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Abstract

Fifty years of sustained investment in research and development has left the Australian cotton industry well placed
to manage nitrogen (N) fertiliser. The average production in the Australian cotton industry today is greater than two
tonnes of lint per hectare due to improved plant genetics and crop management. However, this average yield is well
below the yield that would be expected from the amount of N fertiliser used. It is clear from the recent studies that
across all growing regions, conversion of fertiliser N into lint is not uniformly occurring at application rates
greater than 200–240 kg·hm− 2 of N. This indicates that factors other than N availability are limiting yield, and
that the observed nitrogen fertiliser use efficiency (NFUE) values may be caused by subsoil constraints such as
sodicity and compaction. There is a need to investigate the impact of subsoil constraints on yield and NFUE.
Gains in NFUE will be made through improved N fertiliser application timing, better targeting the amount of
fertiliser applied for the expected yield, and improved soil N management. There is also a need to improve
the ability and confidence of growers to estimate the contribution of soil N mineralisation to the crop N
budget. Many Australian studies including data that could theoretically be collated in a meta-analysis suggest
relative NFUE values as a function of irrigation technique; however, with the extensive list of uncontrolled
variables and few studies using non-furrow irrigation, this would be a poor substitute for a single field-based study
directly measuring their efficacies. In irrigated cotton, a re-examination of optimal NFUE is due because of the
availability of new varieties and the potential management and long-term soil resilience implications of the continued
removal of mineralised soil N suggested by high NFUE values. NFUE critical limits still need to be derived for dryland
systems.
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Introduction
Nitrogen (N) is the main nutrient by mass that limits
plant growth if the soil supply is inadequate. The
requirement for organic and synthetic amendments to
increase yield and facilitate crop growth has long been
recognised by farmers. Synthetic N fertiliser produced via
the Haber-Bosch process was a key component of the
green revolution that increased agricultural productivity
and alleviated hunger for many across the globe. Synthetic
N fertiliser also underpins fibre and oil productivity in
dryland and irrigated cotton systems globally. Over the

last 37 years, the average Australian cotton lint yield has
increased by 57% to 2 360 kg·hm− 2 (Cotton Australia
2017) due to improved crop genetics, irrigation practice
and farm management which includes increased N fertil-
iser use and improved pest controls.
There are concerns about N fertiliser use efficiency

(NFUE) in the Australian cotton industry and the po-
tential for off-site impacts (Roth 2010). Over applica-
tion of fertilisers contributes to global warming due
to the emission of nitrous oxide (N2O-N) and nitrogen
oxides (NOx-N), and the volatilisation of ammonia
(NH3-N), as well as pollution of surface and ground
waters, due to run-off and leaching of dissolved organic
N (DON-N), urea (CON2H4-N), and nitrate (NO3

−-N)
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(Vitousek et al. 2009). In cotton, over-application of
fertiliser N can negatively affect yields by encouraging
“rank growth” and fruit shedding, reducing lint production,
hampering defoliation, encouraging insects and disease,
and delaying plant maturity (Rochester 2001). Over-fer-
tilisation also affects secondary income from cotton
crops by reducing cotton seed oil content (Pettigrew
and Dowd 2014).
The Australian cotton industry has been researching

fertiliser N application and productivity over the last
50 years. This paper represents an assessment of the
current status of NFUE in the Australian cotton sector,
and will identify key areas for future research.

Background and methods
The Australian cotton industry
The Australian cotton industry is split between dryland
and irrigated cotton production. The exact aerial extent
of each is dependent on water availability - both irriga-
tion water availability and available soil water at sowing
- , and thus the planting areas vary on a year to year
basis (Fig. 1). In 2017 the industry produced 900 million
kg of lint from 4 700 km2, of which 77% was irrigated.
Cotton is grown from northern Queensland to southern
New South Wales (NSW) in semi-arid through to tropical
savanna climates in six different geographic regions (Cen-
tral Queensland, Darling Downs, Macintyre-Balonne,
Northern NSW, Macquarie and Southern NSW). The
average lint yield across the whole industry in 2017 was
2.3 t·hm− 2, and the top 20% of growers produced 3.1
t·hm− 2. The industry-wide average revenue was $AU

6 565 hm− 2 of cotton produced, with operating costs of
$AU 4 500 hm− 2, of which fertiliser costs were $AU 591
hm− 2, or 13% of the operating costs (Boyce 2017).

Calculation of national and regional scale nitrogen
fertiliser use efficiency
Annual Australian cotton planting area and yield data
for irrigated and dryland cropping by region were
sourced from the Cotton Yearbook for each year (Anon
2017). The applied fertiliser N as a national average
within the industry was sourced from Sparks (2017);
note that this fertiliser data were generated from grower
surveys and were estimates of the N applied and not the
actual amount. Regional fertiliser N data were sourced
from Roth Rural (2014), and similarly to the national
data, the informations were sourced from grower
surveys.
NFUE is a simple measure for evaluating efficiency of

the conversion of fertiliser N into cotton lint (Eq. 1).

N FUE ¼ Lint produced ðkg � hm−2Þ
N fertiliser applied ðkg � hm−2Þ ð1Þ

Rochester (2014) found that the NFUE benchmark for
growing cotton should be between 13 and 18. While sea-
sonal weather conditions will dictate the final yield in any
specific year, continual NFUE values < 13 indicate that
other production constraints are limiting yield, and that
changing rate, placement or timing will not improve N up-
take. Essentially, under this scenario the grower is continu-
ally over-fertilising for the yield potential of the crop.
NFUE values > 18 indicate that soil organic matter

Fig. 1 Area planted for irrigated and dryland cotton in Australia (Anon 2017)
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mineralisation is an important source of N for the crop
and yields may be lifted with an increased application of
fertiliser.
Regional NFUE data were sourced from Roth Rural

(2014) grower surveys. Measured regional data were
sourced from the Action on the Ground field trials
(Schwenke 2017), CottonInfo on-farm trials (Welsh et al.
2017), CottonInfo nutrition case study of the CottonInfo
N rate trials, and the Cotton Seed Distributor (CSD)
variety trials across the Australian irrigated cotton sector
from 2008 to 2012 (Anon 2013).

Results and discussion
National and regional scale nitrogen fertiliser use
efficiency
At the national scale, NFUE is outside the critical limits
identified by Rochester (2014) for both dryland and irri-
gated cotton production (Fig. 2). It must be noted that
Rochester’s (2011b) NFUE critical limits were derived
from irrigated trials, and that further work is needed to
establish its efficacy in dryland systems. It is apparent
from Rochester (2011a) that (a) constraints other than N
deficiency are limiting yield, and (b) that the applied N
fertiliser is not leading to increased lint yields, especially
at rates > 290 kg·hm− 2 of N. NFUE in dryland produc-
tion is higher than that of the irrigated systems, with har-
vested lint matching optimal NFUE expected yields at
fertiliser rates < 75 kg·hm− 2 of N (Kruizinga and Wells
1992). Unfortunately, N application or product data do
not exist for every year nationally or regionally within
the Australia cotton sector.
Regional grower survey data from the 2012/13 season

(Roth Rural 2014) revealed that, on average, industry-wide

NFUE was below the optimum range of 13–18 across all
regions in irrigated systems. This indicates that in irrigated
cotton systems, on average more N fertiliser was applied
than was required, with the excess N most likely lost
through denitrification (Grace et al. 2016; Macdonald et
al. 2015). When assessed separately, dryland production
NFUE was > 18, confirming that it is possible to grow
cotton within the expected NFUE ranges in each district
(Fig. 3). Application rates in dryland production rarely
exceed 100 kg·hm− 2 of N, with lint production expected
to plateaux above 75 kg·hm− 2 of N (Kruizinga and Wells
1992). A re-examination of Kruizinga and Wells (1992)
dryland cotton NFUE is warranted due to the availability
of new varieties and the potential management and
long-term soil resilience implications of the continued
removal of mineralised soil N suggested by these high
NFUE values.

Field trial data
Long-term field trial data of Cotton Seed Distributers
(CSD) showed that cotton can be grown within a NFUE
range of 13–18 at fertiliser rates between 100 and 300
kg·hm− 2 of N (Fig. 4). In some instances, the conversion
of applied N to lint was greater than expected (NFUE >
18), which indicates that non-stress conditions oc-
curred during these seasons and that additional N may
have been sourced from mineralised soil N or residual
N from previous seasons.
N rate trials by CottonInfo (Anon 2013) showed no yield

response to increased N application (Fig. 4), indicating that
N was not the limiting factor in terms of production. Two
more recent N studies (Schwenke 2017; Welsh et al. 2017)
showed similar results (Fig. 5), demonstrating no increases

Fig. 2 NFUE in the Australian irrigated and dryland cotton industries. Data correspond to 2001/02, 2010/11 and 2012/13–2015/16 seasons. The
shaded area represents Rochester’s (2014) optimal NFUE range

MACDONALD et al. Journal of Cotton Research            (2018) 1:15 Page 3 of 10



in yield with increased fertiliser application across
different regions. The Action on the Ground (farmers rate
and +/− 25% N rate) (Schwenke 2017) and CottonInfo
on-farm (Welsh et al. 2017) trials (Fig. 4-5) were both
conducted on-farm, the results indicating that there
was sufficient N in the soil profile to maximise production
at fertiliser rates of 150 ·hm− 2 of N. These lower fertilizer
rates may lead to an overall decline in soil N content and
potential crop deficiencies, particularly if there is

insufficient residual N from the previous season or no leg-
ume rotation or addition of organic amendments.
Constable and Bange (2015) suggested that the theoretical

maximum lint yield is 5 t·hm− 2 of lint, and that according
to Rochester (2014) this would require the application of
320–420 kg·hm− 2 of N. N rates above 420 kg·hm− 2 of N
theoretically cannot produce any further lint and would be
excessive if there are no losses. At rates of 300–440 kg·hm− 2

of N it would be expected that approximately 3.6 to 5.0

Fig. 3 Average NFUE for six Australian cotton growing regions during the 2012–2013 season. The dash lines represent the optimum NFUE
determined by Rochester (2014). Data sourced from Roth Rural (2014)

Fig. 4 NFUE of the 2008–2012 CottonInfo rate trials and the CSD farm variety trials (Anon 2013). Trial sites were located in all cotton production
irrigation regions
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t·hm− 2 of lint could be produced, and yet this is not ob-
served in the field. Anecdotal evidence based on cotton
picker yield monitoring, however, suggests that lint yields
within cotton fields can range between 2.0–3.6 t·hm− 2 of
lint. A significant improvement would be the calibration
of yield monitoring across the industry.
It is clear from recent studies that across all growing

regions, conversion of fertiliser N into increased lint
production is not uniformly occurring at application
rates greater than 200–240 kg·hm− 2 of N. This indicates
that factors other than N availability are limiting yield,
and that the lower observed NFUE values may be caused
by subsoil constraints such as sodicity and compaction
(Dodd et al. 2013). There is a need to investigate the
impact of subsoil constraints on yield and NFUE. This
kind of research will enable growers to manage the
causes of their production deficits. Future researches
should utilise on-the-go sensing and zonal management
to identify, better understand, and target subsoil con-
straints that are limiting yield.
The NFUE data shown in Figs. 4 and 5 indicated that

excess N is being applied to the fields in response to a
lack of lint production. Unfortunately, the majority of
this N is lost via denitrification to the atmosphere, with
a portion also lost in surface run-off, transformed and
lost as the powerful greenhouse gas nitrous oxide (N2O),
or lost to deep drainage, potentially affecting ground-
water systems (Macdonald et al. 2016b). These losses
further emphasise the importance of improving NFUE
across the industry.

N Fertiliser decision support tools
Australian cotton industry consultants and agronomists
use a range of fertiliser decision support platforms that
include, but are not limited to, Nutrient advantage
advice, Back paddock soil mate and NutriLogic (Todd
2016). Other decision tools used widely in the cotton
industry for fertiliser decision making include soil tests,
nutrient budgeting, leaf petiole testing, N-TESTER &
imagery and seasonal climate forecasts (Todd 2016).
Field history, previous experience and standard rates
established over a period are also cited in the survey as
influencing fertiliser decisions. A comprehensive review
of various fertiliser decision support tools and reasons
for their adoption or limitations is warranted. Existing
fertiliser decision support tools need to be upgraded to
assist growers and consultants in improving their
NFUE. Decision tools should account for seasonal weather
limitations and their impact on split fertiliser applications,
and offer alternate solutions to fertiliser management
where water-run fertiliser applications need to be skipped
to avoid waterlogging.

N fertiliser rate
At national and regional scales, NFUE is below industry
expectations. Over fertilising is a particular problem for
irrigated cotton systems, and can lead to delayed maturity,
defoliation difficulties, boll drop, increased rates of
disease, rank cotton and leaf trash in lint (Marshall et al.
1996). It is clear from the N rate trials at Narrabri and
from those conducted in other regions that increasing N

Fig. 5 NFUE in the Action on the Ground (Schwenke 2017) and CottonInfo trials (Anon 2013) in irrigated cotton systems

MACDONALD et al. Journal of Cotton Research            (2018) 1:15 Page 5 of 10



rates above 250–300 kg·hm− 2 of N does not result in
extra lint (Marshall et al. 1996; Fig. 3, 4 and 5). This
indicates that the availability of N is not the key pro-
duction constraint in these trials, that N losses are
occurring from the system, and that the industry needs
to identify the yield constraining factors. At the same
time, the adoption of existing fertiliser decision support
systems that incorporate residual soil fertility, such as
Nutrilogic, is limited. A recent crop consultant survey
suggests that the use of Nutrilogic for fertiliser decision
support is lower than other tools (Todd 2016). A reduc-
tion in the application of fertiliser N and the utilisation of
myBMP, Nutrilogic and other industry funded guidelines
should be adopted.
In contrast, the dryland sector may be mining soil N

due to low fertiliser inputs that do not match N removal
and N losses. Going forward, monitoring and evaluation
of the soil resource base are required. Growers who are
not practising myBMP, utilising cover crops, legumes
and residue retention should be encouraged to modify
their practices to maintain soil resilience.

Timing of N fertiliser application
Growers often apply fertiliser N as early pre-plant applica-
tions up to eight months prior to sowing. It has been
shown that losses from these pre-plant applications can be
significant, with only 20% of the applied fertiliser N being
available to the cotton plant at sowing (Humphreys et al.
1990). This study occurred in 1988 and 1989 when April
rainfall in both years was approximately 130mm above
average. These conditions would have promoted enhanced
denitrification of the fertiliser N which contributed to large
losses. In drier conditions, the overall losses would be
lower. The potential for losses is minimised when the N
fertiliser is applied closer to sowing (August–September)
rather than earlier in the year (Constable and Rochester
1992; Humphreys et al. 1990). Significant losses due to
denitrification can still occur when the fertiliser is
applied nearer to sowing (Humphreys et al. 1990) due
to waterlogging from excessive rainfall or irrigation.
The only way to lower the risk of denitrification caused
by rainfall is to delay the formation of nitrate-N from
the applied fertiliser, either chemically through nitrification
inhibitors, or physically, through slow-release coatings of
polymers etc. If irrigation techniques are the cause of the
denitrification, then methods that reduce waterlogging
should be investigated.
Marshall et al. (1996) found that NFUE increased when

N fertiliser was applied in the weeks prior to sowing and
by flowering. This corresponds to findings of Humphreys
et al. (1990) where most of the N uptake occurred during
mid-November to January. Rather than late-season appli-
cations, it is more important to obtain a large plant, rich
with N, prior to boll production (Crowther 1934), which

means full fertilisation should occur before boll produc-
tion. It is at boll production that soil N up-take by the
plant dramatically reduces, and translocation of N from
the leaves to bolls occurs (Crowther 1934).
The risk of N run-off and leaching loss is greater early

in the irrigation season when the crop is small (Macdon-
ald et al. 2017; Macdonald et al. 2016c). Another timing
option increasingly practiced by cotton growers is to
split N applications between pre-plant and in-crop applica-
tions in conjunction with early season irrigation events. This
in-crop N should have a better NFUE as N is applied dir-
ectly as the plant needs it prior to boll production. This
strategy should be monitored and evaluated in the field, and
modelled under a range of conditions to test whether it is
suitable for widespread adoption. The split N application
includes a risk factor for growers when high rainfall events
coincide with the application timing.

Improving N translocation within cotton plants
The latest cotton yield survey suggests that the average
industry yield for irrigated cotton is 2.3 t·hm− 2, with the top
20% of growers reporting a lint yield of 3.1 t·hm− 2 (Cotton
Australia, 2017). These reported yields were well below the
maximum possible theoretical yield of 5 t·hm− 2, which
would require a dry matter production of 20–30 t·hm− 2

and N uptake of 384 kg·hm− 2 of N to achieve (Constable
and Bange 2015). To increase the higher N uptake and
improve the harvest index, future researches need to
focus on improving our understanding of N translocation
within cotton plants. Nitrogen physiological use efficiency
(NPUE) as described below (Eq. 2) should also be factored
to enhance the NFUE.

NPUE ¼ Lint produced ðkg � hm−2Þ
Plant N uptake ðkg � hm−2Þ ð2Þ

Irrigation technique
Variations in irrigation technique are not commonly
directly linked with NFUE in the literature, with environ-
mental studies assessing N losses often the best proxies
for estimating NFUE. McHugh et al. (2008) compared
N runoff losses between furrow and subsurface drip
irrigation systems in Queensland cotton, showing losses
of 15.1 kg·hm−2 of N and 2.9 kg·hm−2 of N, respectively,
under comparable water usage conditions. This differ-
ence in NFUE was further pronounced under reduced
water usage, where subsurface drip N losses decreased
to negligible levels. Bronson et al. (2017) found significant
differences in NFUE between surface (flood) and overhead
sprinkler irrigation systems in Central Arizona, reporting
N recovery efficiencies of 21%–61% for surface irrigation,
and 81%–97% for overhead sprinkler irrigation at low N
rates (60–76 kg·hm−2 of N). Furthermore, Bronson et al.
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(2017) estimated deep drainage in the surface irrigation
system at 4%–11% of applied irrigation water and rain,
with deep drainage NO3

−-N losses constituting the
most significant N loss pathway. No appreciable deep
drainage and associated N loss were reported for the
overhead sprinkler irrigation systems, due to a reduction
in waterlogging (Bronson et al. 2017). In a qualitative
review of N and irrigation techniques, Barakat et al. (2016)
postulated that flood and overhead irrigation techniques
led to greater denitrification and N loss than subsurface
and surface drip irrigation. The mounting evidence indi-
cates that furrow irrigation, which is the most common ir-
rigation technique used in Australian irrigated cotton,
results in the lowest NFUE of all common irrigation
techniques.
Research directly comparing the NFUE of different

irrigation methods should be undertaken, building on
the work of Bronson et al. (2017), Barakat et al. (2016)
and McHugh et al. (2008). Many Australian studies include
data that could theoretically be collated in a meta-analysis
to suggest relative NFUE values as a function of irrigation
technique (furrow irrigation: (Antille et al. 2016a, 2016b;
Grace et al. 2016); overhead irrigation:(Scheer et al. 2016);
drip irrigation: (McHugh et al. 2008)); however, with the
extensive list of uncontrolled variables and few studies
using non-furrow irrigation, this would be a poor substi-
tute for a single field-based study directly comparing their
efficacies.
The NFUE implications of water-running fertilisers as

an alternative to solid (banded or broadcast) or gaseous
N delivery methods is also poorly understood in the
literature. Forty-six percent of Australian irrigated cot-
ton growers used water-run N in the 2015/2016 summer
season, with seasonal rates varying from 14 to 220 kg·hm−

2 of N (Sparks 2017). However, beyond the improvements
to NFUE derived from splitting the N applications across
several events, the NFUE implications of applying N
aqueously over other methods are not well characterised.
Water-running N also has application uniformity prob-
lems, with many growers unsure of its efficacy and
hesitant to adopt fertigation practices due to restricted
N visibility. Theoretically, water-running N should result
in a uniform fertiliser application, and indeed Antille
and McCarthy (2014) comment on the uniformity of N
application in their water-run study; however, minimal
data exist confirming the uniformity and efficacy of
water-run N applications, and this should be a focus of
future research. Bronson et al. (2017) found no differences
in yield between direct drilling of N and fertigation in
surface irrigated cotton, but made note of the lack of
comparable studies.
Recirculation of tail-water is the practice of Australian

cotton industry, with moderate concentrations of residual
N in supply channels leached from the hills in the fields

(Macdonald et al. 2016b). As such, N losses can occur
from the irrigation network external to the field regardless
of whether intentional fertigation is occurring. Macdonald
et al. (2016a) estimated N2O-N gaseous emissions from
non-fertigation cotton irrigation networks at < 0.02% of
applied N fertiliser to the land surface, with greater N
losses as N2 emissions also expected to occur, but not
easily measurable. These fugitive emissions may increase
significantly in scenarios of fertigation or N
over-application, potentially even exponentially in line
with field emission estimates by Grace et al. (2016).

Soils
Historically, most of the cotton grown in Australia has
been on cracking clay soils (Constable and Rochester
1992; Hulugalle and Scott 2008), and as such the bulk of
Australian cotton nitrogen researches have taken place
on these soils (Grace et al. 2016; Macdonald et al. 2016c;
Scheer et al. 2016). Key findings like Rochester’s (2014)
optimal NFUE window have been determined on these
cracking clay soils. As economic and climatic drivers
extend the cotton belt further from its historical centres,
cotton is increasingly being grown on different soil
types. Deviation in soil attributes (fertility, particle size,
elemental composition, pH, colour, etc.) from the traditional
soils could mean that new cotton-growing regions don’t fit
the same optimum NFUE values determined for cracking
clays. Research characterising the effects of specific soil
attributes on NFUE would provide the industry with
valuable tools for predicting which areas are suitable
for cotton expansion.
Soil processes are also key constraints to production.

Bronson et al. (2017) emphasised that soil N mineralisation
rates were poorly understood and consistently underesti-
mated in irrigated cotton, resulting in significant over appli-
cation of N fertilisers. It is recommended that improved N
mineralisation characterisation be undertaken using a com-
bination of direct sampling measurements, aerial and re-
mote sensing techniques, and modelling.

Improving soil management
Over the last 30 years NFUE in the Australian cotton
industry has been assessed using 15N and apparent N
uptake studies, revealing that only 40%–60% of the N ap-
plied prior to sowing is taken up by the plant (Constable
and Rochester 1988; Humphreys et al. 1990; Macdonald et
al. 2016c; Rochester 2011a, 2012). A common misconcep-
tion is that the bulk of the fertiliser N not taken up by the
plant is immobilised in the soil and will be released in sub-
sequent years. This is not the case, with most studies
showing that only 10%–30% of the applied N remains in
the soil after the cropping season, stored in macro and
micro biota or in the soil’s organic or inorganic pools
(Constable and Rochester 1988; Humphreys et al. 1990;
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Macdonald et al. 6c; Rochester 2011a, 2012). Overall,
the soil supplies 30%–50% of the N required by cotton
plants during a season (Macdonald et al. 2016c; Rochester
1994), with fertile soils resulting in improved NFUE
(Humphreys et al. 1990). This means that management of
the soil N budget is critical to achieving higher NFUE
(Rochester and Bange 2016).
A key aspect of soil management for improved NFUE

is to utilise crop rotations with legumes, and to plant
cover crops during fallow periods. Soil organic carbon
levels are generally declining with cotton monoculture
and cotton-wheat rotations due to an insufficient amount
of residue returned to the soil (Hulugalle and Scott 2008).
However, recent researches on cotton cropping systems
that incorporate legumes and cover crops have shown
their ability to build up soil organic carbon (Rochester
2011b), and further contribute to crop nutrition by enhan-
cing soil organic N. Overall, growing legumes in trad-
itional fallows improve soil organic matter levels, fertility,
and soil N (Marshall et al. 1996), with legume soil N in-
puts of 120 kgN·hm− 2 possible (Rochester and Peoples
1998). Together, the use of legume winter crops and a
non-irrigated covered fallow can regularly produce a 3
t·hm− 2 lint yield using 200–220 kg N·hm− 2 (Rochester
2011a, Rochester and Constable 2015). Including
non-legume crops in rotations will also improve soil
health and cotton yields, with cotton after wheat showing
30% yield improvements (Rochester and Peoples 1998).
Compared with continuous cotton, the profitability of cot-
ton–wheat rotations is also more resilient to fluctuations
in the price of cotton lint, fuel and nitrogen fertiliser
(Hulugalle and Scott 2008). To further improve soil
health, it is recommended that crop stubbles be incorpo-
rated and residue burning avoided (Rochester and Peoples
1998). While there are on-farm logistical impediments to
the adoptation of cover-cropping and legume rotations,
and the opportunity cost of soil water use by the cover
crop needs to be considered, the yield and long term soil
health benefits of rotational cropping can be significant.
Soil compaction is another key management practice

that contributes to reduced NFUE. Soil compaction
caused through natural (flooding) or management pro-
cesses (traffic, wet tillage, excessively heavy pickers) can
reduce NFUE by promoting denitrification (Constable
and Rochester 1992; Rochester 1994) and limiting plant
growth through root inhibition (Antille et al. 2016a,
2016b). Soil compaction can reduce cotton yields by
35% (Daniells 1989), and thus may be a key reason for
low NFUE values. Soil compaction is not permanent and
can be mitigated (Bennett et al. 2015) over time through
controlled traffic regimes, rotational cropping, reduced
tillage, and by reducing water pooling and flooding. The
Australian cotton industry has recently adopted the round-
bale module cotton picker, which can weigh in excess of

32 t when fully loaded. While this picker is perceived to be
labour and time efficient compared with previous cotton
pickers, its impact on soil compaction and any indirect
effect on NFUE needs to be evaluated.

Climate change
Changing climate is likely to have a significant effect
on cotton yields in Australia and around the world
(Broughton et al. 2017; Haim et al. 2008; Reddy et al.
2002; Sankaranarayanan et al. 2010). For the majority
of Australia’s cotton growing regions, climate change will
bring increased severity and frequency of heatwaves, an
increase in drought intensity, and a reduction in rainfall,
in addition to a global increase in atmospheric CO2

concentration.
Increased ambient temperatures are largely predicted to

have a negative effect on cotton production. In controlled
experiments, early-season biomass was shown to increase
under elevated temperature conditions; however, mid-
and late-season growth was restricted, with boll-retention
increasingly adversely affected with elevated temperatures
(Broughton et al. 2017; Reddy et al. 1997). Furthermore,
as ambient temperatures increase, so too do crop water
requirements (Broughton et al. 2017). This will likely result
in increased irrigation requirements, which will be further
exacerbated by the reduced rainfall predicted for much
eastern Australia.
Conversely, increases in CO2 are largely seen as posi-

tive for cotton production, with increases in vegetative
biomass and photosynthesis rates observed in experiments
(Broughton et al. 2017; Haim et al. 2008; Reddy et al. 2002;
Sankaranarayanan et al. 2010). In treatments with elevated
CO2 combined with higher temperatures, however, crop
yields were affected detrimentally, with reduced productivity
from high temperatures outweighing improvements from
the elevated CO2. Increases to water use efficiency were
also noted under elevated CO2 conditions (Broughton
et al. 2017).
The cotton plant’s response to elevated temperature and

CO2 is not uniform, with significant variation between
different species and cultivars. It is recommended that
cultivar selection research continue to be pursued with a
focus on traits encouraging heat-cold-tolerance, water
use efficiency, and performance under elevated CO2

conditions. Despite the potential impact of climate change
there are no studies that assess both soil N function and
NFUE in cotton cropping systems under future climatic
conditions.

Conclusions and future NFUE research recommendations
There have been significant researches on fertiliser N in
the cotton industry over the last 40 years. Despite this
investment, NFUE is currently below optimum and there
is significant potential for its improvement in the cotton
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industry. It is apparent that improvements can be made in
the time of N fertiliser application strategies, but these
cannot improve NFUE until N fertiliser rates are reduced
from luxury to optimum levels. Further improved man-
agement of the soil N could help improve yields and lower
fertiliser use. A key objective of this review was to identify
research gaps and suggests future research directions.
Suggested future research directions include:

� Identification of the impacts of different soil
attributes on yield and NFUE to help growers
identify and manage the causes of reduced yield, and
to facilitate industry prediction of suitable regions
for cotton expansion.

� Analysis of the barriers to adoption of the
legume-cover-fallow cotton rotation; a baseline
NFUE assessment of farms that practice such rotations;
a modelling assessment of the impacts of different crop
rotations and management practices on soil carbon
and nitrogen; an analysis of the barriers to adoption of
optimum N fertiliser rates.

� Assessment of the uniformity of fertiliser
distribution in water-run N treatments, specifically
differentiating between ‘syphon’ and ‘bankless
channel’ flood irrigation arrangements, which are
the two most common water-run setups.

� Further assessment of the relative NFUEs of
different irrigation methods, particularly in the
context of reducing waterlogging by getting water
on, in and off in the minimum time possible.

� Assessment of the N losses from irrigation
networks external to the field in water-run N
treatments as fugitive emissions, deep drainage
and surface runoff.

� Examination of integrated automated precision
irrigation and fertiliser systems.

� A comprehensive review of N fertiliser decision
support tools and the reason for the adoption or
limitation of the existing tools.

� Increasing the soil organic nitrogen pool and
quantifying N mineralisation rates for all cotton
soils.

� Overcoming the logistical challenge of applying N in
a timely and / or more precise manner to an
irrigated cotton crop, so that supply better matches
demand.
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