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Part 2 - Monitoring & Evaluation 
 
Achievement against milestones in the Full Research Proposal 

Milestone 
Achieved/ Partially 

Achieved/ Not Achieved 
Explanation 

1. What is the relative importance of the dissolved organic nitrogen (DON), nitrate, and 
ammonium pools for cotton nutrition?  

1.1-1.4 Establishment G×E×M 
field trials at several sites across 
NSW and QLD over three 
consecutive cotton growing 
seasons (2018-19 to 2020-21) 
using N application rates of 0, 
200 kg/ha and local grower 
rate). 

Achieved. The originally planned 
site at Moree was replaced by a 
site at Toobeah (QLD). Trials at all 
locations and years were 
completed. Due to prolonged 
drought during the 2019-20 
season (Year 2), the two satellite 
sites at Cecil Plains and IREC 
were discontinued, and field 
measurements limited to 
biomass cuts and post-harvest 
soil sampling only (the decision 
to discontinue the work at these 
satellite sites discussed and 
agreed with CRDC as 
documented in the progress 
report dated 31st May 2019). 

Soil and crop data were 
collected at all sites over three 
consecutive cotton growing 
seasons that determined the 
interactive effects of genotype 
(variety), environment (growing 
region), and management (N 
rate, irrigation characteristics) 
on cotton productivity, N 
uptake and N use efficiency 
(NUE). Locations included: 
ACRI (intensive site), Toobeah, 
and IREC (Year 1), ACRI, Cecil 
Plains, and IREC (Year 2), and 
ACRI (Year 3).  

1.5 The importance of soil 
dissolved organic N (DON) for 
cotton production. 

Achieved. Data derived from multiple, 
interconnected, experiments 
conducted at the field, 
glasshouse and laboratory-
scales were used to determine 
and quantify the role of DON in 
the nutrition of high-yielding 
cotton cropping systems. 

2. How does soil type influence the uptake of DON relative to nitrate and ammonium for 
cotton nutrition? 

2.1 Quantification of the soil 
type effect on plant uptake of 
organic/inorganic N species. 

Achieved. The uptake of inorganic and 
organic N species by cotton 
plants were quantified to 
determine the relative 
preference of N forms as 
affected by soil type (clay 
content/mineralogy) and 
cotton variety.  

2.2 Establish the extent of 
abiotic edaphic effects on N 
sorption and N release in soils 
used for cotton production. 

Achieved. A laboratory experiment 
involving six different soil types 
was conducted to determine 
the effect of soil water content 
on the availability of organic 
and inorganic N species. The 
experiment relied on the use of 
microdialysis for extraction of 
soil N combined with suction 
plates for controlling the soil 
water content. 



 
 

     

Apr2021 template  3 of 37 

3. In high yielding soils, does the DON pool influence fertiliser nitrogen use efficiency? 
3.1 Field trial quantification of 
the organic nitrogen pool 
influence NUE of different 
fertiliser rates. 

Achieved. The intensive experimental site 
established at ACRI during the 
2020-21 cotton growing 
season was used to compare 
the uptake of N derived from 
synthetic fertiliser (urea, fine-
ground) with uptake of N from 
dissolved organic compounds 
(amino-acids) derived from soil 
application of Spirulina. For 
this, 1×1 m micro-plots were 
nested within the zero-fertiliser 
plots, and soil and plant 
samples collected for 
determination of yield, N 
uptake and N use efficiency. 

4. Is uptake of DON a general phenomenon in cotton or is the relative uptake of NO3-, NH4+ 
and DON variety-specific? 

4.1 Cotton plant N preference 
determined in a glasshouse 
experimental trial. 

Achieved. The preference of three cotton 
varieties for five different forms 
of N, as influenced by soil type, 
were studied under controlled 
environmental conditions in a 
glasshouse. Data derived from 
this work enabled quantifying 
the contribution of DON to the 
total N uptake by cotton plants. 

5. What is the influence of soil testing protocols on observed soil nitrogen forms? 
5.1 Assessment of soil testing 
methodologies for N. 

Achieved. Laboratory experiments 
coupled with field 
measurements at the Toobeah 
site were conducted to 
determine how measurements 
of plant available N (nitrate, 
ammonium, DON) in soil 
accurately reflected actual N 
stocks in-field conditions. 

 
 
 
 
 
 
 
 
 
 
 
Outputs produced 

Output Description 
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Publications 
(scientific 
articles, 
conference 
proceedings 
and posters, 
technical and 
industry 
articles) 

• Bailey, T., Robinson, N., Farrell, M., Macdonald, B., Weaver, T., Antille, D. L., Chin, A., 
Brackin, R. (2022). Storage of soil samples leads to over-representation of the 
contribution of nitrate to plant-available nitrogen. Soil Research, 60(1): 22-32. 
https://doi.org/10.1071/SR21013. 

• Antille, D. L., Bailey, T., Farrell, M., Robinson, N., Weaver, T., Gordon, K., McLachlan, 
G., Carter, T., Tuomi, S., Macdonald, B. (2022). The contribution of soil organic 
nitrogen to the nutrition of high-yielding cotton crops. In: Proceedings of the 
International Fertiliser Society, Cambridge, U.K., 7-9 Dec. 2022. 

• Scheer, C., Rowlings, D., Antille, D. et al. (2022). Low fertiliser nitrogen use efficiency 
in irrigated cotton cropping systems. In: Proceedings of the 20th Australian 
Agronomy Conference: ‘Agronomy: System Solutions for Complex Problems’, 18-22 
Sept. 2022. Toowoomba, QLD, Australia: Australian Society of Agronomy [Open].  

• Bailey, T., Robinson, N., et al. (2021). Storage of soils leads to over-representation of 
the contribution of nitrate to plant-available nitrogen. In: Proc. of the Joint Soil 
Science Australia and The New Zealand Society of Soil Science Conference ‘Soils, 
Investing in Our Future’. 27 June-1 July 2021, Cairns, QLD: ASSSI, NZSSS. 

• Antille, D. L., Bailey, T., Farrell, M., Robinson, N., Macdonald, B. (2020). 
Understanding the role of soil organic nitrogen. (Spring 2020, pp. 25). 
https://www.crdc.com.au/sites/default/files/pdf/Spotlight%20Spring%202020.pdf. 

• Conaty, M., Macdonald, B. (2020). Resilient soil aids nitrogen uptake. In: In: Spotlight 
(Spring 2020, pp. 24). 
https://www.crdc.com.au/sites/default/files/pdf/Spotlight%20Spring%202020.pdf. 

• Latimer, J., Macdonald, B., Farrell, M. (2020). When it comes to choosing nitrogen, 
cotton goes organic. In: Spotlight (Spring 2020, pp. 23). 
https://www.crdc.com.au/sites/default/files/pdf/Spotlight%20Spring%202020.pdf. 

• Macdonald, B., Farrell, M. (2017). Soil organic nitrogen: vital to healthy function. In: 
Spotlight (Autumn 2017, pp. 29-30). 
https://www.crdc.com.au/sites/default/files/pdf/Autumn17_SC.pdf. 

• Antille and Weaver (2021) contributed to a briefing paper led by Sam North (NSW 
DPI), which outlined research needs and priorities in the southern region. 
Contribution to this initiative from Antille and Weaver focused on the effects of soil 
physical constraints on soil nitrogen, fertiliser use efficiency and soil water dynamics, 
with specific reference to the southern region (paper is available by request from 
Antille). 29-30 April 2021, NSW DPI at Deniliquin and Soil Science Australia Inc., pp. 
13. (Paper available by request from the authors). 

Presentations • Invited presentation: Antille, D. L., Macdonald, B. (2019). ‘Nitrogen use efficiency in 
cotton production systems’ In: 2019 Australian Cotton Collective, Griffith, NSW, 
Australia, 24-25 July 2019: Cotton Australia. 

• Invited presentation: Antille, D. L. (2021). Soil management in Australian cotton-
farming systems. Workshop (‘Parna and cotton soil management’) organised jointly 
by Soil Science Australia Inc. (Riverina Branch) and NSW DPI. Yanco, NSW, April 2021 
(attended by 40 people). https://irec.org.au/wp-content/uploads/2021-04-Yanco-
Final.pdf.  

• Weaver, T., Macdonald, B., Farrell, M., Bailey, T., McLachlan, G., Tuomi, S., Antille, D. 
(2019). The role of dissolved organic nitrogen in improving the nitrogen use 
efficiency of irrigated cotton. The 4th Australian Cotton Research Conference 'Taking 
cotton research to new heights', 28-30 October 2019. University of New England at 
Armidale (NSW), Australia: Association of Australian Cotton Scientists. 

• Antille, D., Macdonald, B., Weaver, T. (2019). CottonInfo/CSD/CRDC Virtual Meeting 
on Soil N Mineralisation and Prediction Tools. 

Field days, 
and 

• Macdonald, B., Farrell, M. (2020). CottonInfo Nitrogen Workshop Tour: Update 
Narromine, Gunnedah, and Moree. The importance on soil mineralisation and soil 

http://agronomyaustraliaproceedings.org/images/sampledata/2022/NutrientsAndFertility/ASAgrace_p_547s.pdf
https://www.crdc.com.au/sites/default/files/pdf/Spotlight%20Spring%202020.pdf
https://www.crdc.com.au/sites/default/files/pdf/Spotlight%20Spring%202020.pdf
https://www.crdc.com.au/sites/default/files/pdf/Spotlight%20Spring%202020.pdf
https://www.crdc.com.au/sites/default/files/pdf/Autumn17_SC.pdf
https://irec.org.au/wp-content/uploads/2021-04-Yanco-Final.pdf
https://irec.org.au/wp-content/uploads/2021-04-Yanco-Final.pdf
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CottonInfo 
Workshops  

organic nitrogen pools to cotton production. 
https://www.greenmountpress.com.au/download.php?MagID=19&pages=46,47.  

• Antille and Macdonald made a presentation to approximately 60 growers and 
consultants at the IREC Research Farm open day held on 22nd January 2019. The 
IREC meeting enabled farmers to inspect the experimental site established as part 
of this project and discuss ongoing work with researchers Antille and Macdonald. 

 
Outcomes from project outputs 

Outcome Description 
Increased knowledge and 
understanding of soil nitrogen 
dynamics, nitrogen management 
and use efficiency in cotton 
production systems, with specific 
reference to the role of DON as a 
source of N for cotton nutrition. 

• Organic and inorganic N compounds implicated in the uptake 
of N by modern cotton varieties were quantified to determine 
their relative preference by the plant as influenced by soil type.  

• Quantification of the rate of N uptake and preference for 
specific N compounds enabled varietal differences in N use 
efficiency to be determined.     

Adoption of research findings and 
analytical techniques for 
quantifying available nitrogen 
fractions, including organic 
compounds, in soils used for 
cotton production. 

• Novel extraction and analytical techniques for quantifying 
organic and inorganic N species were evaluated under field 
and laboratory conditions, and protocols were established for 
future use by the industry.  

• Analytical techniques that do not allow for quantification of 
organic forms of N will significantly under-estimate the 
potential soil N supply over the growing season. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.greenmountpress.com.au/download.php?MagID=19&pages=46,47
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Part 3 – Technical Report  
 
Executive Summary 
Previous research into the nitrogen (N) nutrition of cotton has primarily focused on the mineral N pool, 
particularly nitrate, due to its association with synthetic fertilisers. However, it is known that between 40% 
and 70% of a cotton plant’s N uptake is sourced from the soil pool, which is mostly organic in nature. 
Current understanding is that nitrate and ammonium are taken-up by the cotton plant following 
ammonification and nitrification of the soil organic N pool. However, recent advances made by CSIRO 
towards improving the understanding of the biogeochemistry and dynamics in the soil-plant system of 
the organic N pool, coupled with a growing recognition of the ability of plants to directly access some 
forms of organic N, highlighted that the organic N pool may play a significant role in the nutrition of 
cotton. An implication of this is that soil N is currently only managed from a mineral N perspective 
whereas with the correct tools and analytical techniques it may be possible to achieve significant 
improvements in N use efficiency through clearer understanding of the contribution of the organic N pool 
to cotton N nutrition. 
The work conducted as part of this project aimed to address current gaps in knowledge and 
understanding of the role of organic N in the nutrition of cotton by focusing upon the following objectives 
and research questions: 

(1) To determine the importance of the organic N pool relative to nitrate and ammonium for cotton 
nutrition, 

(2) To determine the impact of soil type on uptake of organic N relative to nitrate and for cotton 
nutrition, 

(3) In high-performance soils, does the organic N pool influence fertiliser N use efficiency? 
(4) Is uptake of organic N a general phenomenon in cotton or is the relative uptake of nitrate, 

ammonium, organic N variety-specific, and   
(5) To determine the influence of soil testing protocols on observed soil N forms. 

It was further hypothesised that: 
(1) both inorganic and organic N forms would be accessed by all cotton varieties on the two soil 

types investigated, but that a preference for nitrate over both organic N and ammonium would 
be more greatly expressed in plants grown in clay-richer and thus sorbent soil, and  

(2) modern cotton varieties would also express greater preference for nitrate over organic N 
compounds than older varieties, as their breeding and genetic engineering will have targeted 
inorganic nitrogen-rich systems.  

A series of interconnected experiments were conducted over three years at the field, glasshouse and 
laboratory-scales that included soils with varying clay content, three cotton genotypes (a pre-Bt variety, 
and two Bollgard® 3 lines), and labelled carbon (13C) and nitrogen (15N) techniques, coupled with novel 
extraction and analytical approaches. 
Results from the glasshouse studies showed that: 

(1) All cotton varieties accessed N from organic and inorganic compounds regardless of soil type. 
Approximately one-third of the total N uptake was accounted for as a sum of the three organic 
N compounds (namely: urea, amino-acid, and peptide) in all variety × soil combinations tested. 
This observation demonstrated that whilst not the dominant form of N accessed by cotton, a 
nonetheless substantial amount of N was captured via organic N pools, even in competition with 
the soil microbial community, 

(2) Dissolved organic N (DON) is an important co-nutrition pathway for N in cotton. Soil type mildly 
influenced N uptake patterns in both Sicala V2 (pre-Bt) and Sicot 714BF, but nitrate remained the 
dominant form of N taken-up, in disagreement with the hypothesis that soil type would influence 
N uptake patterns. This appeared to be influenced by the specific sorption capacity for the more 
sorptive compounds. However, for Sicot 746BF, nitrate uptake rates were slightly reduced in 
lighter (Chromosol) relative to heavier (Vertosol) soils, and more than compensated for by an 
over 200% increase in ammonium uptake. Thus, suggesting that there is plasticity across cotton 
varieties in this aspect that may be exploitable to improve N use efficiency.  
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The modern Bollgard® 3 varieties did not show a clearer preference for nitrate than the older 
Sicala V2 cotton. Indeed, Sicot 746B3F showed less preference for nitrate in the sandier 
chromosol. Further research is required to establish the physiological and genetic reason for this 
observation, and the opportunity this potentially represents to improve NUE of cotton. 

(3) Whilst not being the dominant form of N taken-up by cotton, the N from three DON compounds 
was taken-up rapidly after application, accounting for roughly one-third of the added N taken up 
by the cotton plant. This suggested that although cotton appeared to be out-competed by soil 
microorganisms for the intact organic N compounds examined here, nonetheless, organic N was 
found to be a significant source of N for early-stage cotton.  

Results from the field studies showed that: 
(1) Application of moderate (100 to 200 kg/ha) rates of N resulted in the highest yield and within the 

desired NUE range (13 to 18 kg/kg) proposed for Australian cotton production systems. On 
average, NUE were 14-15 kg of N for each bale of lint produced from current the transgenic 
varieties currently used in Australia. Furthermore, it was shown that moderate rates of N resulted 
in the highest lint turnout, and produced the longest, most uniform, and strongest fibre. 
Micronaire was not affected by N application rates, but they did negatively affect colour and lint 
turnout. Under the growing conditions recorded during the study period, there was not a variety 
effect on fibre quality. 

(2) There were significant differences in N uptake and yield-to-N response of varieties Sicot 714B3F 
and Sicot 746B3F. The older non-Bollgard® variety (Sicala V2) was not statistically different to 
the Sicot 746B3F, however, it was different to Sicot 714B3F. At high rates of applied N (300 
kg/ha), the uptake was highest with Sicot 746B3F. The second highest uptake of N was Sicala 
V2. A comparison with controls (zero-N) showed that there were no statistical differences in total 
N uptake. 

(3) Data analysis from the long-term experiments at ACRI (since 2007) showed that, on average, the 
soil supplied 160 kg/ha N every cotton season. This was not uniform across the crop rotation 
treatments, where apparent average mineralisation rates varied from 0.83 to 1.51 kg/ha/day of 
N. Not all of the applied fertiliser was taken-up by the plant, with unaccounted N either left in the 
soil or lost to denitrification and deep drainage. Application of N did lift average yields for all 
types of rotations, but gains were greatest in situations that had lower apparent soil N 
mineralisation. Soil sampling limited to the topsoil (e.g., 0-300 mm) will limit the understanding 
of the available N pools at depth. The cumulative soil N profile was split composed of roughly 
equal proportions of inorganic and organic N. It is important not only to sample to a greater soil 
depth, but to also include DON to quantify the total available N pool. 

Results from interconnected field and laboratory studies showed that: 
(1) Time delays in processing soil samples for N analysis had a significant impact on the measured 

N pools, in particular, causing large increases in the level of nitrate observed. Ammonification 
and nitrification rates in samples stored in refrigeration (4°C) were significantly altered. 

(2) Improved sample handling practices for measurement of soil N were developed. Samples 
intended for analysis of plant-available or field-relevant N levels need to be processed through 
extracts immediately after sampling so that DON could be accurately accounted for as these N 
forms are likely to continue cycling once soil is sampled. Results showed that amino acid-N was 
close to equal with ammonium- and nitrate-N in samples processed immediately, but there was 
a comparatively minor proportion of N in stored soil samples, and thereby could be perceived 
as insignificant. Nitrogen results returned from the lab may be related to in-field N levels and 
availability if samples are appropriately handled. Poor handling practices will likely overstate soil 
nitrate levels and misinform fertiliser decisions. Minimal time delay between sampling and 
analysis will give the most accurate soil test results.  

(3) The use of microdialysis for soil N extractions resulted in approximately equal availabilities of 
amino-acids, ammonium, and nitrate. Based on this observation, it was suggested that cotton 
crops may have access to comparable amounts of DON and mineral N within the soil once short-
term fertiliser N peaks have depleted, which could be as soon as the third irrigation.   
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Introduction 
 
A farm’s soil is arguably its most important asset, yet it is both vulnerable to degradation and effectively 
a non-renewable source on relevant timescales. There has been an increasing focus on the organic 
matter component of soil, both from a potential carbon sequestration perspective, and from the 
recognition of the importance of organic matter in underpinning soil health and fertility. Organic matter 
has been shown to be in decline in many agricultural systems as soil processes adjust to a new 
equilibrium because of imposed management changes. Cotton production systems are no different in 
this regard and given the intrinsic link between soil organic matter and soil nitrogen, if organic matter is 
declining then so too is soil nitrogen.  
Since 2007 field trial examined six crop rotations, continuous cotton (CCC), cotton-faba fallow (CF~C), 
cotton vetch fallow (CV~C), continuous cotton vetch (CV-CV-CV), cotton wheat fallow (CW~C) and cotton 
wheat vetch (CWV). Over this 10-year period, three fertiliser rates were always included in the field trial 
(0, 200, 360 kg/ha) design and the fertilised plots were re-randomised every two years, at the end of 
every rotation cycle. Field management practices include residue incorporation, no stubble burning and 
notably during the fallow, opportunistic plants were tolerated until field preparation. The plant N uptake 
in the 0 N fertiliser plots reflects the apparent soil N mineralisation. The soil on average supplied 162 kg 
N/ha every cotton season. This was not uniform across the crop rotation treatments (Figure 1.1) where 
apparent average mineralisation rates for the cotton rotation varied from 0.83 to 1.51 kg N/ha/day. Not 
all of the applied fertiliser was taken up by the plant. The unaccounted fertiliser N was either left in the 
soil or lost to denitrification and deep drainage. The fertiliser application did lift average yields (Figure 
1.2) for all rotations, but gains were greatest in the rotations that had lower apparent soil N mineralisation. 
 
 

 
Figure 1.1. Average N uptake (kg/ha) between 2007-2017. 
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Figure 1.2. Average lint yield (kg/ha) between 2007-2017. 
 
The average soil nitrogen mineralisation and yield data from the long-term trial indicate that: 

• Selection of appropriate crop rotations is important for sustained soil N mineralisation. 
• Soils with greater soil N mineralisation had better average yields. 
• Soils can supply large amounts of N to the cotton crop. 

To maintain a healthy and productive soil, N fertilisation is required to replace N that is removed during 
harvest and lost during the season. Further, the N fertiliser is required to boost yield and generate 
biomass for incorporation into the soil. The long-term field trial at ACRI shows that experiment shows 
that diverse rotations have a longer-term impact on soil health and resilience. It is this resilience that 
enables the soil to deliver N to the plant via mineralisation. 
In recent years, it has become apparent that the long-held belief that nitrogen is only available to plants 
when in the ammonium or nitrate form is incorrect. Evidence from ecosystems as disparate as 
oligotrophic Arctic tundra and intensive subtropical sugar production strongly suggests that some forms 
of DON such as peptides and free amino acids are directly accessible to plants and in some cases may 
consist of a major portion of their nitrogen supply. 
Dissolved soil nitrogen is present either in the organic form, such as amino acids or in the inorganic form, 
dominated by nitrate or ammonium salts. Typically, in agricultural systems only the 0-300 mm of the soil 
profile is collected to determine N requirements based on the inorganic N pool. This approach limits our 
understanding of the available N pools. In both continuous cotton and cotton vetch treatments (Field 6 
ACRI), the cumulative soil nitrogen profile to each measurement depth was split composed of roughly 
equally proportions of inorganic and organic N. Further between 40% and 50% of the profile dissolved 
soil nitrogen where within the top 800 mm (Figure 1.3). In total, there was approximately 150 kg plant 
available N per ha in each treatment. It is therefore important not only to sample to a greater soil depth, 
but to also include TDN to quantify the available N pool. 
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Figure 1.3. Cumulative percentage of total profile nitrogen to each measurement depth (see also 
‘Field observations’ as part of Objective 5). 
 
The aim of the work presented in this report was to quantify the uptake of dissolved organic nitrogen 
(DON) in different cotton varieties in high yielding cropping systems. The work addressed the following: 

(6) The importance of the DON pool relative to nitrate (NO3-) and ammonium (NH4+) for cotton 
nutrition. 

(7) The impact of soil type on uptake of DON relative to NO3- and NH4+ for cotton nutrition. 
(8) In high yielding soils, does the DON pool influence fertiliser nitrogen (N) use efficiency (NUE)? 
(9) Is uptake of DON a general phenomenon in cotton or is the relative uptake of NO3-, NH4+ and 

DON variety-specific?  
(10) The influence of soil testing protocols on observed soil N forms. 

The project outcome will improve N management in cotton production systems by determining the plant 
N preference (NO3-, NH4+, and DON), and how this can be managed in different crop environments. In is 
envisaged that improved understanding of the biogeochemical and physiological basis of N uptake by 
cotton plants will go some way to increase productivity and reduce environment impacts through 
improved N management decisions. 
 
Objective 1: The importance of the DON pool relative to nitrate and ammonium for cotton nutrition 
Objective 2: How does soil type influence the uptake and availability of DON relative to nitrate and 
ammonium for cotton nutrition? 
 
The uptake of N in Australian cotton has been extensively studied by Rochester (2011, 2012) under 
varying N rates and crop rotations (continuous cotton, cotton wheat and cotton legume). The recently 
completed More Profit from Nitrogen Program together with other CRDC-funded work (e.g., Scheer et 
al., 2022) built upon the earlier work by Rochester and highlighted key areas for advancing the scientific 
understanding of N dynamics in cotton production systems, including the establishment and adoption of 
a cross-industry NUE framework (Antille and Moody, 2021). As newer varieties are released (e.g., 
Bollgard® 3), there is a growing demand on cotton to produce higher yields (e.g., >12 bales/ha), and this 
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has placed demands on inputs such as N to meet increased productivity targets with increased N fertiliser 
use efficiencies. Understanding the dynamics of N uptake between varieties, that include comparison of 
the old Sicala V2 with the new Sicot 746 B3F and Sicot 714 B3F, will answer industry questions regarding 
the status of improved resource use efficiencies with modern genotypes. For example, have the more 
recent Bollgard® 3 varieties contributed to improve the utilisation of applied fertiliser N? The pool from 
which cotton accesses N is diversified in chemistry and subjected to complex biogeochemical 
transformations. The N pool includes organic (amino acids, peptides) and inorganic forms (e.g., NO3-). As 
discussed later, the majority of N uptake was in the inorganic form (NO3-), which confirmed there was 
nothing new about the recently released varieties when compared to Sicala V2, released in the 1990’s. 
The preferred species of uptake by cotton remains as nitrate-N. Understanding and quantifying the 
uptake preference, however, can assist in making decisions regarding the breeding of future varieties to 
utilise soil nitrate-N more efficiently. This research will assist in informing growers and consultants the 
different appetite of Bollgard® 3 varieties for urea (thus, nitrate-N) and understand the demand from the 
different varieties (i.e., Sicot 714 B3F and Sicot 746 B3F). 
 
Materials and methods 
 
Three studies were undertaken during the 2018/2019 growing season (planted in 2018; defoliated, 
harvested and ginned in 2019) at the Australian Cotton Research Institute (ACRI) in Narrabri (149°36’ E, 
30°12’ S) in the Namoi Valley of New South Wales (NSW), one at the Irrigation Research and Extension 
Committee (IREC) in Griffith (34°17′24’ S, 146°2′ 24 E) in the Riverina (Southern region) of NSW, and one 
at Toobeah (28.4169° S, 149.8702° E) in the MacIntyre Valley (Central region) of QLD. Two further studies 
were undertaken during the 2019/2020 growing season (planted in 2019; defoliated, harvested, and 
ginned in 2020); one at Cecil Plains (27.5316°S, 151.1930°E) on the Darling Downs in southern QLD and 
another one at ACRI. 
A summary of the respective field operations employed on each of the fields is presented in Tables 1.1 
and 1.2. The cotton varieties used for the trials were two CSIRO varieties, containing Bollgard® 3 
technology stacked with Roundup Ready Flex®, Sicot 746B3F and Sicot 714B3F (Stiller, 2016, 2017), 
currently the two most popular upland transgenic varieties grown in Australia, as well as Sicala V2 (Reid, 
1995), a popular CSIRO conventional variety grown in the late 1990s. All fields were subjected to standard 
management practices for irrigated upland cotton in Australia. Fertiliser N was applied in the form of 
granular urea (46% N) and at one field as anhydrous ammonia (82% N), all in split applications at rates 
ranging from zero (control) to moderate (range: 100-200 kg ha-1) to high (300 kg ha-1) and excessive (400 
kg ha-1). For ease of interpretation, fibre properties were all measured by high volume instruments, which 
is the preferred method of classification for cotton trading (ICAC/ITMF, 2018). 
Urea was applied by side dressing to the field at ACRI (2018/19, 2019/20 and 2020/21 seasons) using a 
Simplicity air cart with a Gessner-Walker frame and a Shearer double disc opener prior to planting. One 
hundred kg per ha were applied prior to planting followed by further application of 100 and 200 kg per 
ha in-crop to achieve the application rates of 200 and 300 kg per ha, respectively. The field was then 
subjected to three harvest aid applications by ground rig, with a mixture of leaf defoliant and boll opener. 
The trials were conducted using a randomized complete block design, with four replications.  
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Table 1.1: Site, N Application rate, product, method, application dates, rainfall, and max and min temperature*. 
Site N rate, 

kg/ha 
Application method N source 

 
1st application 2nd application 

 
3rd application Rainfall 

(mm) 
Temp 
Max 

Temp 
Min 

ACRI 
Narrabri, 

NSW 

0, 100, 
200, 300 

John Shearer Double 
Disc openers  
Side-dressed 

Urea (46% 
N) 

12-September (100kg N ha-1 applied 
to the 100, 200 and 300 kg ha-1 
plots) 

11-December (100 and 200kg N ha-1) 
applied to 200 and 300 Kg ha-1 plots 

respectively. 

 248.5 30.9 16.9 

Toobeah 
QLD 

0, 200 & 
400 

John Shearer Double 
Disc openers  

and Fertigation 

Urea (46%) 12-April-(175 kg N ha-1 and 375 kg ha-

1, respectively) 
1-November 25 kg N ha-1) fertigation into 

the 200 & 400 kg N-1 treatments 
 227.8 34.8 19.8 

IREC 
Griffith, 
NSW 

136* & 300 
 

Marshall Spreader Urea 12-November 62 kg N ha-1 applied in 
300 kg ha-1 plots 

15-November 40 kg N ha-1 in the 300 kg 
N ha-1 plots 

3-December 
62 kg N ha-1 applied in 
the 300 kg N ha-1 plots 

220.0 30.9 16.3 

ACRI 
Narrabri, 

NSW 

0, 100, 
200 & 300 

John Shearer Double 
Disc openers  
Side-dressed 

Urea 27-September (100kg N ha-1 applied 
to the 100, 200 and 300 kg ha-1 

plots) 

17-December (100 and 200kg N ha-1) 
applied to 200 and 300 Kg ha-1 plots 

respectively. 

 472.5 29.5 16.1 

* Information for weather and day degrees were obtained from CSD data and local weather station next to ACRI field. 
 
Table 1.2. Location, N application rate, rainfall, and max and min temperature*   

Field designation 
 

Season N rate, kg/ha Rainfall, mm T Max, °C T Min, °C 

ACRI 2018/19 0, 100, 200, 300 248.5 30.9 16.9 
 2019/20 0, 100, 200, 300 472.5 29.5 16.1 
 2020/21 0, 100, 200, 300 557.0 44.0 2.1 

Toobeah 2018/19 0, 200 & 400 227.8 34.8 19.8 
IREC Whitton 2018/19 136 & 300 220.0 30.9 16.3 
Cecil Plains 2018/19 0 & 300 327.6 30.7 15.8 

*Information for weather and degree-day were obtained from CSD data and local weather station next to the ACRI field. 
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Biomass cuts for N uptake 
 
The biomass cuts were removed at maturity (March, prior to defoliation). The cuts were removed at 1 m2 
per plot for each of the sites. The samples were weighed (fresh weight per m) and then dried in a 
dehydrator at 70°C for one week and then weighed again (dry weight). The dried whole plant was then 
course ground followed by fine ground using Retch SM300 grinder and Retch disc mill for fine grinding. 
The samples were then analysed using a CN LECO925. 
 
Results and discussion 
 
All sites were analysed for fibre quality and the results are shown in Tables 1.3 to 1.7 for all sites from 
2018 to 2021. There were significant differences between varieties (Sicot 714 B3F, Sicala V2 and Sicot 
746 B3F) with regard to N uptake and N application rates (as listed in Tables 1.8-1.9). The Sicot 714 B3F 
variety was shown to have a very different uptake response when compared to Sicot 746 B3F and the 
older release (and non-Bollgard variety) Sicala V2. The Sicot 714 B3F variety has been bred for higher 
disease resistance (specifically for Verticillium dahliae); however, the uptake of N was significantly less 
when compared to Sicot 746 B3F and the older Sicala V2. 
 
Table 1.3. Lint turnout, yield, and average fibre properties as measured by HVI for Field A3 ACRI per 
N rate. 

N rate, 
kg/ha 

NUE  Lint 
turnout, %  

Yield, 
bales/ha 

MIC UHML, 
mm 

UI, % SFI, 
% 

STR, 
g/tex 

Sicot 746 B3F 
0 * 48.7b 7.6 4.75 30.07 84.2 5.8 31.4a 

100 17.9 46.2a 7.9 4.73 30.43 84.6 5.4 33.1b 
200 9.6 46.9a 8.5 4.79 30.73 85.0 5.2 33.6b 
300 6.0 47.2a 7.9 4.81 30.61 84.5 5.4 33.2b 

p-value * <.001  n.s. n.s n.s n.s n.s <.001  
    Sicot 714 B3F     

0 * 44.9 9.5 4.75 29.9 83.8 5.9 31.2 

100 21.9 44.2 9.7 4.75 28.2 82.9 5.7 30.9 

200 11.3 43.0 10.0 4.60 28.7 83.8 5.3 31.5 

300 7.3 41.4 9.7 4.56 29.9 84.5 5.5 32.5 

p-value * n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Sicala V2 

0 * 41.9 7.8 4.81 29.08 83.7 5.4 31.7 
100 18.8 40.8 8.3 4.74 29.29 84.2 5.2 32.5 
200 9.6 41.2 8.5 4.88 29.64 84.1 5.4 32.6 
300 5.8 40.2 7.6 4.82 29.57 84.5 5.1 33.0 

p-value * n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Note: MIC = micronaire, UHML (MM) = upper half mean length, UI = Uniformity Index, SFI = short fibre 
content, STR = Strength. 
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Table 1.4. Lint turnout, yield, and average fibre properties as measured by HVI and visual assessment for Toobeah per N rate 

N rate, 
kg/ha 

NUE Lint turnout, %  Yield, 
bales/ha 

MIC UHML, 
mm 

UI, % SFI, % STR, g/tex Trash Colour Visual 
Leaf Area, % Count Rd +b CG LG 

Sicot 746 B3F 
0 * 41.3 13.7 4.50b 29.72a 81.0a 9.3a 33.2a 3 0.34b 39b 81.6b 7.4b 31 3 

200 15.9 40.4 14.0 4.50b 30.48b 82.0b 9.6b 34.2b 3 0.30a 36a 80.1a 6.9a 31 3 
400 7.9 41.2 14.0 4.40a 29.72a 81.0a 9.3a 33.0a 3 0.29a 36a 81.8b 7.4b 31 3 

p-value * n.s. n.s. <.001 <.001 <.001 <.001 <.001 n.s. <.001 <.001 <.001 <.001 n.s. n.s. 
Sicot 714 B3F 

0 * 39.4 14.0 4.60 29.21a 80.8a 9.8b 31.8a 3 0.33b 37a 79.6b 7.7b 31 3 
200 16.1 39.8 14.2 4.60 29.97b 82.0b 9.7b 33.1b 3 0.29a 38b 78.1a 7.3a 31 3 
400 8.1 39.9 14.2 4.60 29.72b 81.5b 8.7a 32.4a 3 0.34b 38b 79.4b 7.9b 31 3 

p-value * n.s. n.s. n.s. <.001 <.001 <.001 <.001 n.s. <.001 <.001 <.001 <.001 n.s. n.s. 
 
Table 1.5. Lint turnout and average fibre properties as measured by HVI and visual assessment for IREC (Whitton, NSW) per N rate. 

N rate, 
kg/ha 

NUE Lint turnout, 
%  

Yield, 
bales/ha 

MIC UHML, 
mm 

UI, % SFI, % STR, g/tex Trash Colour Visual 

Leaf Area, % Count Rd +b CG LG 

Sicot 746 B3F 
136 18.4 41.8 11.0 4.47 31.50 83.5 7.4 34.6 3 0.28 27 82.4 7.2 31 3 
300 15.4 33.8 9.2 4.42 31.06 83.3 7.6 33.5 3 0.31 28 82.4 7.2 31 3 

p-value * <.001 <.001 n.s. n.s. n.s. n.s n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Sicot 714 B3F 

136 15.4 39.7 9.2 4.65 30.48 83.0 7.8 33.8 3 0.30 28 81.3 7.5 21 3 
300 15.5 38.0 9.3 4.57 30.86 83.4 7.3 33.8 3 0.31 31 81.1 7.7 21 3 

p-value * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s n.s n.s 
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Table 1.6. Lint turnout, yield, and average fibre properties as measured by HVI for ACRI Field B2 2019/20 per N rate. 

N rate, kg/ha NUE Lint turnout, %  Yield, bales/ha MIC UHML, mm UI, % SFI, % STR, g/tex 

Sicot 746 B3F 
0 * 46.7 8.7 4.71 29.31 82.2 8.9 30.2 

100 23.8 46.2 10.5 4.65 29.77 82.0 8.5 31.2 
200 10.7 46.7 9.4 4.55 30.66 82.5 7.0 32.6 
300 7.1 46.4 9.4 4.45 31.01 83.4 7.0 32.4 

p-value * n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Sicot 714 B3F 

0 * 44.0 9.1 4.84 29.82 82.3 7. 5 30.9 
100 25.2 44.1 11.1 5.01 28.96 81.6 8.7 29.4 
200 13.1 43.8 11.5 5.06 29.60 82.1 8.5 30.2 
300 7.6 43.5 10.1 4.71 29.31 82.2 8.9 30.2 

p-value * n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
Sicala V2 

0 * 41.0 6.9 4.39 29.52 82.8 7.7 31.6 
100 16.6 40.8 7.3 4.36 29.80 82.7 7.4 31.7 
200 8.7 40.4 7.7 4.36 29.52 83.2 6.7 31.0 
300 5.1 40.1 6.7 4.10 28.85 82.0 8.8 30.2 

p-value * n.s. n.s. n.s. n.s. n.s. n.s. n.s. 
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Table 1.7. Lint turnout, yield, and average fibre properties as measured by HVI and visual assessment for Cecil Plains per N rate 

N rate, 
kg/ha 

NUE Lint turnout, 
%  

Yield, 
bales/ha 

MIC UHML, 
mm 

UI, % SFI, % STR, g/tex Trash Colour Visual 

Leaf Area, % Count Rd +b CG LG 

Sicot 746 B3F 
0 * 45.1 11.3 4.09 31.01 83.4 7.0 31.9 3 0.23 19 85.3 8.8 11 1 

300 8.7 43.3 11.4 4.14 31.39 83.3 6.9 32.4 2 0.22 16 84.8 8.8 11 1 
p-value * n.s. n.s. n.s. n.s. n.s. n.s n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

Sicot 714 B3F 
0 * 43.0 13.5 4.10 31.45 84.2 6.0 32.4 3 0.30 20 84.8 8.8 11 1 

300 10.0 44.1 13.2 4.20 30.48 82.8 7.2 31.6 2 0.27 18 85.4 8.8 11 1 
p-value * n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s n.s n.s 
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Table 1.8. Total nitrogen uptake at the Australian Cotton Research Institute from Field’s B2 and A3 
from 2018 to 2021. 
 

 Variety   N Uptake (kg N/ha) 
- N rate (kg/ha) 2018/19 2019/20 2020/21 

Sicala V2 0 258 229 182 
Sicot 714 B3F   215 237 154 
Sicot 746 B3F   270 220 143 
       
Sicala V2 100 323 293 181 
Sicot 714 B3F   278 243 174 
Sicot 746 B3F   353 221 164 
       
Sicala V2 200 362 274 221 
Sicot 714 B3F   357 264 202 
Sicot 746 B3F   421 266 230 
       
Sicala V2 300 483 258 184 
Sicot 714 B3F   449 346 214 
Sicot 746 B3F   476 290 290 

 
Table 1.9. Total nitrogen uptake at Irrigation Research and Extension Committee Farm (IREC) from 
Field W1 for the 2018/19 season. 

IREC Field W1, 2018/19 
Variety N rate (kg/ha) N uptake (kg/ha) 

Sicot 714 B3F 136 177 
 300 190 

Sicot 746 B3F 136 190 
 300 199 

Toobeah, 2018/19 
Variety N rate (kg/ha) N uptake (kg/ha) 

Sicot 714 B3F 0 168 
 200 176 
 300 177 

Sicot 746 B3F 0 187 
 200 191 
 300 193 

 
Summary of the effects of soil type and cotton variety 
 
Figures 1.4 (A-C) show the effect of cotton variety on agronomic efficiency (measured as the ratio of lint 
yield-to-N application rate expressed in kg/kg). Figure 1.5 shows the effect of site or growing region on 
agronomic efficiency. Nitrogen recovered in cottonseed as affected by site and cotton variety are shown 
in Figures 1.6A and 1.6B, respectively. These results highlight the range of differences encountered in N 
uptake and use efficiency between-sites and varieties.     
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(A) 

(B) 

(C) 
 

Figures 1.4: Agronomic efficiency as affected by cotton variety in (A) Narrabri, (B) Toobeah, and (C) 
Griffith, respectively. Box plots show: Min, Q1, Med, Q3, and Max. 
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Figure 1.5: Agronomic efficiencies observed at the three experimental sites in the 2018-2019 season. 
Box plots show: Min, Q1, Med, Q3, and Max. 

 

(A) 

(B) 
 
Figures 1.6: Nitrogen recovered in cottonseed (kg/ha) recorded for the three experimental sites in (A) 
and as affected by cotton variety (B), respectively. Box plots show: Min, Q1, Med, Q3, and Max. 
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Fibre and nitrogen 
Results indicated that the application of moderate (100 to 200 kg/ha) rates of N resulted in the highest 
yield and within the desired NUE range (13 to 18 kg/kg), which equates to an average of 14-15 kg of N for 
each bale of lint produced from the transgenic varieties currently used in Australia. Furthermore, the 
results showed that the application of moderate (100 to 200 kg/ha) rates of N resulted in the highest 
yield, lint turnout and NUE, and also produced the longest, most uniform, and strongest fibre. As the 
growing conditions for the two seasons were closely aligned, N application rates did not influence 
micronaire, but they did negatively affect colour and lint turnout. Under these growing conditions, there 
was not a variety effect. Certainly, more veritable, challenging and less than ideal growing conditions 
would no doubt report different conclusions. 
 
Nitrogen uptake 
When comparing the response of the recent released (<10 years), there were differences in the response 
of varieties Sicot 714 B3F and Sicot 746 B3F (Table 1.8). At the ACRI, the old non-Bollgard® variety (Sicala 
V2) was not statistically different to the Sicot 746 B3F, however, it was different to Sicot 714 B3F. At high 
rates of applied N (300 kg/ha) the uptake of N was highest under the new variety Sicot 746 B3F. The 
second highest uptake of N was Sicala V2. A comparison with the control (zero-N), showed that there 
were no statistical differences in total N uptake. This was supported by the fact that the research plots 
were low in N availability. Considering the difference in response of the varieties, the variety with genetic 
expression for disease resistance (Sicot 714 B3F) had a reduced uptake rate when compared with the 
older variety (Sicala V2).   
 
Objective 2.2: The extent of abiotic edaphic effects on N sorption and release as affected by soil 
water content 
 
The following sub-section specifically addresses Objective 2.2, which involved a laboratory experiment 
to establish the extent of abiotic edaphic effects on N availability and release in soils used for cotton and 
grain cropping. A total of five different soil types that included Grey Vertosol (ACRI, NSW), Red Chromosol 
(Wee Waa, NSW), Transitional Red Brown Earth (IREC, NSW), Degraded Black Vertosol (West 
Toowoomba, QLD), and Black Vertosol (Yargullen, QLD) were used. The soil water retention 
characteristics were determined for all five soil types. All soils had significantly different hydraulic 
properties, as shown in Figure 2.1 by the corresponding plant available water capacity (this defined as 
the difference in soil water contents at 0.1 and 15 bar; i.e., the laboratory definitions of drained upper and 
crop lower limits, respectively) (P<0.01). The water retention curves for these soils were reported in the 
November 2020 Milestone report and are available by request from the authors. Soil N extractions were 
performed at tensions of 0 (saturation), 100, 340 and 600 cm, and subsequently at 5 and 15 bar, 
respectively, using a microdialysis unit. This made it possible to establish the relationship between soil 
N and soil water content using a non-destructive sampling approach. The majority of the total N and 
nitrate-N were recovered between saturation and drained upper limit (100 cm or 0.1 bar) whereas the 
free amino-acids and ammonium fractions were more evenly recovered across the entire range of 
suctions analysed (from saturation to 15 bar or lower limit). Given the prevailing aerobic conditions, the 
amount of ammonium recovered was low suggesting rapid conversion of this fraction to nitrate (Figure 
2.2). A limitation of this experiment was the inability to recover N in water drained out of the soil as suction 
was incrementally applied to the cores, which would have been advantageous for full quantification of N 
supply rates at every step of the soil water retention curve. However, this was not possible as it would 
have required major modification of the laboratory equipment used for measuring soil water retention. 
Future work may consider this to enable for more accurate estimations of the N release characteristics 
on the drying phase of the soil. The soil water retention curve and soil mineral N (SMN, that is the sum of 
nitrate- plus ammonium-N) data were coupled to simultaneously represent the progressive increase in 
SMN recovered in the analyses as the soil dried out, which may be related to the soil drying process that 
occurs between irrigation cycles (Figure 2.3). 
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Note that the SMN units are given ‘as reported’ from the laboratory (mg/L), but can be converted to kg N 
per kg soil (or equivalent) if the soil bulk density is known. Similar relationships could be drawn for other 
soils.     
 

 
Figure 2.1. Hydraulic characterisation of the soils used to determine the relationship between soil N 
supply rates and soil water content under laboratory conditions (P<0.01). The plant available water 
capacity (PAWC) is defined here as the difference between soil water retained at 0.1, which are the 
laboratory equivalents of drained upper and lower limits, respectively. 
 

  

  
Figure 2.2. Soil N recovered in analyses at soil water contents between saturation and 15 bar (lower 
limit) for a range of soils used for cotton production. FAA: free amino-acids. 
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Figure 2.3. The relationship between soil water retention characteristics and cumulative soil mineral 
N (SMN), in this example, for the IREC soil. DUL and LL are the laboratory determinations of drained 
upper (field capacity) and lower limits (permanent wilting point), respectively. Note that suction was 
expressed in kPa (1 kPa = 0.01 bar = 10.2 cm of water). 
 
Objective 3: In high-yielding soils, does the DON pool influence fertiliser N use efficiency? 
 
The intensive experimental site established at ACRI during the 2020-21 cotton growing season was used 
to compare the uptake of N derived from synthetic fertiliser (urea, fine-ground) with uptake of N from 
dissolved organic compounds (amino-acids) derived from soil application of Spirulina. For this, 1×1 m 
micro-plots were nested within the zero-fertiliser plots, and soil and plant samples collected for 
determination of yield, N uptake and N use efficiency (Figures 3.1-3.2). The field trial was sown on 29 
September 2020 in Field A3. Fine-ground urea (46% N) and spirulina (amino-acids as a source of DON 
containing 10.6% total-N) were applied at a rate of 200 kg/ha of N in all 4 replicates for both varieties 
Sicot 746 B3F and Sicot 714 B3F. 
 

    
 

Figure 3.1. Overview of Field A3 at ACRI sown on the 29th September 2020 (left) and close-up of 
cotton emergence in the Spirulina sub-plots (right). 
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Figure 3.2. Fine-ground urea (left) and Spirulina (right) applied to the Sicot 746B3F and Sicot 714B3F 
plots at 200 kg/ha of N on the 17th September 2020 (2020/21 season). 
 
Results and Conclusions 
 
Table 3.1 summarises the results from the field experiment comparing Spirulina and urea as sources of 
N for cotton.  
 
Table 3.1: Comparison of N uptake (kg/ha) for Bollgard® 3 varieties when applying N in the organic 
(Spirulina) and inorganic forms (urea) for cotton grown at ACRI Field A3 during the 2020/21 season.  

Variety N rate (kg/ha) N uptake (kg/ha) 
Sicot 714 B3F 200 Spirulina 264 

 200 Urea 227 
p-value - p<0.001 

Sicot 746 B3F 200 Spirulina 248 
 200 Urea 218 

p-value - p<0.001 
 
The comparison between Spirulina (ammino acids and peptides as DON source) applied at an equivalent 
of 200 kg/ha N and fine ground urea (for comparative analysis with fine granules of spirulina) applied at 
the same N rate showed that uptake was higher for spirulina (p<0.001***).  
 
Objective 4: Is uptake of DON a general phenomenon in cotton or is the relative uptake of NO3-, NH4+ 
and DON variety-specific? 
 
Organic N makes up the majority of N in soils, even those under highly intensive agricultural 
management. Since the 1950s, much focus on N has fallen on inorganic N, particularly NO3-, as the most 
important form of plant-available N in soils. However, in the past 25 years, a significant body of work has 
emerged using isotopic techniques that demonstrates the wide-ranging ability of plants to access other 
N forms, particularly amino-acids and more recently their short oligomers (peptides), echoing research 
conducted prior to the industrialisation of the Haber-Bosch process nearly a century ago. Specific to 
irrigated cotton production systems, we have recently demonstrated the importance of organic N as a N 
loss pathway, and the importance more broadly of the soil N pool for cotton nutrition, as opposed to 
direct uptake of fertiliser N.  
Published research from the present project (Bailey et al., 2022) has demonstrated that typical sample 
treatment at collection can result in a significant underestimation of the proportion of organic N relative 
to NO3- and NH4+ that is available to plants in cotton-growing systems. This is due to both the disturbance 
of soil aggregates at sampling, and microbial processes occurring in the soil sample between collection 
and eventual extraction for analysis.  
Recently completed PhD research (Latimer, 2021) demonstrated the physiological capacity of Gossypium 
to take up organic N intact in a soil-free system and found this to be conserved even back to a Tx III 
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landrace accession from Guatemala-Mexico (Kaur et al., 2017). Thus, we now have a strong rationale to 
investigate the importance of organic N uptake for crop nutrition, whether this is conserved between 
varieties, and to investigate the impact of soil type on these observations. 
The aims of this part of the study compiled in this report were to examine the preference of cotton for 
inorganic or organic N forms, establish whether this is conserved across varieties (two modern and one 
pre-Bt genotype), and to understand the impact of soil type on these observations. The experiment was 
conducted pots in a glasshouse using cotton seedlings at the four-five leaf stage where roots were well 
developed. An isotopic pulse-chase approach was used to trace a discrete cohort of N (and in some 
organic N compounds, its associated carbon (C) also). Additions of N were made on an equimolar N basis 
to reduce the potential for bias. The added 15N (and where appropriate, 13C) was traced into above- and 
below-ground plant parts. Specifically, it was hypothesised that: 

(1) both inorganic and organic N forms would be accessed by all varieties of cotton and in both soil 
types, but that: 

(2) a preference for nitrate over both organic N and ammonium would be more greatly expressed 
in plants grown in the more clay-rich and thus sorbent vertosol, and  

(3) the modern varieties would also more greatly express a preference for nitrate over organic N 
compounds, as their breeding and engineering will have targeted inorganic nitrogen rich system. 

 
Methodology 
Materials and pre-experimental 
 
In the Austral spring of 2019, two surface soils (0-10 cm) were collected in bulk (~300 kg) from the 
Australian Cotton Research Institute Field 6 (149°36’E, 30°12’S; Grey Vertosol) and from the outskirts 
of Wee Waa (149°29'32'', 30°14'5'' S; Red Chromosol) at the northern end of the irrigated cotton-growing 
region of New South Wales (Australia). The Vertosol had been under long-term irrigated cotton rotation 
as part of a long-term farming systems experiment (Rochester, 2011) and it was taken from the cotton-
wheat treatment. The Chromosol was taken from a farm east of Wee Waa, having previously been 
managed as a peanut farm. Further details of the soils can be found in Table 4.1. 
 
Table 4.1: Properties of the two soils used in this study. Values are means ± SE. 

Property Grey Vertosol Red Chromosol 
Location 149o36’ E, 30o12’ S 149°29' E, 30°14' S 
Sand (%, w/w) 36.9 ± 0.6 75.8 ± 0.6 
Silt (%, w/w) 22.2 ± 1.2 7.3 ± 0.3 
Clay (%, w/w) 40.9 ± 0.9 16.9 ± 0.6 
pH 7.4 ± 0.0 7.0 ± 0.1 
EC (µS cm-1) 108 ± 5 112 ± 14 
SOC (g kg-1) 10.01 ± 0.29 6.68 ± 0.12 
TN (g kg-1) 0.84 ± 0.01 0.49 ± 0.01 
C:N ratio 11.9 ± 0.2 13.5 ± 0.1 
Microbial biomass C (mg kg-1) 124 ± 20 400 ± 115 
Microbial biomass N (mg kg-1) 16.1 ± 3.3 7.7 ± 1.2 
NO3--N (mg kg-1) 1.2 ± 0.6 6.2 ± 2.4 
NH4+-N (mg kg-1) 1.8 ± 0.7 2.8 ± 0.6 
Free amino acid N (mg kg-1) 0.10 ± 0.05 0.20 ± 0.05 
Dissolved organic N (mg kg-1) 2.3 ± 0.5 4.0 ± 0.5 

 
Upon receival at the research station, soils were oven dried at 40°C for 7 days. After drying, the soil was 
lightly ground to pass 2 mm, any mineral or organic coarse fraction removed and thoroughly mixed. Soils 
were then packed into 2 L pots, which had geotechnical fabric in the base to prevent sediment loss. To 
ensure uniform density of 1 g cm-3 the soil was packed into the pot in 3 equal sections. 
After packing, the pots were transferred to the glasshouse and water was applied to reach saturation, 
after which the pots were allowed to stand for 1 week before sowing with seeds of the three cotton 
varieties used (namely: Sicala V2, a pre-Bt variety with first disease resistance to Verticillium Wilt, and 
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Sicot 714B3F and Sicot 746B3F recent transgenic lines Bollgard® 3 (proteins Cry 1Ac, Cry2AB and Vip3A). 
A single seed was sown in each pot, with roughly 2x the number of pots required for the experimental 
design being sown to enable the most homogeneous selection of plants to be selected for the 
experiment. After sowing, pots were regularly watered to saturation (leaching was always avoided) by 
automated drip irrigation into each pot in a glasshouse exposed to natural light and with its target 
temperature maintained at 20°C night-time / 32°C day-time, though on hotter days, both day- and night-
time temperatures exceeded these set-points. Seedlings were allowed to grow for 8 weeks until the four-
five leaf stage where roots were well developed before the labelling experiment was conducted (Figure 
4.1). 
 

(A)

 

(B)

 
Figure 4.1: In (A) Overview of experiment in glasshouse, and (B) example of plant removed from pot 
showing extensive root exploration of the soil. 
 
Experimental design 
The experiment tested the preference of three cotton varieties for five different N compounds in two soil 
types. In order to achieve this, a pulse-chase experiment was conducted whereby the cotton seedlings 
were exposed to five isotopically labelled nitrogen compounds applied in a chemically identical cocktail 
where only the target compound for each carries the isotopic label. A sixth treatment where all 
compounds unlabelled was used as an isotopic control (Table 4.2). Unlike early pulse-chase studies in 
which only the compound of interest is added, this approach limits the potential bias that adding an 
excess of only that compound may impart.  
 
 

Table 4.2: Nitrogen treatments in the glasshouse study. 

Treatment 15N/13C label present 

N compound Nitrate Ammonium Alanine Tri-alanine Urea 

Nitrate x o o o o 

Ammonium o x o o o 

Amino acid* o o x o o 

Peptide* o o o x o 

Urea† o o o o x 

Control o o o o o 
*Dual 13C/15N label, †15N-label only. 
 
Following the treatments outlined above, 216 individual pots were used in the labelling experiment. 
These consisted of fully factorial treatments of six nitrogen types (five labelled, plus the unlabelled 
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control) applied to three cotton varieties in two soil types. Each treatment was replicated six times, with 
labelling treatments randomly applied. 
 
Labelling and harvest 
 
The total concentration of N in the labelling solution was 10 mM, consisting of 2 mM N for each 
compound. In 4 mL of solution (4 × 1 mL injection around the base of the shoot), this equated to an 
addition of 40 μmol N per plant, equivalent to 0.79 kg N ha-1 per pot, or assuming a 1 cm diameter of 
labelling area, 71.3 kg N ha-1. All labelled treatments used 99 atm% enrichment for both 15N and where 
relevant 13C, with the exception of the urea treatment for which only singly-labelled 15N-urea, at an 
enrichment of 20 atm%, was available. Such high enrichments were required due to the need to apply 
compounds at low concentrations representative of those found in the rhizosphere whilst retaining 
detectability amongst the massive dilution of naturally occurring 13C and 15N at background levels in the 
seedlings.  
A chase period of one hour was selected in order to minimise the opportunity for the organic N 
compounds to be mineralised by the soil microbial community prior to uptake by the plant (Hill and Jones, 
2019). Indeed, amino acids and peptides have been shown to have estimated half-times of <1.25 h across 
many soil types (Farrell et al., 2013). Earlier work by Latimer (2021) using a soil-free rhizotube system 
confirmed a chase period of one hour as a good compromise between detection of the label in both root 
and shoot whilst minimising the opportunity for mineralisation. Labelling was done in natural light, and at 
temperatures that exceeded the 32°C daytime temperature set-point, with a maximum temperature 
recorded of 37°C. One hour following label injection, shoots were removed, bagged, then dried at 80°C. 
Roots were carefully removed from the soil and washed gently with tap water over a sieve. Once obvious 
soil contamination was removed, a further wash with 0.5 mM CaCl2 was carried out to remove any label 
adsorbed to the root surface. Washed roots were then bagged and also dried at 80°C as per the roots. 
 
Analysis 
Soil characterisation 
 
Replicated (n ≥ 3) sub-samples were subjected to biogeochemical characterisation as follows, and the 
results were provided in Table 4.1. Particle size analysis was conducted by CSBP using standard 
protocols. Total soil organic C (SOC) and total N (TN) were determined by high temperature combustion 
(LECO TruMac CN analyser) after the absence of carbonate was confirmed via fizz-testing. Soil pH and 
electrical conductivity of soil (EC) were quantified using standard electrodes in a soil:solution ratio of 1:5 
(w/v), with pH being analysed on 0.01 M CaCl2. Soluble N pools (NO3-, NH4+, free amino acids [FAA], and 
total dissolved N [TDN]) were quantified on 0.5M K2SO4 extracts using colorimetric (NO3- and NH4+), 
fluorimetric (FAA), or high combustion techniques (TDN). Dissolved organic N (DON) was then derived by 
subtracting NO3- and NH4+ concentrations from the TDN value. Microbial biomass carbon (MBC) and 
nitrogen (MBN) were quantified by analysing dissolved organic C (DOC) and TDN by high temperature 
combustion in 0.5M K2SO4 extracts of a second aliquot of soils that had been exposed to an atmosphere 
of chloroform for 24 h, and subtracting values quantified in the unfumigated samples after applying 
standard correction factors (Voroney et al., 2008). All data are presented on a dry weight basis, having 
gravimetrically determined moisture content (MC) on separate aliquots of the soils.  
 
Plant sample preparation 
 
Dried plant samples were weighed to obtain above-ground and below-ground biomass. Samples were 
then ground to a fine powder for elemental and isotopic analysis, ensuring no cross contamination, 
particularly between labelled treatments and the non-labelled control. 
 
Isotopic analysis 
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Samples were analysed for both C/N (%) and δ13C/δ15N on the same aliquot using the thermal conductivity 
detector (TCD) in the Flash elemental analyser (EA) for C/N (%) coupled to the Delta V isotope-ratio mass 
spectrometer (IRMS) in smart-EA mode for a dual isotope analysis. As the expected enrichment was in 
the high natural abundance range, a custom set of standards using serial dilutions of Ca13CO3 and K15NO3 
was used for isotopic calibration of the enriched samples. Controls were analysed prior to enriched 
samples using natural abundance standards.  
 
Data processing 
 
Data from the IRMS analysis were first corrected for mass and isotopic linearity, and instrumental drift 
using LIMS for Light Stable Isotopes (Coplen, 2021). Final isotopic and concentration values were then 
imported into the R data analysis environment (R Core Team, 2022), along with sample masses and other 
metadata. Isotopic values were converted from delta notation to atom% using standard values of 
0.0036765 for 15N and 0.0112372 for 13C. After initial data exploration and cleaning, uptake rates of each 
of the five nitrogen sources were calculated using the ”atom percent excess” approach (IAEA, 2001), with 
the appropriate soil × plant species x plant part non-enriched controls as one end-member, and the 
manufacturer’s provided enrichment of the N-bearing compounds as the other. 
 
Results and discussion 
Soil properties 
The two soils selected are representative of those found under large areas of irrigated cotton, particularly 
the Grey Vertosol. The examples used in this study were broadly similar in terms of available N and 
microbial biomass C and N, though typically the Chromosol was more enriched in most of the properties 
studied (Table 4.1). Conversely, the Chromosol had roughly 30% less SOC and TN than the Vertosol, 
whilst also having a higher C:N ratio. However, the largest difference was in texture, notably sand vs. silt 
and clay content (and clay mineralogy), with the Chromosol containing over 75% sand, whilst the Vertosol 
had only 37% sand.  
It is this difference in texture that drove the differences in gravimetric moisture content across the soils 
from the 216 pots that were used in the spiking study (Figure 4.2, see also the water retention curve 
parameters reported as part of Objective 2). This figure confirmed that whilst there were clear differences 
in moisture content as a function of soil type, soil water contents were similar between cotton varieties 
for each soil type. 
 

 
Figure 4.2: Moisture content (MC, % w/w) recorded in the 216 pots used in the labelling study. Black 
soil = Grey Vertosol, red soil = Red Chromosol. Box and whisker plots show the median (bar), upper 
and lower quartiles (box), and distribution (whiskers and outliers) of all 72 pots for each variety, whilst 
the violin plots show the distributions of the 36 pots for each variety × soil type combination. 
 
Plant growth 
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All plants were grown for a period of eight weeks before the labelling experiment commenced. The 216 
pots used in the study were chosen visually from a pool of ~400 covering the soil × variety treatments. 
Figure 4.3(A) shows that whilst the aboveground biomass of the individual plants was broadly similar, the 
central tendencies of the distributions was higher in the Chromosol than Vertosol for both of the modern 
Bollgard® 3 varieties. This was also the apparent trend for the root biomass (Figure 4.3(B)), which of 
course was not visible before labelling and subsequent harvest and root washing. The long positive tail 
and wider root mass distribution more generally for the plants grown in the Chromosol can be attributed 
to the relative ease with which this soil permitted the recovery of roots. The N content of the plants 
tended higher in those grown in the Chromosol for all varieties (Figure 4.4). The long tails are driven 
primarily by the tails in the root biomass (and this total amount of biomass containing N). Taken together 
with the biomass data (Figure 4.3) and available N data (Table 4.1), this suggested that the Chromosol 
supported marginally more vigorous early growth of the cotton plants, perhaps as a result of higher 
available N (particularly nitrate). The implications of this for the labelling experiment are relatively minor 
given the wide overlap in N contents of the plants grown in each soil. However, there will be slightly 
more dilution of the added 15N label when measured in the biomass of the plants grown in the Chromosol, 
though this dilution is not likely to be enough to compromise analysis. 
 
 

(A)

 

(B)

 
  

Figure 4.3: Shoot (A) and root (B) mass (g) in the 216 plants used in the labelling study. Black soil = 
Grey Vertosol, red soil = Red Chromosol. Box and whisker plots show the median (bar), upper and 
lower quartiles (box), and distribution (whiskers and outliers) of all 72 pots for each variety, whilst the 
violin plots show the distributions of the 36 pots for each variety × soil type combination. 
 
 

 



 
 

     

Apr2021 template  29 of 37 

Figure 4.4: Nitrogen content (mg N) of the whole plant in the 216 plants used in the labelling study. 
Black soil = Grey Vertosol, red soil = Red Chromosol. Box and whisker plots show the median (bar), 
upper and lower quartiles (box), and distribution (whiskers and outliers) of all 72 pots for each variety, 
whilst the violin plots show the distributions of the 36 pots for each variety × soil type combination. 
 
Nitrogen uptake  
Rates and preference 
 
By adding a chemically identical cocktail of N compounds with only one compound isotopically labelled 
per treatment, we were able to establish the relative preference of the three cotton varieties for each 
nitrogen source, as affected by soil type. The same principle also applied to the 13C label that was 
contained in the dual-labelled amino acid (alanine) and peptide (tri-alanine) treatments. Considering the 
15N results first, most of the 15N recovered in the plant remained in the roots after the one-hour time point, 
and this was consistent across N treatment, cotton variety, and soil type (Figure 4.5). In both soil types 
and all three cotton varieties, total rates of uptake typically followed the pattern: NO3- >> urea = NH4+ > 
peptide = amino-acid.  
 
Rates of uptake ranged from 0.8 µg N h-1 for the amino acid in Sicala V2 in the Red Chromosol to 11.7 µg 
N h-1 for NO3- in Sicot 714B3F in the Red Chromosol. All six soil × variety combinations showed higher 
uptake rates for nitrate than the next highest compound for any soil × variety combination. Total rates of 
N uptake rates differed across the soil × variety combinations, with Sicala V2 taking up N 32% faster in 
the Vertosol, Sicot 714BF taking up N 49% faster in the Chromosol, and there only being a slight 
difference between total uptake rates for Sicot 746B3F between the two soil types. However, whilst 
overall preference for NO3- over the other N compounds remained the same for all six soil × variety 
combinations, it was Sicot 746B3F that appeared to have the lowest preference for nitrate accounting 
for only 39% of the total here. In all other combinations, NO3- contributed between 54% and 58% of the 
total N uptake by the plant. 
 

 
Figure 4.5: Uptake rates of 15N, and where used, 13C from the spiked labelled nitrogen sources. 
 
Evidence for intact uptake of organic N 
 
This study used three organic nitrogen compounds (namely: urea – a synthetic fertiliser, alanine – a 
common amino acid, and tri-alanine – a short chain peptide). Whilst urea is typically understood to be 
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rapidly hydrolysed extracellularly in soil, both peptides and amino acids have been repeatedly 
demonstrated to be taken up intact by both plants and soil microorganisms. Thus, we used dual-labelled 
alanine and tri-alanine as proxies for the soil solution amino acid and peptide pools. This approach 
enabled us to track the fate of the carbon attached to these compounds. If intact uptake is demonstrated, 
we would typically expect to see 13C enrichment of the plant at a rate equivalent to the 13C:15N ratio of the 
labelled compound (Hill and Jones, 2019). This can decrease slightly following plant metabolism of the 
compounds that were taken up, and loss of 13CO2 from plant respiration. 
As can be seen from Figure 4.6, however, whilst there was some recovery of 13C in the roots for both the 
peptide and amino acid, far greater uptake rates were observed in the above-ground biomass. The 
magnitude of this difference was well beyond anything that could be explained by uptake of the intact 
organic N compound and its subsequent in plantae mineralisation and exudation. Thus, it appeared that 
at least a portion of the added organic N compounds was very rapidly mineralised by the soil microbial 
community, with the leaves subsequently capturing the evolved 13CO2. The 15N from these compounds 
(which was found in the roots), a very small proportion of which was translocated to the leaves, was thus 
likely to have been taken up mostly as NH4+ or NO3- following very rapid mineralisation in the soil, as 
opposed to being mainly taken up as intact alanine or tri-alanine. 
To support this conclusion, there is strong evidence in the literature that across a wide range of soils, 
both amino acids and peptides (Farrell et al., 2013) are rapidly mineralised, with estimated half-times of 
1.25 h and 0.88 h, respectively. Temperature is also known to be a strong rate modifier of soil microbial 
processes, particularly, mineralisation of low molecular weight compounds such as sugars and amino 
acids (Stres et al., 2008). In the global study referenced here, a temperature of 10°C were used to 
incubate the soils, whereas our labelling was conducted at temperatures in the range of 32 to 37°C. 
Thus, mineralisation rates of the organic N compounds under our labelling conditions may have been 
expected to be ~4 × faster assuming a Q10 of 2 (Koch et al., 2007), resulting in substantial loss of 13C from 
the labelled compounds as 13CO2 that would then have been taken up in the leaves of the cotton plants 
by photosynthesis. 
 

 
Figure 4.6: Proportion of uptake of 15N from each spiked labelled compound over the hour chase 
period. Grey Vertosol are a-c, Red Chromosol are d-f. AA = amino acid, Pep = peptide, U = urea. Values 
within each chart are total N uptake rates (µg N h-1) calculated as a sum of the uptake rates of the five 
individual compounds. 
 
Conclusions and implications 
 
This study examined the preference of three varieties of cotton for five different forms of N, as influenced 
by soil type. It was found that all three varieties were able to access N from all five compounds in both 
soils, confirming the first hypothesis formulated prior to this study. Whilst there was little evidence to 



 
 

     

Apr2021 template  31 of 37 

support the idea that N from the amino acid and peptide was taken up intact due to the massive excess 
of 13C found in the above-ground part of the plant (Figure 4.6), roughly one-third of the total uptake was 
accounted for as a sum of the three organic N compounds (urea, amino acid, and peptide) in all six variety 
× soil combinations tested. This observation demonstrated that whilst not the dominant form of N 
accessed by cotton, a nonetheless substantial amount of N was captured via organic N pools, even in 
competition with the soil microbial community. Coupled with earlier work demonstrating the abundance 
of DON in cotton soils (Macdonald et al., 2017; Bailey et al., 2022), and the physiological capacity of 
cotton to take up DON compounds intact (Latimer, 2021), it is concluded that DON is an important co-
nutrition pathway for N in cotton. Soil type mildly influenced N uptake patterns in both Sicala V2 and 
Sicot 714BF, but nitrate remained the dominant form of N taken up, in disagreement with our hypothesis 
that soil type would influence uptake patterns, likely influenced by sorption capacity for the more sorptive 
compounds. However, for Sicot 746BF, nitrate uptake rates were reduced slightly by 1.61 µg N h-1 in the 
Chromosol relative to the Vertosol, and more than compensated for by an over 200% increase in 
ammonium uptake of 2.96 µg N h-1.  
Further research is required to understand the broader impact of soil properties on patterns of cotton N 
uptake, but these findings do suggest that there is plasticity across cotton varieties in this aspect that 
may be exploitable to improve nitrogen use efficiency (NUE). Finally, in contradiction to our third 
hypothesis, the modern Bollgard® 3 varieties did not show a clearer preference for nitrate than the older 
Sicala V2 cotton. Indeed, Sicot 746B3F showed less preference for nitrate in the Chromosol. Further 
research is therefore required to establish the physiological and genetic reason for this observation, and 
the opportunity this potentially represents to improve NUE of cotton. 
In conclusion, whilst not being the dominant form of N taken up by cotton, the N from three DON 
compounds was taken up rapidly after application, accounting for roughly one-third of the added N taken 
up by the cotton plant. This suggested that although cotton appears to be out-competed by soil 
microorganisms for the intact organic N compounds examined here, nonetheless, organic N is a 
significant source of N for early-stage cotton. 
Whilst further research is required to elucidate the mechanisms that influenced total N uptake rates, and 
preference for the different labelled compounds offered, it is clear that DON is an important component 
of the N nutrition of cotton.  
 
Objective 5: The influence of soil testing protocols on observed soil N forms 
 
Objective 5 addressed a fundamental aspect of improving N management in cotton production: ensuring 
that measurements of plant-available nitrogen (NO3-, NH4+, DON) in soil accurately reflect the actual in-
field conditions. Accurate soil N tests are important for understanding what forms of N are available in 
the soil and how these may be contributing to cotton N supply and may be used to inform N fertiliser 
rates. Since soil N exists in labile forms prone to microbial cycling, the procedures followed during soil 
sampling, sample handling, storage, and processing (e.g., refrigeration or air-drying) have the potential 
to influence the levels of plant available N reported (Li et al. 2012; Inselsbacher 2014). While some 
research had reported changes in N pools during sample storage (e.g., Jones and Willett 2006; Arnold 
et al. 2008; Gütlein et al. 2016), it remained unclear how soon after sampling these changes occur, and 
how far conventional soil tests differed from in situ N availability. These uncertainties were evaluated 
using microdialysis to gain in-field soil N flux measurements and compared with traditional soil salt 
extracts on samples stored for varying durations under refrigerated or air-dried conditions. Applying 
these techniques, Objective 5 was broken down into three research questions: 

(1) How do soil sample storage procedures affect measured plant-available N? 
(2) Are soil NO3-, NH4+ and DON pools measured in soil extracts comparable to in situ fluxes 

(sampled with microdialysis)? 
(3) Do changes in the concentration of different forms of N depend on how soil samples are stored? 
(4) Is microdialysis a suitable technique for measuring in-field organic and inorganic N availability in 

soils used for cotton production? 
The research conducted for Objective 5 has been published in Soil Research (Bailey et al., 2022), and 
contains full details of the experimental procedures, results, statistical analyses, and discussion of 
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outcomes. In summary, Bailey et al. (2022) found that measured soil nitrate levels increased immediately 
after sampling, and continue to increase with time, regardless of refrigerated or air-dry storage. In situ 
microdialysis sampling determined that disturbance associated with sampling likely caused the increase 
in nitrate. Soil samples processed through extracts in the field gave a distribution of N between NO3-, 
NH4+ and DON most similar to in situ microdialysis. Immediate extracts were concluded to be the best 
approach for measuring N available in soils, while microdialysis had greater utility for research 
applications targeting in situ measurements and supply of N for plant uptake. Further discussion of the 
implications of Objective 5 for both research and soil testing within the cotton industry are given in the 
following sections.    
 
Implications for research 
 
The work reported in Bailey et al. (2022) both supported existing research investigating soil sample 
handling for N measurement and contributed unique findings. The key results were that time delays in 
processing soil samples for analysis had a significant impact on the measured N pools, in particular, 
causing a large increase in the level of NO3- observed. The novel approach of comparing in situ 
microdialysis sampling (non-disruptive diffusive flux) to potassium chloride (KCl) extracts (measure of soil 
exchangeable N) at various timepoints, further confirmed previous hypotheses that sample disturbance 
caused an increase in NO3- (Inselsbacher, 2014). The results of our work additionally built on the findings 
of other studies, which demonstrated altered ammonification and nitrification rates in samples stored 
under refrigerated conditions (e.g., at 4°C as shown by Arnold et al., 2008, and Černohlávková et al., 
2009).  
Our study further identified priorities for improved sample handling practices in future research involving 
soil N measurement. Based on these findings, it was recommended that samples for analysis of plant-
available or field-relevant N levels be processed through extracts immediately after sampling.  
The above is particularly important for research unravelling the role of DON in N supply as these N forms 
are likely to continue cycling once soil is sampled (Warren, 2014). The potential impact of this is 
demonstrated in the results of Objective 5, wherein amino-acid-N was close to equal with NH4+-N and 
NO3--N in samples processed immediately, but a comparatively minor proportion of N in stored soil 
samples, and thereby could be perceived as insignificant.  
The study further highlighted the importance of considering how sample storage conditions may affect 
N analysis results, and it raised a need to similarly evaluate soil sample handling protocols across a range 
of soil conditions, including soil type, soil texture, organic matter and N levels, and soil water content.     
 
Implications for cotton industry 
 
Contrary to research contexts, delays between sampling and analysis are often unavoidable in 
commercial soil testing. Pre-season soil N testing is a significant factor in determining N fertiliser rates 
for a cotton crop; thus, it is important to understand how N results returned from commercial laboratories 
may relate to actual in-field N levels and availability. The results of Objective 5 demonstrated the 
potential influence of soil sample handling practices on soil N test results, with overstated soil NO3- very 
likely. Minimal time delay between sampling and analysis will give the most accurate soil test results. 
However, where this is not achievable, considering how soils were treated prior to analysis can help 
interpret soil test results. For example, high NO3- results may reflect mineralisation more so than current 
soil stocks of plant-available N. Further research in this area may be required to determine how 
mineralisation rates could be incorporated in N fertiliser decisions (Brackin et al., 2019).  
Another aspect of Objective 5 was the relative availability of organic and inorganic N forms. Microdialysis 
is considered especially suitable for measuring small organic N molecules such amino-acids because 
low soil concentrations mask the high rate of turnover, which can rather be captured as a flux (Buckley 
et al., 2020). The sampling in this study was conducted partway through the cotton season, and the 
results showed a relatively equal availability of amino-acids (organic N), NH4+ and NO3- using in situ 
microdialysis and in-field soil extracts. Given that these results were from just one sampling event, it 
tentatively suggested that cotton crops may have access to comparable amounts of DON and mineral N 
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within the soil once short-term fertiliser N peaks have been depleted, which could be as soon as the third 
irrigation of the season (Macdonald et al., 2017). Additional measurements at various times through the 
season, and across different sites or soil types, would be required to validate these results. Further to 
this, research investigating factors that influence soil N cycling and DON availability, including soil organic 
carbon levels, interactions with fertiliser N and organic matter inputs, may identify practices to support 
the integration of DON into cotton N management.  
 
Field observations 
 
Work conducted in Field 6E at ACRI showed that about 50% of the available extractable nitrogen is 
composed of dissolved organic nitrogen (about 60 kg N ha-1), the remaining 50% is mainly nitrate-N 
(Figure 5.1). This means that pre-season soil testing is not capturing all the available N because only 
inorganic N is measured (nitrate-N + ammonium-N) when standard analytical techniques are used (e.g., 
2 M KCl). 
 

 
Figure 5.1. Components of the total dissolved nitrogen pool measured at Field 6E at ACRI; CC: cotton-
cotton, CV: cotton-vetch (see also Figure 1.3 in the Introduction section). 

 
Our findings also show that disturbance with soil sampling causes rapid changes in measured N pools. 
Storage of soil samples strongly biases the amount of nitrate measured, differing substantially from in-
situ. The protocols followed for handling of soil samples is critical to obtaining field-relevant 
representations of soil N pools. Samples should be processed through extracts or alternative sampling 
techniques as close to collection as possible. 
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Project title: 
Improving the nitrogen use efficiency of cotton crops through better 
understanding the role of dissolved organic nitrogen 

Project details: CRDC project ID: CSP1904 
CRDC goal:  1. Increase productivity and profitability 

on cotton farms 
 

CRDC key focus area: 2.1 Sustainablity of cotton farming 
Principal researcher: Dr Diogenes Antille, Senior Research 

Scientist (Soil Physics) and Team Leader 
(Resilient Soils) 

Organisation: CSIRO Agriculture and Food 
Start date: 01 July 2018 
End date: 30 June 2022 

Objectives • To determine the importance of the organic N pool relative to nitrate and 
ammonium for cotton nutrition, 

• To determine the impact of soil type on uptake of organic N relative to nitrate and 
for cotton nutrition, 

• In high-performance soils, does the organic N pool influence fertiliser N use 
efficiency? 

• Is uptake of organic N a general phenomenon in cotton or is the relative uptake of 
nitrate, ammonium, and organic N variety-specific, and 

• To determine the influence of soil testing protocols on observed soil N forms. 
Background  On-going research into the uptake of N by cotton crops has emphasised the relatively 

minor contribution of fertiliser N to the total N taken-up by the plant (generally in the 
range of 20%-40%). Traditionally, it has been assumed that N is only available for uptake 
when in its mineral (i.e., ammonium or nitrate) form. Accordingly, organic N has not been 
regarded as an important source of N. In light of continued results from work conducted 
by CSIRO both in cotton and grains that demonstrated the importance of soil 
mineralisation to total plant N uptake, it was important to develop a better understanding 
of the role of organic N in cotton farming systems, and how to potentially manage it to 
improve N fertiliser use efficiency (NFUE) and minimise environmental losses of N. This 
was especially as (1) assessments of N availability that focus on the mineral N pool may 
underestimate N availability for plant uptake; (2) the type and application rate of 
inorganic fertilisers will likely affect the organic N pool, which in turn could influence 
NFUE; and (3) the organic N fraction is soluble and represents a significant proportion of 
leaching losses. 

Research 
activities 

A series of interconnected experiments were conducted over three years at the field, 
glasshouse, and laboratory-scales. The field experiments were established at multiple 
locations in NSW and QLD to ensure G×M×E effects on soil and fertiliser N dynamics 
were captured. The experiments included soils with varying clay content, three cotton 
genotypes (a pre-Bt variety, and two Bollgard® 3 lines), and labelled carbon (13C) and 
nitrogen (15N) techniques, coupled with novel extraction and analytical approaches, 
which collectively enabled the contribution of organic and inorganic N fractions to total 
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N uptake to be accurately quantified. Soil sampling and N testing protocols were 
developed using novel extraction techniques, which may be used for providing reliable 
estimates of soil N supply to cotton crops. Research findings and implications have been 
disseminated to the industry at conferences, field days, presentations, and publications. 

Outputs • Approximately, 30% of the total N uptake by cotton plants were organic 
compounds (namely: urea, amino-acids, and peptides) demonstrating that a 
substantial amount of N was captured via organic N pools. Hence, DON is an 
important co-nutrition pathway for N in cotton. Nitrate was, however, the dominant 
N form taken-up by the plant. 

• Application of moderate rates of N (up to 200 kg/ha) resulted in the highest yields 
and plant uptake of N, and NUE was within the desired NUE range (13-18 kg/kg) 
proposed in earlier work by CSIRO for Australian cotton production systems. Plant 
N uptake was influenced by variety (highest uptakes were recorded with Sicot 
746B3F), but there was no variety effect on fibre quality. 

• Average soil N supply every cotton season was estimated at approximately 160 
kg/ha/season, but variability in N supply rates due to mineralisation was substantial 
depending upon the season and rotation type (from 0.83 to 1.51 kg/ha/day of N).  

• Soil sampling limited to the topsoil (e.g., 0-300 mm) will limit the understanding of 
the available N pools at depth. The cumulative soil N profile was split composed 
of roughly equal proportions of inorganic and organic N. Therefore, sampling 
should be done to an adequate depth comparable to the full rooting depth, and 
also include DON to quantify the total available N pool. 

• Time delays in processing soil samples for N analysis will have a significant impact 
on all N pools, in particular, causing large increases in the amount of nitrate 
measured. Therefore, N results returned from the lab should only be related to in-
field N levels if samples were appropriately handled. Poor handling practices will 
likely overstate soil nitrate levels and misinform fertiliser decisions. Minimal time 
delay between sampling and analysis will give the most accurate soil test results. 

Impacts  Soil N in cotton production systems is currently only managed from an inorganic N 
perspective. With the appropriate tools, it may be feasible to achieve significant 
improvements in NFUE through a clearer understanding of how organic N pools 
contributes to cotton N nutrition, which this project has provided. Earlier work conducted 
at ACRI showed that soil organic C increased under cotton-legume rotations. It has been 
also demonstrated that production systems, which have lower organic C status and are 
therefore more depleted in organic N are lower yielding and less resilient. In light of this, 
it is important to understand the dynamics of DON, nitrate, and ammonium, and be able 
to quantify those fractions to inform fertiliser decisions. More broadly, the measurement 
of soil resilience and health is becoming recognised within financial institutions as a 
means of assessing farm resilience and hence risk. Developing a clearer understanding 
of what constitutes crop available N in soils, improves growers’ opportunities of 
managing soil quality, productivity, and profitability more effectively through tailored 
fertiliser strategies. Overall, in delivering improved knowledge and understanding of N 
dynamics in soils used for cotton production, this research will likely lead to 
improvements in soil health, maintenance of soil organic matter levels, and reductions in 
emissions and off-site N losses. 

Key publications Bailey, T., Robinson, N., Farrell, M., Macdonald B., Weaver, T., Antille, D. L., Chin, A., 
Brackin, R. (2022). Storage of soil samples leads to over-representation of the 
contribution of nitrate to plant-available nitrogen. Soil Research, 60(1): 22-32. 
https://doi.org/10.1071/SR21013. 
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