 following revegetation establishment. The relative value for 3023 

bacterial species is indicated by color intensity. 3024 

 3025 

 3026 

 3027 
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 3028 

Figure 3.12. Heatmap of fungal distribution of the top 30 abundant species present in the 3029 

microbial community of samples. The heatmap plot depicted the relative abundance of 3030 

the different treatments at the Kandanga site at months 14 and 26 and the Pinbarren site 3031 

at months 10, 22, and 34 following revegetation establishment. The relative value for 3032 

fungal species is indicated by color intensity. 3033 
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Figure 3.13. Bacterial phyla identified under different weed control methods including Mulch (orange), BioWeedTM (green), Slasher® 

(grey), glyphosate (red) or acetic acid (yellow) at (a) Kandanga at months 14 and 26 and at (b) Pinbarren at months 10, 22 and 34 following 

revegetation establishment. The width of lines between treatments (top) and taxa (bottom) indicate the relative abundance of taxa within 

soil samples of that treatment. Phyla in very small abundances (<1% per sample on average), were grouped as “Other”. 
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Figure 3.14. Fungal phyla identified under different weed control methods including Mulch (orange), BioWeedTM (green), Slasher® (grey), 

glyphosate (red) or acetic acid (yellow) at (a) Kandanga at months 14 and 26 and at (b) Pinbarren at months 10, 22 and 34 following 

revegetation establishment. The width of lines between treatments (top) and taxa (bottom) indicate the relative abundance of taxa within 

soil samples of that treatment. Phyla in very small abundances (<1% per sample on average), were grouped as “Other”. 

3035 
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Table 3.4. Stepwise regression to identify factors explaining Shannon index of bacteria 

and fungi, NH4
+-N, NO3

--N, MBC, and MBN using soil variables as independent 

parameters. 

 Independent r2 Probability 

Shannon index bacteria pH 0.44 P < 0.01 

Shannon index Fungi DN 0.25 P < 0.024 

NH4
+-N pH 0.51 P < 0.0001 

NO3
--N PMN 14-days 0.58 P < 0.0001 

MBC DOC 0.83 P < 0.0001 

MBN  DOC 0.64 P < 0.0001 

 3036 

3.5 Discussion 3037 

Soil microbial biomass carbon (MBC) was significantly lower in glyphosate and 3038 

BioWeedTM than mulch at month 34 when herbicide applications were ceased for one 3039 

year. In general, an attainable soil MBC limit for normal functioning of soil ecosystem at 3040 

forest soil is 520 mg/kg and soils with MBC as low as 160 mg/kg have soil constraints 3041 

(Gonzalez-Quiñones et al., 2011). None of the treatments had MBC lower than 160 mg/kg 3042 

up to two years in either sampling site and therefore MBC was not one of the soil 3043 

constraining factors for plant growth up to two years. The MBC increases are likely the 3044 

result of increased SOM inputs and enhanced soil moisture retention in the soil layer due 3045 

to mulching (Li et al., 2004; Grigg et al., 2006; Bai et al., 2014; Kader et al., 2016). 3046 

Therefore, it was not surprising to find higher MBC in the mulch than some treatments 3047 

glyphosate and BioWeedTM at month 34. However, it was concerning that the MBC value 3048 

of glyphosate and BioWeedTM were lower than the acceptable threshold of 160 mg/kg at 3049 

month 34 when the herbicide application was ceased for one year.   3050 

Inorganic N concentrations were responsive to the treatments at the Pinbarren site, where 3051 

soil NO3
--N was significantly higher in the mulch treatment than only glyphosate 3052 
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treatment at months 22 and 34, which was not the case with other herbicides. Decreased 3053 

the abundance of denitrifying bacteria is one of the driving factors to increase soil NO3
--N. 3054 

Both C. solibacter and C. koribacter are denitrifying bacteria involved in N cycling and 3055 

are associated with the reduction of nitrate, nitrite, and possibly nitric oxide (Ward et al., 3056 

2009). This study showed a lower abundance of C. solibacter and C. koribacter under the 3057 

mulch treatment compared with the other treatments at the Pinbarren site, which could 3058 

partly explain higher NO3
--N through decreased denitrification in the mulch treatment 3059 

compared with glyphosate. However, there were no differences in soil NO3
--N between 3060 

the mulch treatment and other organic-based herbicides despite the fact that C. solibacter 3061 

and C. koribacter had still lower abundance in the mulch treatment than those other 3062 

organic-based herbicides. Differences in soil NO3
--N were only observed between the 3063 

mulch and glyphosate treatments, not with the other organic-based herbicides, which may 3064 

suggest that glyphosate may have affected soil nitrification and denitrification differently 3065 

from other organic-based herbicides.  3066 

Interestingly, segregation of bacterial and fungal communities in all herbicide treatments 3067 

compared to mulch treatment was still observable a year after ceasing herbicide 3068 

applications at the Pinbarren site. Bacteria and fungi are sensitive to changes in soil 3069 

physical and chemical properties and different environmental conditions such as substrate 3070 

availabilities, soil moisture contents, climate conditions, and management practices 3071 

(Dong et al., 2017; Zhao et al., 2018). Soil pH and moisture content changes can influence 3072 

soil microbial composition (Schimel et al., 1999; Ba˚a˚th and Anderson, 2003). I observed 3073 

a higher pH in the mulch treatment than that of glyphosate and other organic-based 3074 

herbicides treatments at months 10, 22, and 34 at the Pinbarren site, except for the acetic 3075 

acid at month 34. It is likely that both bacterial and fungal diversity segregation between 3076 

the mulch and other treatments was partly driven by pH alterations in the mulch 3077 



Chapter 4 Horticultural riparian zone (Repeated application of glyphosate interacted with biochar) 

 
 

126 
 

application. Therefore, this study highlights the importance of soil pH as one of the 3078 

driving factors in the bacterial and fungal shifts and that the application of mulch can 3079 

catalyse these changes.  3080 

I also observed some minimal changes in the abundance of some bacteria at the species 3081 

level in response to treatments. For example, I found that unclassified Bradyrhizobium 3082 

species was less abundant in the glyphosate, compared with those mulch and other 3083 

organic-based herbicides at month 34 after one year ceasing of herbicides applications. 3084 

Bacteria of genus Bradyrhizobium (Proteobacteria) are biologically important in soil due 3085 

to their role in N fixation (Yao et al., 2014; Wongdee et al., 2018; Praeg et al., 2020). The 3086 

lower abundance of Bradyrhizobium under glyphosate application indicating that 3087 

glyphosate had a negative influence on the relative abundance of Bradyrhizobium species. 3088 

The toxicity of glyphosate on the abundance of some strains of Bradyrhizobium species 3089 

has also been previously reported (Zablotowicz and Reddy, 2004; dos Santos et al., 2005; 3090 

Malty et al., 2006), which may negatively impact the nodulation process by 3091 

Bradyrhizobium, thus affect soil N cycling. The lower abundance of Bradyrhizobium 3092 

(Proteobacteria) species was observed in other organic-based herbicides at months 22 at 3093 

the Pinbarren site. However, I do not know to what extent glyphosate was more toxic for 3094 

Bradyrhizobium species than the other organic-based herbicides. This study suggested 3095 

that although the acute toxicity of glyphosate is low, it may still have some negative 3096 

effects on the abundance of some bacterial species such as Bradyrhizobium even one year 3097 

after cessation of the glyphosate treatment, which may potentially have long-term 3098 

implications for soil N cycling. 3099 

Interestingly, at the Pinbarren site, the fungal community shifted in composition 3100 

dominance at month 34, which was not associated with treatments. For example, 3101 

Ascomycota was initially the dominant fungi phylum followed by Basidiomycota at 3102 
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months 10 and 22 at the Pinbarren site. However, Basidiomycota became the most 3103 

abundant phylum at month 34. Both Ascomycota and Basidiomycota are responsible for 3104 

metabolize organic substrates (Hanson et al., 2008), and are sensitive to changes in soil 3105 

physical and chemical properties such as soil pH, moisture, temperature, and soil nutrient 3106 

content (Zhao et al., 2018). However, I do not suggest that this alteration was treatment-3107 

dependent because it occurred across all treatments. Microbial shifts can also result from 3108 

changes in environmental factors such as vegetation cover and revegetation age (Guo et 3109 

al., 2018). It has been previously reported that there is a distinct shift in fungal 3110 

communities from Ascomycota in stands of young trees to Basidiomycota in stands of 3111 

older trees due to changes in litter quality and quantity (Zumsteg et al., 2012; Zhang et 3112 

al., 2018a) and changes in vegetation cover (Zhang et al., 2018b). Furthermore, in this 3113 

study, the abundance of the Mortierellomycota had increased at month 34 at the Pinbarren 3114 

site compared with months 10 and 22. Mortierellomycota contributes to decomposing 3115 

plant litter and degrading aromatic hydrocarbons (Osono, 2005; Ellegaard-Jensen et al., 3116 

2013), and increased abundances of Mortierellomycota are used as an indicator for 3117 

healthy soil (Zhang et al., 2020). In this study, I did not assess the leaf litter quality, but 3118 

it is likely that the characteristics of the litter changed as the vegetation matured (Zhang 3119 

et al., 2018a, b), and may partially explain the alteration in the abundance of some 3120 

communities in this study.  3121 

I also did not observe any major differences in soil microbial communities among 3122 

glyphosate and the other herbicide treatments.  There is no information regarding the 3123 

persistence of other herbicides used in this study under natural conditions. Reports 3124 

regarding glyphosate residue persistence under natural conditions are also contradictory 3125 

(Bai et al., 2015). Therefore, it would be speculative to suggest that the lack of differences 3126 

observed in soil microbial diversity among herbicides could be associated with their rapid 3127 
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degradation and/or persistence in the environment since no residue analysis has been done 3128 

in this study. This study indicated that soil bacterial and fungal composition may not have 3129 

been affected by herbicides, but MBC in glyphosate and BioWeedTM were lower than the 3130 

acceptable threshold of 160 mg/kg one year after the cessation of herbicide applications 3131 

suggesting a potential long-term implication of herbicides on soil microbes. Hence, long-3132 

term observations coupled with residue analysis would warrant an insightful 3133 

understanding of these herbicides on soil microbial diversity. 3134 

3.6 Conclusions 3135 

This study examined the effects of different weed control methods on soil N cycling and 3136 

microbial communities in two contrasting revegetated riparian zones. No major alteration 3137 

of soil inorganic N was found among herbicide treatments. However, there was an 3138 

indication of possible effects of glyphosate on soil nitrification and denitrification 3139 

because soil NO3
--N was lower in treatment with glyphosate than the mulch at months 22 3140 

and 34 at the Pinbarren site. I also did not find differences in the soil microbial 3141 

communities and structure among other organic-based herbicides compared with that 3142 

glyphosate. However, the level of MBC in glyphosate and BioWeedTM were lower than 3143 

the acceptable threshold (160 mg/kg) at month 34 at the Pinbarren site. At the Pinbaren 3144 

site but not at the Kandanga site, segregation in soil bacterial and fungal communities 3145 

between all herbicides and mulch were observed and the segregation persisted even after 3146 

one year cessation of all herbicides, which suggested that microbial responses to mulch 3147 

and herbicides were site-specific. This study suggests that the application of mulch in the 3148 

riparian revegetation projects would be beneficial for soil microbial functionality, 3149 

particularly soil MBC compared with glyphosate and other organic-based herbicides. 3150 

Future studies should be focused on the functionality of microbial communities along 3151 
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with residue analysis, plant survival, and growth in response to long-term and continued 3152 

herbicide application and revegetation success. 3153 
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4.1 Abstract 3452 

Glyphosate application is commonly practiced for horticultural land management in 3453 

riparian zones, however, the environmental risks, including are largely unknown when 3454 

used in a combination with biochar-amended soil. This study assessed the potential 3455 

effects of repeated glyphosate application on biochar-amended soils in terms of changes 3456 

in soil N cycling, and soil microbial diversity, and community structure. Specifically, the 3457 

effects of treatments on the abundance of nitrifying soil microbial populations such as the 3458 

ammonia-oxidizing bacteria and archaea (AOB and AOA) were assessed. For this, the 3459 

experimental site was chosen within a macadamia orchard placed within riparian zone, 3460 

where wood-based biochar had been applied for more than five years (64 months) at 10 3461 

and 30 t ha-1 (B10, B30) before the start of this experiment. Simultaneously, glyphosate 3462 

at the label rate was applied up to four times per annum for 12 years until two years before 3463 

my sample collection. Therefore, biochar and glyphosate applications coincided for three 3464 

years before glyphosate was ceased. Changes in foliar and soil total carbon (TC), total 3465 

nitrogen (TN), and soil N isotope composition (δ15N), as well as soil pH, moisture, the 3466 

abundance of AOA amoA, and AOB amoA, and soil bacterial and fungal community 3467 

composition, were subsequently assessed. The results showed that soil TN was 3468 

significantly higher in glyphosate applied areas compared with those areas that had not 3469 

received any glyphosate, which may suggest that glyphosate may have stimulated N 3470 

transformations through increased soil C substrate resulting from the degradation of 3471 

glyphosate and dieback of weeds. Similarly, no effect of glyphosate on soil microbial 3472 

diversity and community structure was observed two years after glyphosate application 3473 

had been ceased. However, glyphosate-treated soil had significantly higher AOB 3474 

abundance than no glyphosate areas, potentially associated with increased TC. 3475 

Conversely, biochar application did not affect soil TN, potentially due to the low TN 3476 
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content of the biochar, but had also significantly higher AOB abundance than no biochar 3477 

plots. In summary, neither glyphosate nor biochar influenced soil microbial diversity or 3478 

community structure, but both increased AOB abundance with possible long-term 3479 

implications on soil N cycling even after two years following the cessation of glyphosate 3480 

applications 3481 

 3482 

Keywords: Glyphosate, Biochar, Soil total nitrogen, δ15N, Soil fungi and bacteria, 3483 

Microbial functional genes 3484 

4.2 Introduction 3485 

Riparian zones are the intersection between aquatic and terrestrial ecosystems with 3486 

substantial plant biodiversity and productivity (Naiman et al., 2010; Jiang et al., 2017). 3487 

Horticultural systems placed within riparian zones are common and require high volumes 3488 

of fertilisers and herbicides, which may be discharged into adjoining waterways (Bartley 3489 

et al., 2012; Mottes et al., 2017). The impacts of excessive nitrogen (N) and herbicide 3490 

application within these intensive cropping systems are considerable (Nivelle et al., 3491 

2017). These impacts range from biodiversity loss, water eutrophication, soil degradation, 3492 

and residual pollutions (Chen et al., 2010; Balmford et al., 2012). Within intensive 3493 

cropping systems, organic amendments are applied to increase soil nutrient holding 3494 

capacity and decrease nutrient outputs (Bai et al., 2015a; Nguyen et al., 2017). However, 3495 

organic amendments may interact with herbicides and other chemistries leading to affect 3496 

their fate and environmental behaviours such as leaching, biodegradation, volatilization, 3497 

and toxicity to non-target organisms (Herath et al., 2019; Khalid et al., 2020). Thus, 3498 

leading to effects on soil N availability and microbial diversity. 3499 
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In order to reduce the unintended effects on soil health, alternative practices are sought to 3500 

maximize weed control whilst minimizing nutrient loss. One approach gaining global 3501 

momentum is the use of biochar, a carbon (C) rich material produced from the pyrolysis 3502 

of organic material under limited oxygen and high temperatures (Bai et al., 2015b; Xu et 3503 

al., 2015; Joseph et al., 2017). Biochar improves soil quality (Lehmann and Joseph 2010; 3504 

Bai et al., 2015c; Song et al., 2016a; He et al., 2017) and soil physicochemical properties 3505 

by changing the soil structure, increasing soil water retention, and maximising soil N 3506 

retention by altering soil cation and anion exchange capacities, moistures and pH levels 3507 

(Clough et al., 2013; Slavich et al., 2013; Nguyen et al., 2017; Nguyen et al., 2018). Wood 3508 

biochar immobilises and then slowly releases soil N for plant assimilation leading to long-3509 

term benefits for crop yields (Taghizadeh-Toosi et al., 2012a and 2012b). Biochar may 3510 

also change the biological properties of soil increasing soil microbial abundances 3511 

(Pietikäinen et al., 2000; Lehmann et al., 2006; Kim et al., 2007; O’Neill et al., 2009; 3512 

Grossman et al., 2010; Liang et al., 2010). This is associated with; (1) increased substrate 3513 

availability or labile organic matter on the biochar surface (Pietikäinen et al., 2000; Bruun 3514 

et al., 2012), (2) the porosity of biochar (Lu et al., 2014), and (3) increased water retention 3515 

(Wardle et al., 1999; Schimel et al., 2007; Lu et al., 2014) and soil pH alteration that 3516 

provides refuge, food and optimal niche ecological conditions (Pietikäinen et al., 2000; 3517 

Warnock et al., 2007). Simultaneously, microbial communities and structure are impacted 3518 

by biochar and soil characteristics, pyrolysis temperature used, soil pH, soil organic 3519 

carbon (SOC), and soil total nitrogen (TN) (Singh et al., 2010; Spokas et al., 2011; 3520 

Biederman and Harpole, 2013; Rutigliano et al., 2014; Mitchell et al., 2015; Tian et al., 3521 

2016). Soil δ15N is a reliable indicator to investigate N transformations in different soil-3522 

plant systems (Xu et al., 2000, 2008, 2009; Hosseini Bai et al., 2013, 2014) and highly 3523 

sensitive to different management practices. Nevertheless, the effects of biochar 3524 
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interaction with other land management practices such as chemical weed control on soil 3525 

TN and soil microbial communities remain unclear. 3526 

Glyphosate (N-(phosphonomethyl) glycine) is a commonly applied herbicide worldwide 3527 

(Duke and Powles 2008; Allegrini et al., 2015). Commercially known as Roundup®, it is 3528 

categorised as a broad-spectrum, post-emergence, non-selective herbicide that inhibits the 3529 

enzyme 5-enolpyruvylshikimate3-phosphate synthase (EPSPS) in the shikimate pathway 3530 

(Duke and Powles 2008). This may also affect soil microorganisms that have a shikimate 3531 

synthesis pathway (Nguyen et al., 2016). Long-term and repeated applications of 3532 

glyphosate may induce changes in soil microbial composition and structure and 3533 

subsequently affect N availability. However, the results from different studies are 3534 

contradictory (Bai and Ogbourne, 2016). Most studies have been focused on single 3535 

applications of glyphosate (Bottrill et al., 2020), while the repeated application of 3536 

glyphosate is a common scenario in land management practices (Allegrini et al., 2017), 3537 

and the potential interaction between glyphosate and biochar on the soil microbial 3538 

communities and subsequent N transformation processes is currently unknown. 3539 

Bacteria and fungi are components of a soil ecosystem with key roles in the 3540 

decomposition of organic matter compounds and the N cycling processes (Reverchon et 3541 

al., 2015; Gangloff et al., 2016). Species of both the bacterial and fungal kingdoms are 3542 

highly responsive to land management practices due to changes in soil pH, nutrient 3543 

content, and water aeration (Jangid et al., 2008; Lauber et al., 2008; Rousk et al., 2010). 3544 

Consequently, soil microbial communities have evolved different strategies with respect 3545 

to land management changes. For example, microbial communities related to 3546 

nitrification, such as ammonia-oxidizing bacteria (AOB) and archaea (AOA) which carry 3547 

the amoA gene encoding for the ammonia monooxygenase (Leininger et al., 2006; Pester 3548 

et al., 2012), are involved in N availability for plant uptake and N loss pathways (He et 3549 
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al., 2018). Several studies have demonstrated an increased in the abundance of AOA and 3550 

AOB and thus increased soil nitrification following the application of biochar (Dai et al., 3551 

2014, Teutscherova et al., 2017). Moreover, both AOB and AOA are sensitive to a wide 3552 

spectrum of chemicals and hence are suitable indicators in the environmental risk 3553 

assessment of pesticides (Hoshino et al., 2011; Wessen and Hallin, 2011; Karpouzas et 3554 

al., 2016). However, there is a paucity of knowledge on the effects of glyphosate on 3555 

ammonia-oxidizing microbes, and the results from available studies are scarce to draw 3556 

any conclusion (Martínez-Nieto et al., 2011; Zabaloy et al., 2016).  3557 

There are few studies that investigate the mechanism of biochar to adsorb glyphosate 3558 

(Herath et al., 2016; Jiang et al., 2018). The strong binding between glyphosate and 3559 

biochar may affect the mineralization of glyphosate and mitigate glyphosate residue and 3560 

leaching in the soil (Sun et al., 2012; Jiang et al., 2018). Nevertheless, to my knowledge, 3561 

the interactions between biochar-amended soil and repeated application of glyphosate on 3562 

soil N cycling and soil microbial communities are not well documented. Therefore, this 3563 

study aimed to investigate the impacts of long-term repeated application of glyphosate 3564 

and the resulting interaction with applied biochar on the soil N cycling more specifically 3565 

the abundance of nitrifying populations as wells as the overall soil microbial diversity and 3566 

community structure (both fungi and bacteria) after two years following the cessation of 3567 

herbicide application. 3568 

4.3 Materials and Methods 3569 

4.3.1 Site description and experimental design  3570 

The experimental site is located at Beerwah (26 ̊50014.1600S 152 ̊56049.9600E) on 3571 

Bluegum Creek approximately 88 km north of Brisbane and 35 km south of Sunshine 3572 

Coast, South East Queensland, Australia (Fig. 4.1). The area is within a subtropical zone 3573 

with an average annual temperature of 20 °C ranging from 14.3ºC to 30.4ºC, and the 3574 
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rainfall volume was 116.9 mm during the period of study in 2018. The orchard was 3575 

planted in 2003 with macadamia (Macadamia integrifolia variety 741) with 4 m × 9 m 3576 

spacing between trees (Bai et al., 2015a). The soil is classified as a Kurosol with an acidic 3577 

pH of 5.0. The soil background information is provided in Table S4.1. Twenty-four 3578 

macadamia trees (4 m × 4 m) were selected and the experiment was designed as a 3579 

randomised complete block with six replicates. Wood biochar from pine feedstock with 3580 

slow pyrolysis 550°C was surface applied in 2012 at two different rates of 10 dry t ha-1 3581 

(B10) and 30 dry t ha-1 (B30) mixed with soil at the ratio of 1:1.5 (w/w; dry weight). The 3582 

control plots received the same amount of soil with no biochar, namely 10 t ha-1 (C10) 3583 

and 30 t ha-1 (C30). 3584 

 

Figure 4.1. An aerial image of the experimental site located at Beerwah in South East 

Queensland, Australia. 

Weeds were controlled mechanically outside tree canopies using a lawn mower from the 3585 

orchard establishment onwards. Glyphosate was applied under the tree canopy at the label 3586 

rate and where mechanical weed control was not possible. This was applied in a 1m wide 3587 

strip approximately 0.5 m from the tree base up to four times a year between 2003 and 3588 

2015 (for 12 years) (Fig. 4.2). No glyphosate was applied two years before sample 3589 

collection. Therefore, biochar and glyphosate applications coincided for three years 3590 
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before glyphosate was ceased. The whole orchard was conventionally fertilised as 3591 

broadcast with 50% urea, 25% ammonium (NH4
+-N), and 25% nitrate (NO3

--N) (in the 3592 

total rate equivalent to 120 kg N ha-1 yr-1) monthly (Bai et al., 2015a). Treatments were: 3593 

(1) biochar + glyphosate (under tree canopy); (2) biochar + no glyphosate (under tree 3594 

canopy), and (3) no biochar + no glyphosate (outside tree canopy).  3595 

 

Figure 4.2. The location of glyphosate application and soil sample collection points. 

 

4.3.2 Soil sample collection and chemical analysis 3596 

Soil sampling occurred in February 2018, 64 months after any biochar application. Soil 3597 

was collected at 0-5 cm of depth in three sampling points:(1) 0.5m from the tree base and 3598 

underneath the tree canopy (biochar + glyphosate); (2) 1m perpendicularly away from the 3599 

tree base and underneath the tree canopy (biochar + no glyphosate); and (3) 4.5m 3600 

perpendicularly away from the tree base and outside of the tree canopy (no biochar + no 3601 

glyphosate). Control soil samples were collected from adjacent sampling points to trees 3602 

without biochar treatment (namely C10 and C30) (Fig. 4.3). 3603 

In total, 72 soil samples were collected. A sub-sample from each plot was taken, air-dried, 3604 

and sieved using a 2-mm sieve in the laboratory before chemical analysis. Another 3605 
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sub-sample of soil was immediately placed on the ice container and transported to the 3606 

laboratory and stored at -20°C before the molecular analysis. Air-dried and sieved soil 3607 

samples were dry ground to a fine powder with a Rocklabs™ ring grinder. Approximately 3608 

20 mg of the homogenised powder of each sample was then transferred into 8mm × 5mm 3609 

tin capsules for measuring total C (TC), total N (TN), C isotope composition (δ13C), and 3610 

N isotope composition (δ15N) using an isotope ratio mass spectrometer (GV Isoprime, 3611 

Manchester, UK). Soil pH was measured using deionised water with a 1:5 (soil: water 3612 

ratio) (Fig. 4.3). 3613 

  

  

Figure 4.3. Soil sample collection at Beerwah in South East Queensland, Australia, and 3614 

laboratory analysis at the Griffith University. 3615 

4.3.3 Soil DNA extraction and real-time quantitative PCR (qPCR) 3616 

Genomic DNA was extracted from 0.25g of each soil using a PowerSoil® Kit (QIAGEN, 3617 

Germany) following the manufacturer's instructions. Following extraction, the genomic 3618 

DNA was dissolved in 70 μL of dd H2O and a Nanodrop 2000 spectrophotometer 3619 
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(Thermo Scientific) was used to quantify and assess the quality. Genomic DNA samples 3620 

were stored at −20 °C before determining microbial properties through molecular 3621 

analyses. Abundances of N cycling functional genes, including AOA amoA and AOB 3622 

amoA genes in nitrification, were quantified via qPCR. All qPCR reactions were 3623 

conducted in triplicate and with three non-template controls. Each 20.0 μL reaction 3624 

comprised 10.0 μL of SYBR® Premix Ex Taq™ (TaKaRa Biotech, Dalian, China), 0.2 3625 

μL forward primer (10 μM), 0.2 μL reverse primer (10 μM), 2.0 μL of soil template DNA, 3626 

and 7.6 μL of sterile ddH2O (Zhang et al., 2016). The forward and reverse primers used 3627 

for the determinations of functional gene abundances are listed in Table 4.1. The 3628 

amplification program was as follows: Pre-incubation (95 °C, 5 min, one cycle), 3629 

amplification (95 °C for 20 s, 55 °C for 30 s, 72 °C for 45 s, 40 cycles), followed by 3630 

melting curve analysis (65–95 °C) in an ABI 7500 Real-Time System (Applied 3631 

Biosystems, Foster City, CA). Standard curves of the qPCR amplification of the target 3632 

sequences were obtained with a 10-fold serial dilution (101–108 times) of purified 3633 

plasmids containing evaluated genes (Zhang et al., 2016).  3634 

Table 4.1. The forward and reverse primers used for the determinations of AOA and AOB 

abundances. 

Target genes Primers Sequence (5′ → 3′) Reference 

AOA amoA  CrenamoA23f ATGGTCTGGCTWAGACG (Tourna et al., 
2008) 

 CrenamoA616r GCCATC CATCTGTATGTCCA  

AOB amoA  amoA-1F GGGGTTTCTACTGGTGGT (Rotthauwe et 
al., 1997) 

 amoA-2R CCCCTCKGSAAAGCCTTCTTC  
 3635 

 3636 

 3637 
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4.3.4 The Illumina MiSeq sequencing  3638 

Next-generation sequencing (NGS) library preparation and Illumina MiSeq sequencing 3639 

were conducted by using GENEWIZ® kits (GENEWIZ, Biotechnology Co., Ltd, Suzhou, 3640 

China) according to standard protocols. In brief, a total of 30-50 ng of each soil gDNA 3641 

sample was used to generate amplicons using a MetaVx™ Library Preparation kit 3642 

(GENEWIZ, Inc., South Plainfield, NJ, USA) (Han et al., 2018). The V3 and V4 3643 

hypervariable regions of prokaryotic 16S rDNA were selected and amplified using the 3644 

forward primer 5’-CCTACGGRRBGCASCAGKVRVGAAT-3’ and the reverse primer 3645 

5’- GGACTACNVGGGTWTCTAATCC-3’ (You et al., 2016). For sequencing the 3646 

fungal community, 50-100 ng of sample gDNA was used to generate amplicons using a 3647 

panel of primers designed by Genewiz (Huang et al., 2019). Oligonucleotide primers were 3648 

designed to anneal to the relatively conserved sequences spanning the fungal ITS regions 3649 

(Huang et al., 2019). The hypervariable regions within ITS2 were selected and amplified 3650 

using the forward primer sequence 5’-GTGAATCATCGARTC-3’ and the reverse primer 3651 

was 5’-TCCTCCGCTTATTGAT-3’ (Cai et al., 2018; Huang et al., 2019). First-round 3652 

PCR products were used as templates for the second-round amplicon enrichment PCR. 3653 

At the same time, a linker with index was added to the ends of the 16S rDNA amplicons 3654 

to generate indexed libraries ready for downstream NGS sequencing on an Illumina 3655 

Miseq platform (Qiao et al., 2018). DNA libraries were validated using an Agilent 2100 3656 

bioanalyzer (Agilent Technologies, Palo Alto, CA), quantified with a Qubit 3.0 3657 

Fluorometer (Applied Biosystems, Carlsbad, CA, USA), and then multiplexed and loaded 3658 

onto an Illumina MiSeq instrument according to the manufacturer’s instructions 3659 

(Illumina, San Diego, CA, USA) (Fu et al., 2016; Cai et al., 2018). Sequencing was then 3660 

performed using 2×300 paired-end (PE), and image analysis and base calling were 3661 

conducted by using the MiSeq Control Software (MCS) on the MiSeq instrument (Fu et 3662 

al., 2016; Cai et al., 2018; Huang et al., 2019).  3663 
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4.3.5 Leaf sample collection and chemical analyses 3664 

Three fully expanded leaves from the outermost layer of the middle canopy of each of the 3665 

24 macadamia trees were collected in February 2018. Leaves collected from each tree 3666 

were combined and dried at 50 °C to a constant weight and ground to a fine powder with 3667 

a RocklabsTM ring grinder. Approximately 5 mg of the homogenised powder was then 3668 

transferred into an 8mm × 5mm tin capsule for measuring TC, TN, δ13C, and δ15N using 3669 

an isotope ratio mass spectrometer (GV Isoprime, Manchester, UK). 3670 

4.3.6 Statistical analysis and data analysis 3671 

Three-way analyses of variance (ANOVA) were conducted where biochar, biochar 3672 

application rate, and glyphosate application were assessed as the main effects on soil pH, 3673 

moisture, TN, TC, δ13C, and δ15N, AOA amoA and AOB amoA.  Two-way analyses of 3674 

variance (ANOVA) were conducted where biochar and biochar application rate were 3675 

assessed as the main effect on leaf TC, TN, and δ15N. The IBM SPSS Statistics (version 3676 

26) software was used for all the statistical analyses. 3677 

The Quantitative Insights into Microbial Ecology (QIIME) package was used for 16S 3678 

rRNA and ITS rRNA data analysis whereby low-quality reads were filtered out and read 3679 

shorter than 200 bp and with no mean quality scores ≥20 were discarded (Han et al., 2018; 3680 

Huang et al., 2019). The sequences were then aligned with the reference database (RDP 3681 

Gold database) using the UCHIME algorithm to detect and remove chimeric sequences 3682 

(Han et al., 2018). The effective remaining sequences were used in the final analysis. The 3683 

operational taxonomic units (OTUs) with 97% similarity were grouped using the 3684 

clustering program VSEARCH (v.1.9.6) by comparing against the SILVA119 and 3685 

UNITE ITS database (https:/unite.ut.ee/) (Han et al., 2018; Huang et al., 2019). The 3686 

Ribosomal Database Program (RDP) classifier was applied to assign a taxonomic 3687 

category to all OTUs at a confidence threshold of 0.8 (Han et al., 2018). The bacterial and 3688 
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fungal alpha diversity indices were calculated using QIIME, the Shannon index for 3689 

diversity analysis, and the ACE and Chao1 indices for richness (Huang et al., 2019). Non-3690 

metric multidimensional scaling (NMDS) was performed to visualize similarities among 3691 

bacterial and fungal communities using the vegan package in R software (v.3.3.1) based 3692 

on the beta diversity distance matrix. The heatmap analysis was performed using MeV 3693 

(v.4.2) to visualise similarities within and between the bacterial and fungal species under 3694 

different treatments. A bipartite interaction network was also created to visualise the 3695 

bacterial and fungal communities in the different treatments based on the proportion of 3696 

each of fungi or bacteria using the R package ‘bipartite’ (Dormann et al., 2009). 3697 

4.4 Results 3698 

4.4.1 Soil chemical analysis 3699 

Three-way ANOVA analyses showed that soil properties including soil moisture, TC, 3700 

TN, and soil δ15N were influenced by glyphosate application (Table 4.2). Glyphosate 3701 

application was significantly associated with higher soil TN, TC, and soil δ15N compared 3702 

with areas with no application of glyphosate (Table 4.2). On the other hand, glyphosate 3703 

did not affect soil pH, which was ranged between 6.1 and 6.8 (Tables 4.2 and 4.3). 3704 

Biochar was not significantly associated with any of the soil chemistry changes assessed 3705 

(Table 4.2). No significant interactions between application rate, biochar, and glyphosate 3706 

on soil TC and TN were detected.  3707 

4.4.2 Abundance of AOA and AOB 3708 

The abundance of the AOB genes varied from 1.16 × 105 to 1.06 × 106 and was generally 3709 

one or two orders of magnitude higher than for the AOA genes (1.22 × 103 to 5.16 × 104) 3710 

across all treatments (Table 4.4). No significant differences were observed in the 3711 

abundance of AOA genes with the application of biochar and glyphosate (Table 4.5). 3712 
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Conversely, biochar and glyphosate applications had a significantly higher abundance of 3713 

AOB genes compared with plots without biochar and glyphosate applications (Table 4.5). 3714 

No significant interactions were detected among application rates of biochar or 3715 

glyphosate application on either AOA or AOB gene abundances (Table 4.5). 3716 
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Table 4.2. Three-way analysis of variation (ANOVA) on the impacts of biochar, the application rate of biochar, and 

glyphosate on soil chemical properties in a macadamia orchard. ns = not significant (P > 0.05), *P < 0.05; **P < 

0.001. 
    Soil Moisture %   pH   TC (%)    TN (%)   δ15N (‰) 

  df F P   F P   F P   F P   F P 

Biochar 1 0.10 ns   1.42 ns    0.31 ns   0.70 ns   0.00 ns 

Rate 1 0.35 ns   0.08 ns    3.20 ns   4.89 ns   0.07 ns 

Glyphosate 1 6.74 *   3.28 ns   30.12  **    36.29 **   28.96 ** 

Rate × Biochar 1 1.16 ns   0.02 ns   1.61 ns   0.70  ns   0.07 ns 

Rate × Glyphosate 1 0.03 ns   1.66 ns   1.28 ns   1.30 ns    0.00 ns 

Biochar× Glyphosate 1 0.12 ns   0.51 ns   0.29 ns   0.47 ns    0.14 ns 

Rate × Biochar × Glyphosate 1 1.87 ns   0.90 ns   0.51 ns    0.47 ns   0.22 ns 

 3717 

 3718 

 3719 

 3720 

 3721 

 3722 
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Table 4.3. Soil moisture, pH, total C (TC), total N (TN), and N isotope composition (δ15N) in a macadamia orchard following application 

of biochar and glyphosate. Mean standard errors are presented in the brackets. 
 Treatments Soil Moisture % pH TC (%)  TN (%) δ15N (‰) 
 
Under tree canopy-Glyphosate 
 
 

B10 24.15 (4.60) 6.45 (0.03) 5.93 (0.98) 0.40 (0.07) 7.31 (0.51) 
B30 27.02 (4.59) 6.22 (0.30) 5.58 (0.95) 0.37 (0.07) 6.94 (0.62) 
C10 27.19 (4.55) 6.31 (0.13) 7.16 (0.98) 0.50 (0.07) 6.93 (0.53) 
C30 21.63 (3.30) 6.27 (0.09) 5.21 (1.21) 0.35 (0.08) 7.11 (0.63) 

 
Under tree canopy- 
No Glyphosate 
 
 

B10 20.43 (2.55) 6.30 (0.02) 4.42 (0.38) 0.28 (0.03) 6.16 (0.61) 
B30 19.99 (1.93) 6.47 (0.11) 4.05 (0.22) 0.24 (0.01) 6.19 (0.28) 
C10 20.57 (1.89) 6.16 (0.12) 4.12 (0.43) 0.27 (0.03) 6.13 (0.33) 
C30 18.02 (1.23) 6.17 (0.16) 3.68 (0.46) 0.25 (0.04) 5.98 (0.50) 

 
Outside tree canopy-No Glyphosate 
 
 

B10 21.80 (1.30) 6.65 (0.11) 3.26 (0.26) 0.23 (0.02) 3.52 (0.67) 
B30 19.82 (1.37) 6.81 (0.08) 3.47 (0.21) 0.24 (0.02) 3.41 (0.42) 
C10 20.74 (1.84) 6.60 (0.06) 3.99 (0.26) 0.28 (0.02) 4.11 (0.34) 
C30 22.87 (1.56) 6.62 (0.11) 3.47 (0.24) 0.25 (0.02) 3.80 (0.49) 

 3723 

 3724 
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Table 4.4. Abundances of AOA and AOB genes (number of gene copies g-1 soil) 

resulting from treatments of biochar application and glyphosate. Mean standard errors 

are presented in the brackets. No letter means no statistically significant difference. 

  AOB amoA AOA amoA 

 

Under tree canopy-

Glyphosate 

 

B10 6.28 × 105 (2.72 × 105)  3.27 × 104 (1.85 × 104) 

B30 1.06 × 106 (1.62 × 105)   1.44 × 104 (7.57 × 103) 

C10 3.60 × 105 (1.78 × 105)  7.91 × 104 (7.20 × 104) 

C30 2.58 × 105 (1.20 × 105)  4.58 × 103 (4.42 × 103) 

 

Under tree canopy- 

No Glyphosate 

B10 4.67 × 105 (8.65 × 104)  2.31 × 103 (1.49 × 103) 

B30 5.78 × 105 (3.35 × 105)  5.16 × 104 (4.98 × 104) 

C10 4.00 × 105 (6.57 × 104)  5.54 × 103 (4.32 × 103) 

C30 1.16 × 105 (5.67 × 104)  1.22 × 103 (5.52 × 103) 

Outside tree canopy-

No Glyphosate 

 

B10 1.86 × 105 (9.45 × 104)  3.93 × 103 (2.12 × 103) 

B30 3.59 × 105 (2.11 × 105)  2.04 × 104 (2.02 × 104) 

C10 2.27 × 105 (8.64 × 104)  3.20 × 104 (2.99 × 104) 

C30 1.33 × 105 (9.07 × 104)  4.18 × 103 (1.90 × 104) 

 3725 

 Table 4.5. Three-way analysis of variation (ANOVA) of biochar, the 

application rate of biochar and glyphosate on the abundance of AOA 

and AOB in a macadamia orchard. ns = not significant (P > 0.05), *P 

< 0.05; **P < 0.001. 
    AOB amoA   AOA amoA   

  df F P   F P   

Biochar 1 9.26 **   1.77 n.s  

Rate 1 0.16 ns   0.76 n.s   

Glyphosate 2 4.28 *   0.64 n.s   

Rate × Biochar 1 4.15 ns   1.28 n.s   

Rate × Glyphosate 2 0.55 ns   1.01 n.s   

Biochar× Glyphosate 2 1.73 ns   0.64 n.s   

Rate × Biochar × Glyphosate 2 0.15 ns   0.78 n.s   

 3726 

 3727 

 3728 
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4.4.3 Soil bacterial and fungal community composition 3729 

A total of 1,850,432 16S DNA sequence reads were observed with 43,071 - 63,153 3730 

sequences derived per sample and with an average read length of 452 bp. Of these, 15,195 3731 

were bacterial OTUs with 97% sequence similarity. The whole OTUs were derived from 3732 

38 individual bacterial phyla, 901 genes, and 937 species. The most dominant bacterial 3733 

phylum represented were Proteobacteria (39.00%), Actinobacteria (20.72%), and 3734 

Acidobacteria (16.94%) (Fig. 4.4). These accounted for 76.66% of the total number of 3735 

bacterial species detected. No significant differences in bacterial diversities were 3736 

observed within samples from different treatments (P > 0.05), and the bacterial Shannon 3737 

diversity indices ranged from 10.35 to 10.91 (Table 4.6). Bacterial richness, estimated by 3738 

the Chao1 index, was not significantly different among the treatments (Table 4.6). The 3739 

NMDS results showed that the bacterial communities of the treatments with no 3740 

glyphosate and no biochar (outside of the tree canopy) were segregated from the other 3741 

treatments under the tree canopy (Fig. 4.5a). 3742 

A total of 1,814,451 high-quality sequences were observed from the ITS region with 3743 

42,902 - 77,267 sequences detected per sample and an average read length of 350 bp. 3744 

These presented 19 fungal phyla, 320 genes, and 518 species (Fig. 4.6). The most 3745 

abundant fungal phylum represented were the Mortierellomycota (25.11%), 3746 

Basidiomycota (21.90%), and Mucoromycota (20.68%), which accounted for 67.69 % of 3747 

the total number of fungal-associated sequences identified and Mortierellomycota was 3748 

the most abundant phylum detected outside the tree canopy (Fig. 4.6). No significant 3749 

differences in fungal diversity were observed between treatments and the fungal Shannon 3750 

diversity index ranged from 4.54 to 5.89 across treatments (Table 4.6). Similarly, the 3751 

NMDS results showed that the fungal communities of the treatments with no glyphosate 3752 



Chapter 4 Horticultural riparian zone (Repeated application of glyphosate interacted with biochar) 

 
 

160 
 

and no biochar (outside of the tree canopy) were segregated from the other treatments 3753 

under the tree canopy (Fig. 4.5b). 3754 

Table 4.6. Alpha diversity statistics of soil bacteria and fungi in different treatments. Mean standard 

errors are presented in the brackets. No letter means no statistically significant difference. 

  Bacteria    Fungi   

Treatments Chao   Shannon  Chao Shannon  

Under tree canopy-
Glyphosate 

B10 7144.70 (128.96) 10.84 (0.01) 974.43 (39.57) 5.88 (0.31) 
B30 6512.77 (388.96) 10.54 (0.23) 955.55 (71.96) 5.80 (0.49) 
C10 6861.33 (260.73) 10.80 (0.07) 922.73 (66.09) 5.63 (0.22) 
C30 6734.24 (226.06) 10.68 (0.03) 986.84 (52.69) 6.09 (0.21) 

Under tree canopy- 
No Glyphosate 

B10 6891.68 (341.87) 10.83 (0.06) 853.69 (95.45) 4.55 (0.99) 
B30 7319.59 (74.46) 10.91 (0.01) 794.16 (121.72) 4.77 (1.37) 
C10 6725.81 (331.73) 10.73 (0.12) 820.66 (40.65) 5.77 (0.07) 
C30 6660.35 (307.80) 10.67 (0.05) 841.91 (51.79) 5.69 (0.31) 

Outside tree canopy-
No Glyphosate 

B10 6173.54 (213.88) 10.58 (0.11) 692.46 (41.15) 5.04 (0.26) 
B30 6161.12 (68.63) 10.59 (0.04) 744.48 (5.24) 4.80 (0.22) 
C10 6329.54 (87.83) 10.35 (0.29) 738.97 (21.28) 5.32 (0.18) 
C30 6267.91 (194.08) 10.55 (0.03) 755.17 (84.39) 5.08 (0.05) 

 3755 
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Figure 4.4. Soil bacterial community structure at the phylum level at the Beerwah site. 

Relative abundance was based on the proportional frequencies of DNA sequences that 

could be classified. Bacteria phylum identified are shown as individual colors and listed 

in the legend. 

The most abundant bacterial species detected among the treatments were unclassified 3756 

Ambiguous, Bacillus, and uncultured bacterium. Acidobacter was more abundant in the 3757 

areas treated with glyphosate, irrespective of biochar application (Fig. 4.7). Also, lower 3758 

abundances of Flavobacterium were detected outside the tree canopy than under the 3759 

canopy, irrespective of glyphosate or biochar application (Fig. 4.7). The 30 most abundant 3760 

fungal species belonged to Mortierella, Mucor, and unclassified fungi (Fig. 4.8). 3761 
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 3763 

 

Figure 4.6. Soil fungal community structure at the phylum level at the Beerwah site. 

Relative abundance was based on the proportional frequencies of DNA sequences that 

could be classified. Fungal phylum identified are shown as individual colors and listed 

in the legend. 
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Figure 4.7. Heatmap of bacterial distribution of the top 30 abundant species present in 

the microbial community of samples. The heatmap depicted the relative abundance of 

the different treatments in Beerwah. The relative values for bacterial species are 

indicated by color intensity. 
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Figure 4.8. Heatmap of fungal distribution of the top 30 abundant species present in 

the microbial community of samples. The heatmap depicted the relative abundance of 

the different treatments in Beerwah. The relative values for fungal species are indicated 

by color intensity. 
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The bacterial co-occurrence patterns and network analysis at the phylum level showed 3764 

that Acidobacteria and Actinobacteria were more abundant in the glyphosate treated 3765 

areas, irrespective of biochar presence or absence (Fig. 4.9). However, Proteobacteria 3766 

were most abundant in areas without application of glyphosate (Fig. 4.9). The 3767 

phylogenetic diversity of soil fungal communities indicated that Ascomycota was more 3768 

abundant in the glyphosate treated areas and the abundance of Ascomycota decreased in 3769 

areas without the application of glyphosate (Fig. 4.10). Moreover, the abundances of 3770 

Mortierelomycota and Mucoromycota were increased in areas without application of 3771 

glyphosate (Fig. 4.10). 3772 

 3773 

 3774 

 3775 

 3776 

 3777 

 3778 

 3779 

 3780 

 3781 

 3782 

 3783 
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 3784 

Figure 4.9. Bacterial phyla identified under different treatments including under tree canopy (red-shade), under tree canopy (no glyphosate) 3785 

(green-shade), and outside tree canopy (no glyphosate) (yellow-shade). The width of lines between treatments (top) and taxa (bottom) indicate 3786 

the relative abundance of taxa within soil samples of that treatment. Phyla in very small abundances (<1% per sample on average), were 3787 

grouped as “Other”. 3788 

 3789 
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 3790 

Figure 4.10. Fungal phyla identified under different weed control methods including under tree canopy (red-shade), under tree canopy (no 3791 

glyphosate) (green-shade), and outside tree canopy (no glyphosate) (yellow-shade). The width of lines between treatments (top) and taxa 3792 

(bottom) indicate the relative abundance of taxa within soil samples of that treatment. Phyla in very small abundances (<1% per sample on 3793 

average), were grouped as “Other”. 3794 

 3795 
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4.4.4 Foliar chemical analysis 3796 

No significant differences were observed in foliar TC and TN as well as foliar δ15N among 3797 

the treatments (Table 4.7). Foliar TC ranged between 48.10% and 48.43% with the 3798 

highest detected in areas with B30 and the lowest observed in C30 treatments. Foliar TN 3799 

varied between 1.30 and 1.40 among treatments (Table 4.7).  3800 

Table 4.7. Total C (TC), total N (TN), and N isotope composition (δ15N) in 

macadamia leaf following 64 months of application of biochar. Mean standard 

errors are presented in the brackets. No letter means no statistically significant 

difference. 

Treatments TC (%) TN (%)         δ15N (‰) 

B10 48.08 (0.14) 1.37 (0.03) 3.19 (0.57) 

B30 48.43 (0.18) 1.36 (0.05) 2.33 (0.61) 

C10 47.20 (0.63) 1.40 (0.03) 3.10 (0.64) 

C30 48.10 (0.38) 1.30 (0.05) 3.00 (0.75) 

 3801 

4.5 Discussion 3802 

4.5.1 Effects of glyphosate and biochar on soil TN  3803 

Glyphosate had significantly higher soil TN  compared with areas with no application of 3804 

glyphosate in this study. This is in agreement with a previous study that indicated that 3805 

long-term glyphosate application (6-years) increased the soil TN content (Nivelle et al., 3806 

2018). It was proposed that glyphosate induces desiccation of roots and residue and 3807 

enhances microbial access to residual constituents of weeds and thus increases soil N 3808 

mineralisation (Snapp et al., 2005). The degradation of glyphosate is controlled by 3809 

microbially-mediated process, which provides C and N sources for supporting soil 3810 

microbial growth and activity (Kremer et al., 2005). It has been reported that glyphosate 3811 

decomposition in soil is relatively fast (Alexa et al., 2009; Tejada, 2009) with the half-3812 

life reported being within 0.8-151 days (Bai and Ogbourne, 2016). Heterotrophic soil 3813 
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microorganisms require C and N for their growth (Haney, 2000). Eventually, N in excess 3814 

of microbial demand is released in the soil as an inorganic form of N (Alexander 1977; 3815 

Schimel and Bennett, 2004) leading to increase soil N pools. Since glyphosate had not 3816 

been applied for two years before the current study, I would not suggest that TN increases 3817 

were related to the degradation of glyphosate in the soil. Additionally, in this study, 3818 

glyphosate had higher soil TC compared with areas with no application of glyphosate, 3819 

which may have been associated with dieback of weeds and roots leading to increased 3820 

availability of easily degradable C compounds (Imparato et al., 2016). Increased soil C 3821 

could further provide a substrate to stimulate microbial activity leading to an increase in 3822 

soil TN over time. In our study area, the moved areas were cleared from weed residue. 3823 

Hence, lower TC in no-glyphosate areas may be related to the removal of weed residues. 3824 

A combination of weed removal from no-glyphosate area and degradation of weed 3825 

residues in glyphosate area could explain higher TC in glyphosate than no-glyphosate 3826 

which in turn led to higher TN in glyphosate area than no-glyphosate area. The study also 3827 

showed that soil δ15N was significantly higher in areas with the application of glyphosate 3828 

and since enriched soil δ15N indicates active N cycling, a high microbial N transformation 3829 

in these areas is proposed (Högberg, 1997; Kleinebecker et al., 2013). Hence, glyphosate 3830 

may have stimulated N transformation in this study through increased soil C substrate 3831 

over time. 3832 

Conversely, the application of Biochar did not affect soil TN sampled in this study. Soil 3833 

TN has increased in soil when poultry litter biochar has been used compared with green 3834 

waste biochar most likely due to TN content mineralisation of biochar (Bai et al., 2015a). 3835 

The wood-based biochar used in this study contains very low TN content to be released 3836 

into the soil as a result of mineralisation (Bai et al., 2015a; Nguyen et al., 2018; Asadyar 3837 

et al., 2020). Generally, the majority of biochar types are known to stimulate N 3838 
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transformation and hence affect soil inorganic N rather than TN (Bai et al., 2015a; 3839 

Nguyen et al., 2018). In another complementary study undertaken in the same orchard, 3840 

no effect of biochar on soil TN nor foliar TN has been observed two years following the 3841 

application of biochar (Asadyar et al., 2020), which was also evident in the current study. 3842 

However, an increase of soil NO3
--N concentration as a result of increased nitrification 3843 

was previously detected (Asadyar et al., 2020). Although soil inorganic N was not 3844 

measured in this study, AOB was responsive to biochar, which supports the conclusion 3845 

that N transformation was stimulated in the presence of biochar at the trial site.  3846 

4.5.2 Effects of  glyphosate and biochar on soil microbial communities 3847 

The abundance of AOB was still elevated two years after cessation of glyphosate and 3848 

following 12 years of repeated application of glyphosate. In contrast, the abundance of 3849 

AOA was not impacted by the glyphosate treatment. As previously reported, AOB is more 3850 

responsive to toxicants such as fungicides (mancozeb) (Feld et al., 2015) and microcystins 3851 

(Corbel et al., 2015) than AOA. The behaviour and population size of AOA and AOB are 3852 

known to vary among land management practices due to their different metabolisms, 3853 

protein syntheses, and cell sizes (Taylor et al., 2010; Song et al., 2016b). This indicates 3854 

that niche specialisation and differentiation may occur between soil AOA and AOB. The 3855 

high level of ribosomal content and cell activity in AOB (Wagner et al., 1995; 3856 

Hatzenpichler et al., 2008; Carey et al., 2016) may make it more susceptible to external 3857 

environmental factors (Zhang et al., 2014). With regards to glyphosate, there is a lack of 3858 

information about the effect of glyphosate on the abundance of AOA and AOB, and the 3859 

existing results are contradictory. The published half-life of glyphosate in soil suggests 3860 

that it is unlikely that any glyphosate residues remain two years after glyphosate 3861 

application.  However, actual soil glyphosate residual levels at this site have not been 3862 

established.  Therefore, it is particularly interesting that I observed increased AOB in the 3863 



Chapter 4 Horticultural riparian zone (Repeated application of glyphosate interacted with biochar) 

 
 

172 
 

glyphosate treated areas when glyphosate application ceased more than two years ago. 3864 

Potentially, the increased AOB observed may be associated with increased TC in 3865 

glyphosate areas rather than a direct effect of glyphosate application on the microbial 3866 

communities.  3867 

This study showed that biochar had significantly higher abundance of AOB compared 3868 

with areas with no biochar, however, no significant changes were observed in the 3869 

abundance of AOA. An increase in the abundance of AOB after biochar application has 3870 

previously been reported (Bi et al., 2017; Lin et al., 2017). This may be influenced by soil 3871 

pH, biochar feedstock, and pyrolysis temperature. In particular, soil pH plays a key role 3872 

in the structure and abundance of ammonia oxidizing microorganisms (Nicol et al., 2008) 3873 

and biochar was found to significantly increase the abundance of AOB amoA gene copy 3874 

in acidic soil (Xiao et al., 2019). The addition of biochar in this study did not significantly 3875 

change soil pH and hence this did not drive the increase in AOB observed in the current 3876 

study. However, a recent meta-analysis did show that wood-based biochar increased the 3877 

abundance of AOB by 140.6% (Xiao et al., 2019), likely because it increases soil porosity 3878 

and aeration (Lei and Zhang, 2013). This then promotes the growth of nitrifying bacteria, 3879 

and more specifically, AOB (Xiao et al., 2019). Additionally, high biochar pyrolysis 3880 

temperature (i.e. >500°C) has also increased the abundance of AOB according to the 3881 

recent meta-analysis study (Xiao et al., 2019). The observation from this study, that the 3882 

abundance of AOB was high 64 months after the application of biochar is interesting and 3883 

significant. 3884 

No significant impact of biochar, glyphosate, or interaction between them was found to 3885 

affect soil microbial diversity and community structure for either the bacterial and fungal 3886 

phyla. This is in agreement with a previous study and proposed to be because some 3887 

prokaryotic and fungal species are resilient and able to metabolize glyphosate, protecting 3888 
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other susceptible species within the same communities (Kepler et al., 2020). Meanwhile, 3889 

higher application rates of glyphosate and immediate microbial community profiling have 3890 

previously been shown to lead to overwhelming resistant microbes (Kepler et al., 2020). 3891 

In this study, I did not have soil samples taken before glyphosate application, but 3892 

glyphosate had been applied at the labelled rate and had ceased two years before this 3893 

study, which could explain why no significant impact of glyphosate on soil microbial 3894 

diversity and community structure was found in this study. 3895 

Previous studies have demonstrated no response in bacterial community structures 3896 

following long-term biochar application (i.e. > two years) (Quilliam et al., 2012; 3897 

Anderson et al., 2014). In the current study, biochar was applied 64 months before 3898 

sampling. One of the potential reasons why biochar did not affect soil microbial diversity 3899 

and community structure is the process of biochar aging over time. Biochar aging may 3900 

alter its physical and chemical properties including smaller surface areas and changes in 3901 

functional surface groups particularly carboxylic and hydroxyl groups and pH (Mia et al., 3902 

2017). Aged biochar may also decrease the available space for the growth of 3903 

microorganisms due to the build-up of many organic and inorganic compounds on the 3904 

biochar surface (Jindo et al., 2012; Weng et al., 2017). Soil pH plays a critical role in the 3905 

soil biochemical process and is one of the driving factors affecting soil microbial diversity 3906 

and community structure (Rousk et al., 2010; Fan et al., 2018; Wang et al., 2012). This 3907 

study showed that biochar and glyphosate did not change pH, which might explain why I 3908 

did not observe any changes in soil microbial community. 3909 

4.6 Conclusions 3910 

This study examined the impacts of repeated application of glyphosate interacted with 3911 

biochar on the soil N cycling and soil microbial communities two years since glyphosate 3912 

was last applied. The results showed that areas with the application of glyphosate had 3913 
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higher soil TN compared with areas with no glyphosate application, which may suggest 3914 

that glyphosate may have stimulated N transformations in this study through increasing 3915 

soil C substrate resulting from the degradation of glyphosate and dieback of weeds. No 3916 

effect of glyphosate on soil microbial community and diversity was observed after two 3917 

years since glyphosate was ceased. However, glyphosate had a significantly higher 3918 

abundance of AOB, which may be associated with increased TC in the glyphosate areas. 3919 

Conversely, biochar did not affect soil TN  in this study, which may be mainly associated 3920 

with types of biochar used (wood-based biochar) in this study which contain a low amount 3921 

of TN. Biochar also had a significantly higher abundance of AOB, which is also 3922 

associated with the type of biochar used. Wood-based biochar further increases the 3923 

porosity and improves soil aeration, thus promote the growth of nitrifying bacteria more 3924 

specifically AOB. In summary, neither glyphosate nor biochar influenced soil microbial 3925 

diversity or community structure, but both increased AOB abundance with possible 3926 

long-term implications on soil N cycling even after two years following the cessation of 3927 

glyphosate applications. 3928 
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5.1 Abstract 4323 

Glyphosate as one of the broad-spectrum, post-emergence, non-selective types of 4324 

herbicide is extensively used in horticultural systems and revegetation projects. Extensive 4325 

use of glyphosate may lead to negative environmental impacts including contamination 4326 

of water systems and alteration of soil microbes. Soil nitrogen (N) transformations are 4327 

mainly microbially meditated processes and alteration of soil microbes would 4328 

consequently affect soil N transformations. Amendments such as biochar applications 4329 

have gained considerable attention due to their potential to improve soil N retention. 4330 

However, glyphosate may interact with biochar immediately after being applied, which 4331 

may, in turn, affect soil N transformations in short-term. To my knowledge, the short-4332 

term interaction of biochar with glyphosate and their effects on soil N transformations are 4333 

quite limited. This study examined the dynamics of soil inorganic N pools, cumulative 4334 

ammonification, nitrification, and N mineralisation associated with the application of 4335 

glyphosate in a soil amended with biochar, which was applied 83 months before this 4336 

study, using 15N pool dilution and micro-diffusion technique in a 5-day incubation study. 4337 

Treatments were included as B: biochar, B+G: biochar and glyphosate, No B+G: no 4338 

biochar and glyphosate, and No B+No G: no biochar and no glyphosate under 50% and 4339 

60% water holding capacity (WHC). The results showed that δ15N of NO3
--N was not 4340 

affected by any of the main factors– glyphosate, biochar, and moisture content, nor by 4341 

their interactions. However, this study showed that nitrification and mineralisation were 4342 

stimulated by biochar. The results also showed that application of glyphosate significantly 4343 

decreased δ15N of NH4
+-N in the soil following 3- and 5-day incubation, indicating that 4344 

N mineralisation occurred, which could be related to stimulation of soil microbes due to 4345 

the addition of carbon (C) as a source for soil microbes resulting from the decomposition 4346 

of glyphosate. This study showed that δ15N in soil mineral N pools was sensitive to the 4347 
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addition of glyphosate in the presence of biochar and it could be used to evaluate initial 4348 

soil N transformations. This study suggested that soil nitrification and mineralisation are 4349 

influenced by biochar even after 83 months of application. 4350 

Keywords: Biochar, Glyphosate, δ15 N of inorganic N, ammonification, nitrification, N 4351 

mineralisation 4352 

5.2 Introduction 4353 

 Nitrogen (N) is an essential component for living organisms (Osman, 2012), and plant 4354 

growth is largely dependent on N availability in soil (Atkinson et al., 2010; Bai et al., 4355 

2012). However, N transformations in soil depend on microbial and biochemical 4356 

processes, which can be influenced by many factors such as different land management 4357 

practices (Balasubramanian et al., 2004; Mikha et al., 2006; Asadyar et al., 2020; Hannet 4358 

et al., 2021). Land management practices (including weed control methods and soil 4359 

inorganic inputs) would affect soil N transformations due to their effects on soil 4360 

biochemical properties (Reverchon et al., 2020; Hannet et al., 2021). In order to maintain 4361 

the long-term functionality of agricultural ecosystems, it is essential to understand the 4362 

short-term effects of different land management practices on soil N transformations.  4363 

Glyphosate is widely applied in horticulture systems and revegetation projects (Duke and 4364 

Powles 2008). Glyphosate inhibits the activity of 5-enolpyruvylshikimate-3-phosphate 4365 

synthase (EPSPS) enzyme, which is found in plants, bacteria, and fungi (Padgette et al., 4366 

1995; Nguyen et al., 2016) and some of which are an important contributor to soil N 4367 

transformations (Feng et al., 2005). Glyphosate is highly soluble in water (Maqueda et 4368 

al., 2017), thus can contaminate close-by water systems via agricultural and horticultural 4369 

runoff and also can leach to the soil profile (Borggaard et al., 2008; Mörtl et al., 2013). 4370 

Repeated application of glyphosate may induce changes in soil microbial composition 4371 
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and structure and subsequently affect soil N transformations. However, reports of short- 4372 

and long-term studies are contradictory and can be site-specific (Bai and Ogbourne, 4373 

2016), which was also confirmed in Chapter 3 of this thesis where the response of soil 4374 

microbial biomass to glyphosate was site-specific. For example, short-term (two to eight 4375 

months) repeated application of glyphosate has shown no impact on microbial biomass 4376 

nitrogen (MBN) and soil microbial community (Bottrill et al., 2020), whereas some 4377 

studies indicate that the long-term repeated application of glyphosate may have adverse 4378 

consequences on microbial community and structure (Helander et al., 2018) and 4379 

eventually affect soil N transformations. Glyphosate can rapidly be adsorbed to soil 4380 

particles and become unavailable via the presence of its functional groups in glyphosate 4381 

(Mertens et al., 2018). The adsorption level may vary depending on soil types, nutrient 4382 

content, pH, and soil organic matter (SOM) content (Borggard and Gimsing, 2008). Soil 4383 

that contains a higher amount of SOM often increases glyphosate adsorption (Mamy et 4384 

al., 2005).  4385 

 Biochar is one of the soil amendments, which contains high levels of stable carbon 4386 

(Clough et al., 2013; Bai et al., 2015; Nguyen et al., 2017). Biochar has recently received 4387 

much interest due to its potential to enhance plant production in a variety of natural and 4388 

agricultural environments by improving the fertility of degraded soils and storing C 4389 

removed from the atmosphere by plants (Lehmann et al., 2006). Biochar has the ability 4390 

to improve soil chemical, physical and microbial properties (Ding et al., 2016; Nguyen et 4391 

al., 2017; Farrar et al., 2021). The addition of biochar to soil could improve soil structure, 4392 

increase soil porosity, enhance water retention in soil and maximise soil N retention by 4393 

altering cation and anion exchange capacity in the soil and alteration of soil moisture and 4394 

pH (Clough et al., 2013; Slavich et al., 2013; Nguyen et al., 2017; Nguyen et al., 2018). 4395 

Previous studies have shown that biochar has a high capacity to adsorb and inorganic 4396 
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compounds such as herbicides (Herath et al., 2016). The sorption ability of biochar is 4397 

associated with different mechanisms including the physical characteristic of biochar 4398 

such as the porosity structure, aromatic-rich core structure, and also large surface area of 4399 

biochar. Soil and herbicide characteristics such as mineral content, soil pH as well as 4400 

chemical hydrophobicity are other important factors that affect the sorption ability of 4401 

biochar (Qiu et al., 2009). However, to my knowledge, the interaction of biochar with 4402 

glyphosate and their effect on soil N transformations remains unclear. 4403 

The natural abundance of 15N (δ15N) also has been used as a reliable indicator that 4404 

provides insight into N cycling in terrestrial ecosystems (Robinson, 2001; Brearley, 2013; 4405 

Wang et al., 2015; Tahmasbian et al., 2019; Choi et al., 2020; Wang et al., 2020). 4406 

Determination of δ15N of soil inorganic N including δ15N of ammonium (δ15N of NH4
+-4407 

N) and δ15N of nitrate (δ15N of NO3
--N) provides a better understanding of soil N 4408 

transformations (Cheng et al., 2010; Schwarz et al., 2011; Brearley, 2013; Wang et al., 4409 

2015; Wang et al., 2020). Soil δ15N is affected by the input and output of N and pathways, 4410 

which are influenced by different land management practices (Robinson, 2001; 4411 

Amundson et al., 2003; Choi et al., 2020). Long-term soil N transformations under the 4412 

application of biochar have been studied extensively (Bai et al., 2015; Nguyen et al., 4413 

2017). However, short-term fluxes of N cycling have been overlooked, which are likely 4414 

to be involved in the immediate immobilisation of labile C and N pools. Incubation 4415 

studies should be conducted in the short-term, usually within 3- to 5- days to minimise 4416 

potential remineralisation (Barraclough, 1995) and are conducted under conditions where 4417 

there is no plant uptake and leaching, therefore soil N transformations operating with only 4418 

microbial activities. Hence, this study aimed to understand how the interaction of biochar 4419 

and glyphosate would affect soil N transformations in short-term under 5-day laboratory 4420 

incubation. 4421 
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5.3 Materials and methods 4422 

5.3.1 Site description and sampling program 4423 

The soil samples were collected from the macadamia orchard located at Beerwah in South 4424 

East Queensland, Australia (26 ̊50014.1600S 152 ̊56049.9600E) (Chapter 4). Macadamia 4425 

seedlings were planted in 2003 and biochar was applied in 2012 using a randomised 4426 

complete block design with six replicates per treatment (Bai et al., 2015). Biochar was 4427 

applied at the rate of 30 dry t ha-1 (B) and was mixed with soil at the ratio of 1:1.5 (w/w; 4428 

dry weight) before application (Bai et al., 2015). No biochar plots (NB) received the same 4429 

amount of soil with no biochar. Soil samples were collected in September 2019 (83 4430 

months following the biochar application) from both plots B and NB, 50 cm from the tree 4431 

trunk at depth of 0-5 cm. Soil samples were sieved (2 mm) and divided into two sub-4432 

samples. One sub-sample was air-dried for the determination of soil physical and 4433 

chemical properties and the other sub-samples were used for incubation experiment.  4434 

5.3.2 Soil incubation experiment 4435 

Eight treatments were included in this study (Table 5.1): (1) B: biochar with no 4436 

glyphosate; (2) B+G: biochar with glyphosate; (3) NB+G: No biochar with glyphosate 4437 

and; (4) NB+NG: No biochar no glyphosate. All treatments were conducted at 50% and 4438 

60% soil water holding capacity (WHC). Therefore, in this study, I had eight treatments. 4439 

Each treatment had six replicates.  4440 

 4441 

 4442 

 4443 

 4444 
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Table 5.1. Summary of incubation treatments 4445 

Treatments WHC Action 

B 50%  soil amended with biochar + adjusted water at 50%WHC 

B 60%  soil amended with biochar + adjusted water at 60%WHC 

B+G 50%  Added glyphosate to soil amended with biochar + adjusted water at 50%WHC 

B+G 60%  Added glyphosate to soil amended with biochar + adjusted water at 60%WHC 

NB+G 50%  Added glyphosate to soil without biochar + adjusted water at 50%WHC 

NB+G 60% Added glyphosate to soil without biochar + adjusted water at 60%WHC 

NB+ NG 50%  No biochar and no glyphosate + adjusted water at 50%WHC 

NB+ NG 60%  No biochar and no glyphosate + adjusted water at 60%WHC 

 

B: biochar with no glyphosate; B+G: biochar with glyphosate; NB+G: No biochar with 

glyphosate; NB+NG No biochar no glyphosate; WHC: water holding capacity. 

 

Soil samples (50 g dry weight) were placed into a 225 ml plastic container (4.2 mm 4446 

external diameter × 9 mm height). In total, 168 soil containers were prepared for this 4447 

experiment, including 84 samples with biochar and 84 samples without biochar. 4448 

Roundup® (360 g glyphosate as active ingredients) were mixed with double-distilled H2O 4449 

(ddH2O) at the recommended label rate and then added to the soil. The soil samples were 4450 

initially adjusted to 50% and 60% WHC. All soil samples were incubated in the dark at 4451 

28 °C for 1, 3, and 5 days. After days, 1, 3, and 5 the soil in each container was 4452 

homogenized and randomly taken for determination of soil mineral N content. 4453 

Background soil chemical properties of soil used in the incubation study were presented 4454 

in Table 5.2.  4455 

 4456 

 4457 

 4458 
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Table 5.2. Background soil properties of the 0-5 cm soils at study site of B (biochar) and 

NB (no biochar) plots in a macadamia orchard. Soil moisture, pH, total C (TC), total N 

(TN), and nitrogen isotope composition (δ15N). Mean standard errors are presented in the 

brackets. 

Treatments Soil moisture pH  TC (%)  TN (%) δ15N (‰) 
B  14.82   (0.46) 5.77 (0.03) 5.58  (0.95) 0.37 (0.07) 6.94 (0.62) 
NB 12.29   (0.48) 5.70 (0.04) 5.21 (1.21) 0.35 (0.08) 7.11 (0.63) 
 4459 

5.3.3 Soil chemical analysis 4460 

Soil pH was measured before and after the incubation, using deionised water with a 1:5 4461 

(soil: water ratio). Soil moisture content before and after 5-day incubation were 4462 

determined by using 20 g sub-sample soil which was oven-dried at 105 ºC for 24 hours. 4463 

The soil weights before and after oven drying were recorded and soil moisture was then 4464 

calculated. Samples collected at days 1, 3, and 5 following incubation were assessed for 4465 

their soil NH4
+-N and NO3 --N concentrations by 2 M KCl (1:5 w/v) extraction. Briefly, 4466 

8 g of incubated soil were weighed, then 40 ml 2 M KCl was added to the samples and 4467 

the suspension was shaken for 60 min followed by centrifuged for 20 min at 2000 rpm. 4468 

After centrifuging, the samples were filtered through a Whatman No. 42 filter paper. Day 4469 

0 was processed as above without incubation and adding Roundup®. The same amount of 4470 

KCl solution was also filtered and analysed as the blank.  4471 

The mineral 15N in KCl extracts was determined using the micro diffusion method with 4472 

some modifications. In brief, two 10 ml of KCl extraction from each sample were 4473 

transferred into new containers and were labelled with 100 µl ammonium sulphate (NH4)2 4474 

SO4 and 100 µl potassium nitrate (KNO3) separately. Acid traps were conducted by 4475 

placing two small filter discs (~0.5 cm diameter, ash-free filter paper) into a Teflon tape 4476 

spiked with 10 µl 2.5 M potassium bisulfate (KHSO4). The Teflon tape was closed and 4477 

sealed carefully around each disk to trap the acid and was placed in the middle of the lid 4478 
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5.3.4 Data analysis 4497 

Three-way analysis of variance (ANOVA) was used to analyse the effects of factors 4498 

‘biochar’, ‘glyphosate’, ‘soil moisture content’, and their interactions on soil N 4499 

transformations. Where interaction between biochar and glyphosate or moisture were 4500 

found significant, a series of one-way ANOVA was performed to explore differences 4501 

among treatments. All statistical tests were performed using IBM SPSS software version 4502 

26. Cumulative ammonification, nitrification, and N mineralisation rates were calculated 4503 

as the sum of NH4
+-N and NO3 --N during days 1 to 5 of the incubation study. The value 4504 

of δ15N of NH4
+-N and NO3 --N was determined using the following equation: 4505 

δ15N (‰) = 1000× [(Rsample- Rstandard)/Rstandard]                                                          Eq. (5.1) 4506 

Where R is the isotopic ratio 15N/14N of sample and standard, which refers to the 4507 

atmospheric N2. 4508 

5.4 Results 4509 

5.4.1 The δ15N of soil inorganic N pool 4510 

No significant differences were observed for the main factors of glyphosate, biochar, 4511 

moisture content, and their interactions on δ15N of NO3
--N (three-way ANOVA, P > 0.05) 4512 

with an exception observed for the interaction of biochar and glyphosate on day 1 of 4513 

incubation (Table 5.3). The δ15N of NO3
--N was ranged between 790.0 ‰ and 933.2 ‰ 4514 

throughout the 5-day incubation study (Table 5.4). 4515 

 4516 

 4517 
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Table 5.3. Three-way analysis of variation (ANOVA) on the impacts of biochar, glyphosate and soil 

moisture content on δ15N of NO3
--N following five days incubation. ns = not significant (P > 0.05), 

*P < 0.05; **P < 0.001. 

Treatments 
δ15N NO3

--N (day-1)  δ15N NO3
--N (day-3)  δ15N NO3

--N (day-5) 

df F P  df F P  df F P 

Biochar 1 0.23 ns  1 0.91 ns  1 1.80 ns 

Glyphosate  1 0.00 ns  1 1.32 ns  1 3.31 ns 

Moisture 1 0.46 ns  1 0.22 ns  1 3.11 ns 

Biochar × Glyphosate 1 4.29 *  1 0.02 ns  1 1.68 ns 

Biochar × Moisture 1 2.12 ns  1 1.46 ns  1 0.00 ns 

Glyphosate × Moisture 1 0.07 ns  1 0.00 ns  1 3.78 ns 

Biochar × Glyphosate × Moisture 1 0.04 ns  1 0.19 ns  1 3.72 ns 

 

B: biochar with no glyphosate; (2) B+G: biochar with glyphosate; (3) NB+G: No biochar with 

glyphosate; (4) NB+NG No biochar no glyphosate. 

 

Table 5.4. Soil δ15N (‰) of NO3
--N following five days incubation among different 

treatments. Values are the means ± standard errors (n=6). 

Treatment WHC Day 1 Day 3 Day 5 
B 50% 850.3 (43.4) 891.1 (23.8) 860.4 (21.4) 
B 60% 827.3 (40.3) 880.5 (17.3) 917.7 (6.8) 
B+G 50% 905.6 (46.5) 933.2 (18.6) 904.7 (13.6) 
B+G 60% 886.3 (50.1) 899.2 (11.5) 883.9 (3.7) 
NB+G 50% 790.0 (52.4) 859.0 (90.3) 912.4 (10.5) 
NB+G 60% 862.0 (25.3) 924.3 (15.7) 929.6 (4.8) 
NB+NG 50% 859.6 (15.6) 834.7 (62.2) 880.8 (26.2) 
NB+NG 60% 904.9 (13.1) 870.7 (30.3) 898.3 (10.4) 
 

B: biochar with no glyphosate; B+G: biochar with glyphosate; NB+G: No biochar with 

glyphosate; NB+NG No biochar no glyphosate. 

 

The application of glyphosate as the main factor significantly decreased δ15N of NH4
+-N 4518 

following the 3- and 5- days incubation (three-way ANOVA, P < 0.05) (Table 5.5). 4519 

However, there was no significant effect observed for other factors – biochar or moisture 4520 

content, nor for their interaction on δ15N of NH4
+-N (Table 5.5). The δ15N of NH4

+-N did 4521 
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not significantly change among different treatments compared with those of the control 4522 

throughout the 5-day incubation (one-way ANOVA) and it was ranged between 768.1 ‰ 4523 

and 986.9 ‰ (Table 5.6).  4524 

5.4.2 Changes in cumulative soil ammonification, nitrification, and N mineralisation 4525 

Soil moisture as one of the main factors also had significantly increased the cumulative 4526 

ammonification (Table 5.7). Moreover, the interaction of biochar and glyphosate had 4527 

significantly increased the cumulative ammonification following 5-day incubation (three-4528 

way ANOVA, P < 0.05) (Table 5.7) compared with control. Biochar as the main factor 4529 

significantly increased soil nitrification following 5-day incubation (three-way ANOVA, 4530 

P < 0.05) (Table 5.7) compared with control. The interaction of glyphosate and biochar 4531 

also had significantly decreased the cumulative nitrification (Table 5.7). A three-way 4532 

ANOVA showed that cumulative N mineralisation was influenced by biochar and 4533 

interaction of biochar and moisture content (Table 5.7). A one-way ANOVA showed that 4534 

cumulative ammonification did not differ among treatments (Fig. 5.2). Treatment with no 4535 

biochar and glyphosate (No B+G) under 50% WHC and 60% WHC had significantly 4536 

higher cumulative nitrification than treatment with biochar and glyphosate (B+G) under 4537 

50% WHC  (Fig. 5.2). Similarly, Treatment with no biochar and glyphosate (No B+G)  4538 

under 50% WHC has significantly higher cumulative mineralization than treatment with 4539 

biochar and glyphosate (B+G) under only 50% WHC (Fig. 5.2). 4540 

 4541 

 4542 

 4543 

 4544 
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Table 5.5. Three-way analysis of variation (ANOVA) on the impacts of biochar, glyphosate and 

soil moisture content on δ15N of NH4
+-N following five days incubation. ns = not significant (P > 

0.05), *P < 0.05; **P < 0.001. 

Treatments 
δ15N NH4

+-N (day-1)  δ15N NH4
+-N (day-3)  δ15N NH4

+-N (day-5) 

df F P  df F P  df F P 

Biochar 1 0.50 ns  1 0.80 ns  1 0.03 ns 

Glyphosate  1 0.22 ns  1 5.23 *  1 5.34 * 

Moisture 1 1.59 ns  1 1.59 ns  1 0.09 ns 

Biochar × Glyphosate 1 1.78 ns  1 0.13 ns  1 0.02 ns 

Biochar × Moisture 1 1.02 ns  1 0.29 ns  1 2.27 ns 

Glyphosate × Moisture 1 0.24 ns  1 0.84 ns  1 0.16 ns 

Biochar × Glyphosate × Moisture 1 0.47 ns  1 0.02 ns  1 0.19 ns 

 4545 

 4546 

 4547 

 4548 

 4549 

 4550 

 4551 

Table 5.6. Soil δ15N (‰) of NH4
+-N following five days incubation among different treatments. 

Values are the means ± standard errors (n=6). 
Treatments WHC Day 1 Day 3 Day 5 
B 50% 925.5 (12.3) 871.0 (22.9) 949.8 (34.3) 
B 60% 823.8 (34.6) 869.1 (25.8) 976.9 (11.9) 
B+G 50% 808.2 (16.1) 774.3 (22.9) 904.3 (30.5) 
B+G 60% 882.1 (16.8) 827.2 (40.5) 930.4 (13.2) 
NB+G 50% 855.3 (13.4) 768.1 (50.4) 930.3 (18.2) 
NB+G 60% 850.0 (45.2) 871.9 (44.4) 916.2 (19.0)  
NB+NG 50% 953.9 (22.1) 902.7 (12.1) 986.9 (10.1) 
NB+NG 60% 912.3 (9.8) 928.5 (9.0) 941.0 (49.1) 
 

B: biochar with no glyphosate; B+G: biochar with glyphosate; NB+G: No biochar with 

glyphosate; NB+NG No biochar no glyphosate. 
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Table 5.7. Three-way analysis of variation (ANOVA) on the impacts of biochar, glyphosate and 

soil moisture content on cumulative ammonification, nitrification and N mineralization following 

five days incubation. ns = not significant (P > 0.05), * P < 0.05; ** P < 0.001. 

Treatments 
Ammonification  Nitrification   N Mineralization 

df F P  df F P  df F P 

Biochar 1 0.26 ns  1 12.36 **  1 7.61 * 

Glyphosate  1 0.16 ns  1 0.16 ns  1 0.31 ns 

Moisture 1 6.10 *  1 1.71 ns  1 0.24 ns 

Biochar × Glyphosate 1 4.40 *  1 12.15 **  1 3.65 ns 

Biochar × Moisture 1 0.69 ns  1 3.54 ns  1 4.22 * 

Glyphosate × Moisture 1 0.17 ns  1 0.28 ns  1 0.27 ns 

Biochar × Glyphosate × Moisture 1 0.90 ns  1 0.58 ns  1 0.02 ns 

 4552 

 4553 

 4554 

 4555 
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 4556 

Figure 5.2. Cumulative (a) ammonification, (b) nitrification, and (c) N mineralization 4557 

among treatments following five days incubation. Treatments were B: biochar (black 4558 

columns), B+G: biochar and glyphosate (hatch columns), No B+G: no biochar and 4559 

glyphosate (dotted grey columns), and NB+NG: no biochar and no glyphosate (white 4560 

columns)   under 50% and 60% WHC. Different letters indicate significant differences 4561 

among all treatments (one-way ANOVA, P < 0.05, n=6). 4562 
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5.5 Discussion 4563 

This study showed that biochar significantly increased soil nitrification which is 4564 

consistent with previous studies that reported biochar addition in the soil can stimulate 4565 

nitrification (Berglund et al., 2004; Gundale and DeLuca, 2006; Joseph et al., 2009; 4566 

Mukherjee and Lal, 2013). Increased nitrification in soil amended with biochar can be 4567 

explained through different mechanisms. For example, biochar moderates soil 4568 

temperature, enhances water retention, and reduces soil bulk density which adsorbs 4569 

nitrifier inhibitors from the soil, thus stimulate nitrification (Joseph et al., 2009; 4570 

Mukherjee and Lal, 2013; Zhang et al., 2013). Biochar, more specifically wood biochar, 4571 

increases the porosity structure and improves soil aeration (Xiao et al., 2019), which in 4572 

turn could result in enhanced growth of nitrifying bacteria. A recent meta-analysis has 4573 

shown that the wood-based biochar increases the abundance of nitrifying bacteria (AOB) 4574 

and archaea (AOA) by 140.6% and 56.1% respectively (Xiao et al., 2019). The biochar 4575 

used in my study was wood-based biochar, which could explain why I observed increased 4576 

nitrification with the application of biochar. My experiment in Chapter 4 also indicated 4577 

that biochar had significantly higher AOB abundance than no biochar plots, which could 4578 

explain why biochar stimulated nitrification. 4579 

This study also showed that biochar significantly increased soil mineralisation, which is 4580 

consistent with previous studies (Ameloot et al., 2015; Case et al., 2015; Gundale et 4581 

al., 2015). The fraction of labile C in biochar may enhance soil microbial growth and 4582 

activity leading to increasing mineralisation of SOM (Yadav et al., 2019). It has been 4583 

previously reported that biochar oxidizes in soil during the aging process leading to alter 4584 

soil physico-chemical properties, changes in surface functional groups, and increase 4585 

cation exchange capacity (CEC) (Cheng et al., 2008; Mia et al., 2017). However, biochar 4586 

aging can lead to a decline in its efficacy in soil N cycling. In the current study, biochar 4587 
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was applied 83 months before my sampling and increased mineralisation suggested that 4588 

biochar was still actively affecting soil N cycling.  4589 

This study showed that soil moisture as the main effect stimulated soil ammonification. 4590 

Soil moisture plays an important role in soil N transformations. Studies showed that the 4591 

potential ammonification rate was higher under saturated conditions than unsaturated 4592 

ones (Mathieu et al., 2006; Burton et al., 2007). In this study, I had a high moisture level 4593 

at 50% and 60% WHC, so it might suggest that an anaerobic N transformation did not 4594 

occur. Ammonification and nitrification are key processes of soil N cycling and are 4595 

sensitive to changes in soil moisture content (Saetre and Stark, 2005). The interaction of 4596 

biochar and glyphosate was associated with a significant decrease in nitrification and a 4597 

significant increase in ammonification suggesting that the NO3
--N immobilisation process 4598 

could function independently of NH4
+-N concentration (Dannenmann et al., 2006; Zhang 4599 

et al., 2011; Wang et al., 2018). Glyphosate itself did not significantly affect the soil 4600 

ammonification, which is consistent with other studies that show the application of 4601 

glyphosate at the label rate does not affect the ammonification process (Olayinka et al., 4602 

1996).  4603 

The result showed that application of glyphosate significantly decreased δ15N of NH4
+-N 4604 

in soil following 3- and 5- days incubation, indicating that N mineralisation occurred. Soil 4605 

NH4
+-N is the product of N mineralization as well as the substrate of nitrification. 4606 

Therefore, any changes in δ15N of NH4
+-N are affected by both nitrification and 4607 

mineralization of the organic N pool. Nitrification is the process responsible for 4608 

enrichment in δ15N of NH4
+-N in aerobic conditions (Choi et al., 2003; Wang et al., 2015; 4609 

Wang et al., 2020). In this study, I observed a decrease in the δ15N of NH4
+-N; therefore, 4610 

nitrification could not explain decreased δ15N of NH4
+-N in this study. The lower δ15N 4611 

value of NH4
+-N could support the fractionation associated with N mineralization from 4612 
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soil organic N pools. Glyphosate decomposition in the soil is relatively fast (Alexa et al., 4613 

2009) and the half-life of glyphosate is reported to be within few days to few weeks (0.8-4614 

151 days) (Bai and Ogbourne, 2016). Glyphosate decomposition provides C and N 4615 

sources for supporting soil microbial growth and activity (Busse et al., 2001; Kremer et 4616 

al., 2005) thus increase the rate of N mineralisation in soil. However, glyphosate as the 4617 

main effect did not affect soil mineralisation in this study which might be associated with 4618 

the study time (5-day). Based on these patterns, this study suggested that the application 4619 

of glyphosate may have some implications on soil N transformations. Future field studies 4620 

combined with microbial characteristics are needed to provide a better understanding of 4621 

the interaction of glyphosate and biochar in regulating the soil N transformations. 4622 

5.6 Conclusions  4623 

Sustainable management practices are required to ensure that different land management 4624 

practices (including the application of biochar and glyphosate) and their interaction do 4625 

not interfere with soil N transformations. This study examined the dynamics of δ15N of 4626 

soil inorganic N pools, cumulative ammonification, nitrification, and N mineralisation 4627 

associated with the application of glyphosate in a soil amended with biochar using 15N 4628 

pool dilution and micro-diffusion technique in a 5-day incubation study. The results 4629 

showed that δ15N of NO3
--N was not affected by any of the factors– glyphosate, biochar, 4630 

and moisture content, nor by their interactions. However, this study showed that 4631 

nitrification and mineralisation were stimulated by biochar even after 83 months of 4632 

biochar application. The results also showed that application of glyphosate significantly 4633 

decreased δ15N of NH4
+-N in soil following 3- and 5- days incubation, indicating that N 4634 

mineralisation occurred, which could be related to stimulation of soil microbes due to the 4635 

addition of C as a source of food for soil microbes resulting from the decomposition of 4636 

glyphosate. Future studies should be focused on the soil N transformations combined with 4637 
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microbial functional gene abundance as well as N2O emissions to provide a better 4638 

understanding of the interaction of glyphosate and biochar in regulating the soil N 4639 

transformations. 4640 
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Chapter 6 General conclusions and future works 4833 

6.1 General conclusions 4834 

Sustainable and effective management regimes are required in riparian zone soils to 4835 

ensure sustainable planting systems, the health of natural ecosystems, and to maintain soil 4836 

nitrogen (N) levels. Riparian zones are currently subject to vegetation loss and 4837 

degradation due to human activities, global climate change, and intensification of 4838 

agricultural practices and weed invasion. Restoration and revegetation of riparian zones 4839 

are considered the most effective measures in riparian management, which would 4840 

maximize the benefits to the environment and biodiversity. Nevertheless, competitive 4841 

interaction between plants and exotic weeds frequently hinders riparian restoration 4842 

projects. Therefore, the success of revegetation projects mostly relies on weed control at 4843 

early stages to reduce non-target vegetation competing for nutrients and ensure plant 4844 

growth and survival. In order to maintain the long-term functionality of riparian zone 4845 

ecosystems, it is essential to understand the effect of different land management practices 4846 

on soil N transformations. 4847 

This work examined how different land management practices (including revegetation 4848 

establishment) (Chapter 2), weed control methods (Chapter 3), and interaction of 4849 

herbicides with biochar (Chapters 4 and 5) would affect soil N transformations due to 4850 

their effects on soil biochemical properties in riparian zones. Since soil N transformations 4851 

are microbially-mediated processes, the mechanisms of how different land management 4852 

practices would affect the diversity and structure of the soil microbial community were 4853 

also investigated. 4854 

 4855 

 4856 
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6.2 The significance of the study and summary of the aims in this thesis 4857 

This thesis investigated the effects of different land management practices on soil N 4858 

cycling at three experimental sites, two of which were newly revegetated sites and one 4859 

was an established horticultural orchard located in a riparian zone. This study was 4860 

significant because this was one of the few studies that: 4861 

1) Examined the influence of riparian zone revegetation with different revegetation 4862 

types and age on soil N pools by conducting a quantitative literature review 4863 

(meta-analysis) (Chapter 2). 4864 

2) Was the first study that assessed and compared the effects of different 4865 

organic-based herbicides (BioWeedTM, Slasher®, and acetic acid) and the 4866 

commonly used herbicide, glyphosate with mulch on soil N dynamics and 4867 

microbial community structure at two riparian revegetation sites up to two years 4868 

repeated application of herbicides followed by one year after stopping herbicides 4869 

applications (in total three years since the revegetation establishment) (Chapter 4870 

3). 4871 

3) Investigated the impacts of long-term repeated application of glyphosate (12 4872 

years) interacted with biochar (for three years) on the soil N cycling, more 4873 

specifically abundance of nitrifying populations as wells as the overall soil 4874 

microbial diversity and community structure (both fungi and bacteria) after two 4875 

years following the cessation of herbicide application (Chapter 4). 4876 

4) Explored how the interaction of biochar and glyphosate would immediately affect 4877 

soil N transformations in the short-term (under 5-day laboratory incubation) using 4878 

the 15N pool dilution techniques (Chapter 5). 4879 
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Initially, in my thesis, a meta-analysis was used to investigate how different revegetation 4880 

types (woodland, shrubland, and grassland) and revegetation age ( < 3 years, 3-10 years, 4881 

10-20 years, 20-40 years, or > 40 years) would affect soil N pools (Chapter 2). Then, I 4882 

used two newly established revegetation sites at (Kandanga and Pinbarren sites), planted 4883 

with native wood species to understand how different weed control methods including 4884 

organic-based herbicides (BioWeedTM, Slasher®, and acetic acid), and the commonly 4885 

used herbicide, glyphosate with mulch would affect soil N dynamics and microbial 4886 

community structure up to two years repeated application of herbicides followed by one 4887 

year after stopping herbicides applications (in total three years since the revegetation 4888 

establishment) (Chapter 3). At an established horticultural site located in a riparian zone, 4889 

the application of glyphosate coupled with inorganic fertilisers and soil amendments are 4890 

common land management scenarios. That was why I have chosen an established 4891 

macadamia orchard (since 2003) located in the riparian zone with a history of repeated 4892 

application of glyphosate up to four times per annum for 12 years until two years before 4893 

my sample collection. Wood-based biochar was first applied in 2012 (64 months before 4894 

my sampling time) at two different rates of 10 dry t ha-1 (B10) and 30 dry t ha-1 (B30) 4895 

(Chapter 4). At this site, I explored how repeated application of glyphosate (12 years) 4896 

interacted with biochar (for three years) would affect soil N cycling, soil microbial 4897 

diversity and community structure, and more specifically abundance of nitrifying 4898 

populations including the ammonia-oxidizing bacteria and archaea (AOB and AOA) after 4899 

two years following the cessation of herbicide application. I further conducted an 4900 

incubation study (5-day) (from the soil collected from the macadamia orchard) to 4901 

understand how the interaction of biochar and glyphosate would affect soil N 4902 

transformations (ammonification, nitrification, and N mineralisation) in the short term 4903 

since understanding short-term N pools can have implications for long-term N 4904 
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management (Chapter 5). A summary of treatments and analyses has been presented in 4905 

Table 6.1. 4906 
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Table 6.1. A summary of treatments and analysis in this thesis. 4907 

Chapters  Treatments/ sampling frequency Analysed properties 

Chapter 2 

Meta-analysis:  

 Extracted 645 observations from 52 published scientific articles. 

 Revegetation types (woodland, shrubland, grassland). 

 Revegetation age was classified as < 3 years, 3-10 years, 10-20 years, 20-40 years, or > 

40 years. 

 Soil sampling depth was classified into four groups: 0-10 cm, 10-20 cm, 20-40 cm, or 

> 40 cm. 

Soil chemical analysis: 

 Soil TN, soil inorganic N (NH4
+-N, and 

NO3
--N), soil moisture, and pH. 

Chapter 3 

Revegetation establishment:  

(a) Kandanga Site 

 Soil samples were collected at months 2, 14, and 26 following revegetation 

establishment. 

(b) Pinbarren site 

 Soil samples were collected at months 10, 22, and 34 following the revegetation 

establishment. 

Treatments include chemical herbicide (glyphosate) and three organic-based herbicides 

(BioWeedTM, Slasher®, and acetic acid) compared with mulch. 

All sampling was conducted within two to four months of treatment application except for the 

last sampling at the Pinbarren site (month 34), which occurred one year after the last herbicide 

was applied. 

Soil chemical analysis: 

 Soil pH, DOC, DN, NH4
+-N, and NO3

--N, 

PMN 7-days, PMN 14-days, MBC, and 

MBN. 

Soil microbial analysis: 

 Bacterial and fungal community structure. 

 Next-generation sequencing (NGS) library 

preparation and Illumina MiSeq sequencing.  
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Chapter 4 

Established horticultural site (macadamia orchard) located in a riparian zone 

 Beerwah site  

Soli and leaf samples were collected in February 2018 (64 months after wood-based 

biochar application and no glyphosate was applied two years before my sample 

collection). 

Treatments including: 

 biochar + glyphosate: 0.5 m from the base of the tree in the planting row and under 

the tree canopy.  

 biochar + no glyphosate: 1 m perpendicularly from the base of the tree and under 

the tree canopy. 

 no biochar + no glyphosate: a 4.5 m perpendicularly from the base of the tree and 

outside of the tree canopy. 

Soil and leaf Chemical analysis: 

 TC, TN, δ15N, δ13C, pH, and soil moisture. 

Soil microbial analysis: 

 Abundances of N cycling functional genes, 

including AOA amoA and AOB amoA 

genes with real-time quantitative PCR 

(qPCR). 

 Bacterial and fungal community structure 

 Next-generation sequencing (NGS) library 

preparation and Illumina MiSeq 

sequencing. 

  

Chapter 5 

Incubation study 

 Beerwah site  

Soil samples were collected in September 2019 (83 months following wood-based 

biochar application). Glyphosate at label rate has been added to soil in the laboratory.  

 Treatments including:  

• B: biochar with no glyphosate.   

• B+G: biochar with glyphosate. 

• NB+G: No biochar with glyphosate. 

• NB+NG: No biochar no glyphosate. 

Soil chemical analysis: 

 TN, TC, δ15N, δ13C, δ15N of NO3
--N,δ15N 

of NH4
+-N. 

 Cumulative soil ammonification, 

nitrification, and N mineralisation. 

 

All treatments were conducted at 50% and 60% 

soil water holding capacity (WHC). 

 

4908 
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6.3 Summary of the Chapters, research outcomes, and main findings in this thesis 4909 

Chapter 2: This chapter examined the influence of riparian zone revegetation with 4910 

different revegetation types and age on soil N pools to provide essential 4911 

information for decision-makers to revegetate riparian zones. A meta-analysis was 4912 

used to investigate how different revegetation types (woodland, shrubland, and 4913 

grassland) and revegetation age (< 3 years, 3-10 years, 10-20 years, 20-40 years, 4914 

or > 40 years) would affect soil total N (TN) and soil inorganic N (NH4
+-N, and 4915 

NO3
--N) in revegetation of riparian zone soils. I extracted 645 observations from 4916 

52 published scientific articles. A categorical random effects model in MetaWin 4917 

was applied to calculate the effect size of each group. Bootstrapping (999 4918 

intervals) was used to generate the mean effect size for each group with a 95% 4919 

confidence interval (CI). 4920 

 Main findings of Chapter 2 4921 

1) The meta-analysis indicated that revegetation of riparian zones led to a significant 4922 

increase of soil TN (mean effect size: 11.5%; 95% CI: 3.1% and 20.6%). 4923 

2) This study showed that woodland increased soil TN that was associated with the 4924 

presence of N fixing species and high litter inputs. 4925 

3) Soil TN increased in revegetation ages between 10 and 40 years following 4926 

revegetation and was related to increased soil organic carbon (SOC) inputs within 4927 

those ages following the establishment. 4928 

4) Soil NH4+-N concentration significantly increased (mean effect size: 20.1%; 95% 4929 

CI: 15.1% and 25.4%), whereas a significant decrease in soil NO3
--N (mean effect 4930 

size: -21.5%; 95% CI: -15.0% and -27.5%) was observed. Of the revegetation 4931 
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types considered in this paper, NO3
--N concentration in soil followed the order: 4932 

grassland < shrubland < woodland, suggesting that woodland might be more 4933 

efficient in soil NO3
--N retention than grassland. The high plant N uptake and 4934 

accelerated NO3
--N leaching in grassland could be related to the decreased soil 4935 

NO3
--N in grassland compared with other revegetation types. 4936 

5) Revegetation significantly decreased soil moisture (mean effect size: -7.9%; 95% 4937 

CI: -3.3% and -12.2%) compared with the control, which might be associated with 4938 

the selection of exotic species as dominant vegetation in the riparian zone. I also 4939 

observed a soil moisture deficit in deeper layers of soil (> 40 cm), which may 4940 

result from introducing exotic species such as Robinia pesudoacacia and 4941 

Caragana korshinskii which usually have high transpiration demand. 4942 

 Recommendations of Chapter 2 4943 

This quantitative literature review may provide insight into the influence of different 4944 

revegetation types and age on soil N pools and soil moisture. This study highlighted 4945 

the importance of revegetating riparian zones to increase soil N retention, particularly 4946 

in woodlands. This study suggests that revegetation with woodland might be more 4947 

efficient in soil NO3
--N retention than grassland. Furthermore, species selection in 4948 

revegetation systems is important to maintain soil moisture at optimum levels in 4949 

riparian zones. 4950 

Chapter 3: The success of riparian revegetation projects currently depends on weed 4951 

control to reduce the non-target vegetation competing for nutrients and to ensure 4952 

the target plant species growth and survival. Chapter 3 of my thesis, compared 4953 

different herbicides including chemical herbicide (glyphosate) and three organic-4954 

based herbicides (BioWeedTM, Slasher®, and acetic acid) with mulch on soil N 4955 
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dynamics, soil microbial biomass C (MBC) and N (MBN), and microbial 4956 

community structure at two riparian revegetation sites at (Kandanga and Pinbarren 4957 

sites), up to two years repeated application of herbicides followed by one year 4958 

after stopping herbicides applications (in total up to three years following 4959 

revegetation establishment).  4960 

 Main findings of Chapter 3 4961 

1) Soil microbial biomass carbon (MBC) was significantly higher in response to 4962 

mulch compared with glyphosate and organic-based herbicides treatments at 4963 

months 10 at the Pinbarren site and months 26 at the Kandanga site following the 4964 

revegetation establishment.  4965 

2) MBC at month 34 (after one year of cessation of all herbicide applications) at the 4966 

Pinbarren site was significantly higher in the mulch than glyphosate and 4967 

BioWeedTM. The MBC in both glyphosate and BioWeedTM was also lower than 4968 

the acceptable threshold (160 mg/kg) than mulch. 4969 

3) Soil nitrate (NO3
--N) was significantly higher in the soil treated with mulch than 4970 

glyphosate treatment at months 22 and 34 after revegetation at the Pinbarren site. 4971 

Higher soil NO3
--N in mulch, compared with that of glyphosate, could be partly 4972 

explained by decreased denitrifying bacteria (Candidatus solibacter and 4973 

Candidatus koribacter) under treatment with mulch. 4974 

4) Soil bacterial and fungal communities were distinctively clustered with mulch 4975 

separated from the glyphosate and organic-based herbicides at the Pinbarren site. 4976 

The segregation persisted even after one year of cessation of all herbicide 4977 

applications at month 34 at the Pinbarren site. At the Kandanga site, there was 4978 
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clear segregation of fungal community composition with mulch treatment from 4979 

the other treatments and it was not the case for bacterial community composition. 4980 

5) There was a shift in fungal community composition from Ascomycota towards 4981 

Basidiomycota domination, after one year of cessation of all herbicide 4982 

applications at month 34 at the Pinbarren site. This could be mainly through the 4983 

changes in the tree stand age and revegetation cover rather than the treatment 4984 

effects. 4985 

 Recommendations of Chapter 3 4986 

This study suggests that the application of mulch in the riparian revegetation projects 4987 

would be beneficial for soil microbial functionality, particularly soil MBC as 4988 

compared with glyphosate and other organic-based herbicides. This study suggested 4989 

that some herbicides like glyphosate and BioWeedTM may have long-lasting effects 4990 

on soil microbial biomass even if they do not change microbial diversity. Hence, the 4991 

long-term use of glyphosate and BioWeedTM needs to be considered with caution.  4992 

Chapter 4:  Horticultural systems in riparian zones are one of the major land-use 4993 

practices requiring large quantities of fertilisers and herbicides. Usually, excessive 4994 

nutrient inputs particularly N and herbicide application are practiced in intensive 4995 

farming systems. Glyphosate application is one of the common practices in 4996 

horticultural land management. Organic amendments such as biochar may be 4997 

applied to increase soil nutrient holding capacity and decrease nutrient outputs. 4998 

However, biochar can interact with herbicides leading to affect soil N availability 4999 

and microbial diversity. This study investigated the interactions between biochar-5000 

amended soil and repeated application of glyphosate on soil N cycling and soil 5001 

microbial communities and more specifically abundance of nitrifying populations 5002 
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including the ammonia-oxidizing bacteria and archaea (AOB and AOA) two years 5003 

since glyphosate was last applied. Wood-based biochar was applied more than 5004 

five years (64 months) before this study at 10 and 30 t ha-1 (B10 and B30, 5005 

respectively) in a macadamia orchard. Glyphosate at the label rate was applied 5006 

under tree canopy up to four times per annum for 12 years until two years before 5007 

my sample collection. 5008 

 Main findings of Chapter 4 5009 

1) Soil TN was significantly higher in glyphosate applied areas compared with those of 5010 

no glyphosate, which may suggest that glyphosate, may have stimulated N 5011 

transformations in this study through increasing soil C substrate resulting from the 5012 

degradation of glyphosate and dieback of weeds. 5013 

2) Conversely, biochar did not affect soil TN, which may be mainly associated with the 5014 

low TN content of wood-based biochar used in this study. 5015 

3) No effect of glyphosate and the combined use of biochar and glyphosate on soil 5016 

microbial diversity and community structure were observed after two years since the 5017 

last glyphosate was applied. 5018 

4) The abundance of AOB was significantly higher in the area with the application of 5019 

glyphosate than in areas with no glyphosate application, which may potentially be 5020 

associated with increased TC. 5021 

5) Biochar had also significantly higher AOB abundance than no biochar plots, 5022 

potentially through stimulated N cycling. 5023 

 5024 

 5025 
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 Recommendations of Chapter 4 5026 

Glyphosate can be used in the presence of biochar in the horticultural lands because 5027 

my results revealed no effect of the combined use of biochar and glyphosate on soil 5028 

microbial diversity and community after two years since the last glyphosate was 5029 

applied. However, the abundance of AOB was still affected by both glyphosate and 5030 

biochar, which may have implications on soil N cycling in the longer term even after 5031 

two years following the cessation of glyphosate applications. Therefore, a continuous 5032 

investigation of the combined use of biochar and glyphosate on potential nitrification 5033 

rate and dynamics of nitrifying populations would be required. 5034 

Chapter 5: The short-term interaction of biochar with glyphosate and their effects on soil 5035 

N transformations are limited. This study examined the dynamics of soil inorganic 5036 

N pools, cumulative ammonification, nitrification and, N mineralisation 5037 

associated with the application of glyphosate in a soil amended with biochar using 5038 

15N pool dilution and micro-diffusion technique in a 5-day incubation study. Soil 5039 

samples were collected from the same experimental site as Chapter 4 of my thesis, 5040 

which is an established macadamia orchard in the riparian zone.  Treatments were 5041 

included as B: biochar, B+G: biochar and glyphosate, No B+G: no biochar and 5042 

glyphosate, and No B+ No G: no biochar and no glyphosate under 50% and 60% 5043 

water holding capacity (WHC). 5044 

 Main findings of Chapter 5 5045 

1) The results showed that δ15N of NO3
--N was not affected by any of the main 5046 

factors– glyphosate, biochar, and moisture content, nor by their interactions. 5047 

However, this study showed that nitrification and mineralisation were stimulated 5048 

by biochar. 5049 
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2) Application of glyphosate significantly decreased δ15N of NH4
+-N in the soil 5050 

following 3- and 5- days incubation, indicating that N mineralisation occurred, 5051 

which could be related to stimulation of soil microbes due to the addition of 5052 

carbon (C) as a source for soil microbes resulting from the decomposition of 5053 

glyphosate.  5054 

3) The interaction of biochar and glyphosate was associated with a significant 5055 

decrease in nitrification and a significant increase in ammonification suggesting 5056 

that the NO3
--N immobilisation process could function independently of NH4

+-N 5057 

concentration. 5058 

4) Glyphosate itself did not significantly affect the soil ammonification suggesting 5059 

that application of glyphosate at the label rate did not affect the ammonification 5060 

process 5061 

 Recommendations of Chapter 5 5062 

Overall, my study suggests that δ15N in soil mineral N pools was sensitive to the 5063 

addition of biochar and glyphosate and it could be used to identify initial soil N 5064 

transformations. In the current study, biochar was applied 83 months before my 5065 

sampling and increased mineralisation suggested that biochar was still actively 5066 

affecting soil N cycling.  5067 

 5068 

 5069 

 5070 

 5071 
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6.2 Future work 5072 

This study has provided a better understanding of the effects of different land 5073 

management practices on soil N cycling in the revegetation of riparian zone soils. This 5074 

information would help landholders, scientists, and decision-makers to improve 5075 

sustainable land management practices for revegetation of riparian zone by selecting 5076 

suitable vegetation types and weed control methods in riparian restoration projects in the 5077 

future. This study has identified a few knowledge gaps, which required further works and 5078 

examination. 5079 

The suggested future studies are as follows: 5080 

1) Conducting a meta-analysis to examine how different revegetation types and age 5081 

would affect soil organic carbon (SOC) as well as microbial community and 5082 

structure. 5083 

2) Conducting a meta-analysis to examine how revegetation with native species 5084 

compared with exotic species would affect soil chemical properties and soil 5085 

moisture long-term. 5086 

3) Continuing the study of N cycling and microbial community structure at the same 5087 

study sites (at the Pinbarren site) for a longer period of time coupled with residue 5088 

analysis to investigate the long-term effects of different herbicides on soil N 5089 

cycling. 5090 

4) Conducting frequent plant growth measurement and survival rate in response to 5091 

long-term and repeated herbicide application and revegetation success. 5092 

5) Establishing experiments with fresh and aged biochar compared with no biochar 5093 

with a history of repeated herbicide would provide an insight into N cycling 5094 
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because the interaction of repeated application of glyphosate with aged and 5095 

freshly applied biochar has not been fully studied.  5096 

6) Investigating the long-term effect of the combined use of biochar and glyphosate 5097 

on potential nitrification, denitrification rates, and dynamics of nitrifying 5098 

populations. 5099 

7) Assessing soil N transformations combined with microbial functional gene 5100 

abundance as well as N2O emissions to provide a better understanding of the 5101 

interaction of glyphosate and biochar in regulating the soil N transformations. 5102 

8) Establishing a field-trial site with long-term repeated application of glyphosate in 5103 

a soil-amended with biochar in different depths coupled with residue analysis. 5104 

 5105 

 5106 

 5107 

 5108 

 5109 
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Table S3.1. Subtropical rainforest plant species planted at the Kandanga and Pinbarren sites. 

Species Name  

Acacia melanoxylon Blackwood  Native 

Araucaria cunninghamii Hoop Pine (ELANDA PLAINS) Native 

Commersonia bartramia Brown Kurrajong (Riparian Nursery) Native 

Cryptocarya laevigata Glossy Laurel/Grey Sassafras Native 

Diploglottis australis Native Tamarind Native 

Ficus coronata Creek Sandpaper Fig Native 

Ficus fraseri Sandpaper Fig/White Sandpaper Fig Native 

Ficus macrophylla Moreton Bay fig - Ficus macrophylla - Moreton Bay Native 

Guioa semiglauca Wild Quince Native 

Homalanthus nutans Native Bleeding Heart (Riparian Nursery) Native 

Hymenosporum flavum Native Frangipanni (Riparian Nursery) Native 

Jagera pseudorhus Foambark/Fern Tree (Riparian Nursery Native 

Lophostemon confertus Brush Box Native 

Macaranga tanarius Macaranga Native 

Mallotus mollissimus Soft Kamala Native 

Callistemon salignus  White Bottlebrush Native 

Syzygium francisii Giant Water Gum Native 

Syzygium smithii Lilly Pilly Native 

Toona ciliata Red Cedar Native 

Waterhousia floribunda Weeping Lilly Pilly Native 

 5123 
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Table S3.2. Application rate of treatments and the method of site preparation and maintenance at the Kandanga and Pinbarren sites.  5124 

 5125 
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Table S4.1. Soil background information of Macadamia orchard 5130 

 5131 

 5132 




