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mineralisation of soil organic N, residual fertiliser, 
or N returned with crop residues, as key source of 
N in these cropping systems. Using the nitrification 
inhibitor DMPP and overhead instead of furrow irri-
gation showed potential to reduce N fertiliser losses. 
The results demonstrate that under current on-farm 
management fNUE is low on irrigated cotton farms 
in Australia and highlight the need to account for soil 
N stocks and mineralisation rates when assessing 
optimized fertiliser rates. There is substantial scope 
to improve fNUE and reduce N losses without any 
impact on lint yield, by adjusting N fertiliser applica-
tion rates, in particular in combination with the use 
of the nitrification inhibitor DMPP. Using overhead 
instead of furrow irrigation is a promising approach 
to improve not only water use efficiency, but also 
fNUE in irrigated cotton systems.

Keywords  Nitrogen · 15N · Nitrification inhibitor · 
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Introduction

Nitrogen (N) fertiliser is a key input for agricul-
tural production and has allowed farmers to greatly 
increase crop production per unit land over the past 
century (Foley et  al. 2011). To meet the world’s 
future demand for food, fodder, biofuels and fibre, 
agricultural production must grow substantially, and 
if current trends were to continue, global N fertiliser 
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use could double by 2050 (Tilman et al. 2011). Unfor-
tunately, less than 50% of the used fertiliser added to 
global croplands is currently converted into harvested 
products and N use efficiency (NUE) has been shown 
to decline with increasing fertiliser inputs (Lassaletta 
et  al. 2014). This means that, if no action is taken, 
more and more reactive N (Nr) compounds used for 
crop production will be lost to the environment caus-
ing serious environmental impacts, including eutroph-
ication, biodiversity loss, human health problems and 
perturbations of the climate system (Galloway et  al. 
2003; Erisman et al. 2011, 2013). The production of 
Nr is already exceeding the safe thresholds for human 
and ecosystem health by over two-fold (Rockström 
et  al. 2009). How to bring global N fertiliser use 
back within environmental limits while meeting an 
increasing demand for bio-commodities is arguably 
one of the most important challenges for humanity in 
the coming century and requires substantial improve-
ments in NUE of global cropping systems.

In Australia, about 70% of the cotton (Gossypium 
hirsutum L.) is grown on heavy textured (clay) soils 
(ICAC 2019). These soils are prone to waterlogging 
resulting in significant losses of N via denitrification, 
deep drainage and surface run-off (Macdonald et  al. 
2017). In irrigated cotton production, N fertiliser is 
one of the key production drivers with an industry 
average application rate of 275  kg  N  ha−1 (range: 
from less than 100 to 520  kg  N  ha−1) for irrigated 
cotton in Australia (Roth Rural 2017). This industry 
average N rate is higher than the estimated average 
most economic rate of 234  kg  N  ha−1 (Antille and 
Moody 2021; Welsh et  al. 2021), clearly demon-
strating scope for improving NUE in irrigated cot-
ton systems, by reducing N fertiliser inputs. This is 
an important management consideration for Austral-
ian cotton production systems as N recoveries in crop 
are low, with only 17–50% of the applied fertiliser 
N taken-up by the crop, and up to 70% completely 
lost over the season (Freney et  al. 1993; Roches-
ter et al. 1996; Fritschi et al. 2004; Macdonald et al. 
2017). Only a few studies have reported NUE in cot-
ton based on 15N fertiliser experiments in Australia, 
and research has mainly involved the collection of 
data from experimental research stations, while it is 
critical to have realistic data from on-farm production 
systems.

The use of nitrification inhibitors (NI) has been 
proposed as a strategy to increase NUE and reduce 

environmental losses of Nr in cropping systems (Aba-
los et  al. 2014). However, recent research suggests 
that the agronomic efficacy of the NIs needs to be 
interpreted with caution, since most studies only used 
one N rate while potential benefits of NIs might be 
best achieved by downward adjusting N application 
from the conventional rate (Li et al. 2018; Rose et al. 
2018). Moreover, current research on NIs has focused 
on cereal systems (De Antoni Migliorati et al. 2014; 
Alonso-Ayuso et al. 2016; Lester et al. 2016; Liu et al. 
2019), with only a limited number of recent studies 
conducted in cotton (Bronson et al. 2017; Schwenke 
and McPherson 2018). Early research on NIs in cot-
ton suggested that NUE could be markedly improved 
by the use of NIs (Freney et al. 1993; Rochester et al. 
1996), but latest studies using novel NI formulations 
failed to show a significant effect on cotton yield, lint 
quality or NUE (Watts et al. 2014; Li et al. 2020).

In Australia, approximately 90% of the cotton-
growing area is irrigated, and 92% of this irrigated 
area relies on gravity surface-irrigation systems, the 
majority of which are furrow irrigation systems (Roth 
Rural 2017; ICAC 2019; Roth et  al. 2013). Recur-
rent droughts, water availability challenges, and less 
reliable rainfall have increased growers’ interest in 
overhead and drip irrigation systems. Consequently, 
adoption of these systems has increased, but still 
represents only a small proportion (≤ 10% of the 
total irrigated cotton area) of the Australian industry 
(ICAC 2019). Some of the reported advantages of 
overhead and drip irrigation systems compared with 
furrow irrigation systems are water savings of up 
to 20–30%, reduced risk of waterlogging, ability to 
apply fertilisers in-crop (fertigation) more efficiently, 
and reduced risk of nutrient and sediment losses 
(McHugh et  al. 2008; Foley et  al. 2013). However, 
little research has been conducted on how different 
irrigation systems affect NUE in cotton production. 
In Australia, Antille (2018) found significantly lower 
N2O emissions, and in the USA, Bronson et al. (2017) 
reported greater fertiliser N recoveries in overhead 
compared to surface irrigation systems, but studies 
on the effect of irrigation system on fertiliser NUE 
using 15N tracers are still lacking for irrigated cotton. 
The objectives of this study were to (i) assess crop N 
uptake and fertiliser N use efficiency (fNUE) on com-
mercial cotton farms in Australia, and (ii) investigate 
the effect of fertiliser management (N source and 
rate) and irrigation system on fNUE on these farms.
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Material and methods

Study site

Over three years (2015–2018) field trials were under-
taken at five different commercial farms located in the 
Eastern Darling Downs region about 150 km west of 
Brisbane, Australia (27.53° S, 150.58° E). The region 
is noted for its deep fertile clay soils, making it one 
of the most productive in Australia for grain and cot-
ton production. The soils at the different experimental 
sites are classified as Black Vertosols (Isbell 2021), 
or Vertisols (USDA-NRCS 1999), and have clay 
contents between 45 and 72% in the top 1 m of the 
profile. The region has a sub-tropical climate (classi-
fied as Cfa, according to Köppen climate classifica-
tion) with warm to hot, moist summers and mild to 
cool, fairly dry winters. Summer average maximum 
temperatures range from 28 to 34 °C, while the win-
ter average maximum ranges from 13 to 19 °C. Mean 
annual precipitation ranges from 600 to 700  mm 
(Commonwealth Bureau of Meteorology) with about 
70% of the total annual rainfall falling between Octo-
ber and March, during the summer crop growing 
season.

Experimental design

Field trials at all sites used a randomized complete 
block design with four replicates. The main plots 
(macro-plots) measured 3  m (width) × 6  m (length) 
and to avoid edge effects each macro-plot was sepa-
rated from the others by a buffer of 1  m along the 
width and length. All sites were irrigated for each of 
the three cropping seasons. Each year, the trials were 
conducted on two furrow irrigated, and one over-
head irrigated fields (Table  1). The plant inter-row 
space was either 1-m (40 inches) or 1.5-m (60 inches) 
depending on the site with a plant density of typically 
10–14 plants m−1. The trials followed standard farm 
practice in terms of fertiliser management, land prep-
aration and general crop husbandry, which relied on 
local agronomic advice. Crop residues were retained 
on the field after harvest and subsequently incor-
porated during land preparation before the follow-
ing crop was established. Shallow (< 150 mm deep) 
and deeper (≈ 250  mm deep) incorporation of crop 
residues are standard practices under overhead and 
furrow irrigation systems, respectively. At the five 

commercial farms, the farmer’s N practice was com-
pared with up to two potential N best management 
practices (namely: reduced fertiliser rate, and nitrifi-
cation inhibitor). Table 1 shows the different fertiliser 
rates used and treatments investigated at the commer-
cial farms over the three years.

The fertiliser treatments were:

	 i.	 ZERO N: no added N fertiliser.
	 ii.	 UREA-FP: urea fertiliser application following 

the standard farmer practice at each farm.
	iii.	 UREA-red: urea fertiliser application following 

the standard farmer practice at a 30% reduced N 
rate.

	iv.	 DMPP-red: urea fertiliser coated with the NI 
3,4-dimethyl-pyrazole phosphate (DMPP), fol-
lowing the standard farmer practice at a 30% 
reduced N rate.

15N recovery plots

To assess the recovery of N fertiliser in the soil 
and plant, 15N-labelled fertiliser was used in 
1  m (width) × 2  m (length) subplots (or micro-
plots) located within the unfertilised macro-plots 
(3  m × 6  m). At all sites, 15N-labelled fertiliser was 
applied at planting by distributing 10% atom excess 
15N enriched urea dissolved in 1 L of deionised 
water. Depending on the local farmer’s practice, 15N 
labelled fertilisers were applied within the subplots 
with a dispenser over the entire micro-plot area (to 
mimic broadcasting) or 100 mm from each side of the 
crop row to mimic. In the DMPP-red treatments, the 
solution containing 15N-enriched urea also included 
DMPP at a ratio of 6 g DMPP kg−1 urea to replicate 
the same ratio of commercial DMPP urea (Incitec 
Pivot Fertilisers, personal communication).

15N plots soil sampling and analysis

To assess the fate of the applied 15N fertiliser all 
micro-plots were sampled destructively at harvest. 
Following plant harvest, the entire upper soil layer 
0–200  mm was removed from the centre of the 
micro-plot (width: 0.5  m, length 2  m) and mixed 
together. In addition, soil samples were collected 
at three lower depth intervals (200–400, 400–700, 
700–1000  mm) with a hydraulic core sampler 
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Table 1   Nitrogen fertiliser 
treatments, average total 
aboveground biomass, lint 
yield and crop N uptake, 
N derived from fertiliser 
(Ndff) at the different 
commercial cotton farms

‘F’ is furrow irrigation, 
and ‘OH’ is overhead 
irrigation. Standard errors 
(SE) are shown in brackets. 
Groups with identical 
superscript letters indicate 
no significant differences 
(p > 0.05, Tukey HSD) on 
a site-year basis. ‘Mean’ is 
the overall average across 
sites and years (± SE)

Site Treatment N rate Total biomass Lint yield Crop N uptake Ndff
Units (kg ha−1) (Mg ha−1) (Mg ha−1) (kg ha−1) (kg ha−1)

– 2015/2016
Yargullen F ZERO N 0 12.7 (0.6)a 2.4 (0.2)a 193 (18)a 0a

DMPP-red 125 13.1 (0.6)a 2.8 (0.3)a 228 (10)a 35 (5)b

UREA-red 125 14.4 (1.3)a 3.2 (0.3)a 206 (16)a 36 (4)b

UREA-FP 180 14.1 (1.1)a 3.0 (0.3)a 228 (20)a 41 (4)b

Yargullen OH ZERO N 0 8.0 (0.2)a 1.4 (0.1)a 82 (2)a 0a

DMPP-red 125 11.9 (1.1)b 2.6 (0.1)bc 192 (26)b 54 (7)b

UREA-red 125 11.2 (0.7)ab 2.1 (0.1)b 219 (16)b 55 (3)b

UREA-FP 180 13.9 (1.4)b 3.0 (0.2)c 184 (34)b 70 (12)b

Kincora OH ZERO N 0 11.9 (0.4)a 1.9 (0.1)a 160 (9)a 0a

DMPP-red 87.5 11.6 (1.3)a 2.5 (0.2)a 177 (13)ab 27 (1)b

UREA-red 87.5 11.1 (1.0)a 2.4 (0.2)a 159 (11)a 24 (1)b

UREA-FP 125 14.3 (1.3)a 2.4 (0.2)a 202 (9)b 32 (6)b

Nandi F ZERO N 0 13.4 (0.8)a 2.4 (0.1)a 203 (40)a 0a

DMPP-red 140 12.9 (0.9)a 3.1 (0.2)a 159 (13)a 25 (3)b

UREA-red 140 12.0 (0.9)a 2.7 (0.2)a 160 (13)a 20 (3)b

UREA-FP 200 11.3 (0.5)a 2.4 (0.2)a 193 (8)a 28 (1)b

Site – 2016/2017
Yargullen F ZERO N 0 12.5 (0.7)a 1.8 (0.1)a 245 (23)a 0a

DMPP-red 117 14.0 (0.7)a 2.2 (0.2)a 246 (25)a 28 (3)b

UREA-red 117 15.0 (0.9)a 2.2 (0.2)a 298 (18)a 29 (4)b

UREA-FP 167 14.2 (1.0)a 2.1 (0.2)a 290 (20)a 51 (6)b

Yargullen OH ZERO N 0 8.4 (1.2)a 1.3 (0.2)a 162 (24)a 0a

DMPP-red 87.5 10.0 (0.3)a 1.7 (0.1)a 216 (5)a 20 (2)b

UREA-red 87.5 9.6 (1.2)a 1.6 (0.1)a 185 (25)a 15 (2)b

UREA-FP 125 10.6 (0.5)a 1.7 (0.0)a 185 (18)a 23 (2)b

Kincora OH ZERO N 0 12.6 (1.0)a 2.5 (0.2)a 181 (13)a 0
UREA-FP 140 14.3 (1.1)a 2.8 (0.2)a 226 (18)a n.a

Nandi F ZERO N 0 15.6 (0.7)a 3.5 (0.1)a 351 (27)a 0a

UREA-FP 120 15.2 (0.3)a 3.5 (0.1)a 397 (13)a 46 (2)b

Site - 2017/2018
Yargullen OH1 ZERO N 0 11.1 (0.8)a 2.3 (0.1)a 220 (13)a 0a

DMPP-red 105 13.4 (1.1)a 2.3 (0.2)a 299 (22)b 42 (3)b

UREA-red 105 15.3 (0.8)a 2.3 (0.1)a 286 (4)b 31 (2)b

UREA-FP 150 15.6 (1.0)a 2.4 (0.3)a 227 (9)a 33 (5)b

Yargullen OH2 ZERO N 0 10.5 (0.8)a 0.9 (0.2)a 175 (9)a 0a

UREA-FP 150 10.1 (0.7)a 1.1 (0.1)a 168 (10)a 25 (2)b

Brookstead F1 ZERO N 0 13.6 (4.5)a 1.4 (0.6)a 138 (52)a 0a

DMPP-red 133 14.7 (1.2)a 2.3 (0.2)a 195 (17)a 61 (6)c

UREA-red 133 13.0 (2.0)a 1.8 (0.2)a 159 (28)a 23 (6)b

UREA-FP 190 14.4 (1.7)a 2.1 (0.1)a 183 (24)a 42 (7)c

Brookstead F2 ZERO N 0 14.2 (0.7)a 2.0 (0.2)a 217 (4)a 0 a

DMPP 207 13.5 (1.4)a 1.7 (0.0)a 224 (21)a 20 (2)b

UREA-FP 207 12.4 (0.3)a 1.7 (0.3)a 219 (8)a 22 (3)b

Mean (± SE) – 137 12.9 (1.0) 2.2 (0.2) 211 (18) 34 (4)
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(50  mm diameter) across a four core transect. The 
transect was perpendicular to the plant row and 
extended 500 mm on each side of the crop row. At 
the furrow irrigation sites, two cores per transect 
were placed over the fertilised bed and two in the 
unfertilised furrow. At the overhead irrigated sites, 
two cores per transect were placed over the fertiliser 
band and two in the unfertilised inter-row. For each 
plot, the soil samples belonging to the same depth 
and section of the transect (bed, furrow, fertiliser 
band and inter-row) were mixed together before 
being subsampled. A sub-sample was oven-dried at 
60  °C and ground using a planetary cylinder mill. 
15N enrichment was determined using an isotope 

ratio mass spectrometer (20–22 IRMS, Sercon Ltd, 
Crewe, UK).

Plant sampling and analysis

Aboveground biomass and total N uptake were deter-
mined at harvest from representative samples col-
lected in all macro-plots by cutting 1-m of crop row 
near the soil surface using hand clippers. Both above-
ground and belowground material was collected in 
the 15N micro-plots. Plant samples were oven-dried 
for 24  h at 60  °C after separating the lint and seed 
from the rest of the aboveground plant material. The 
different components of plant biomass (lint, seeds, 
stems + leaves + ball walls, main and secondary roots) 
were then weighed, ground in a planetary cylinder 
mill, and analysed separately. Plant samples were 
analysed for 15N enrichment using the same isotope 
ratio mass spectrometer as for the soil analysis (20–22 
IRMS, Sercon Ltd, Crewe, UK).

Ancillary measurements

In addition to the 15N analysis, soil samples col-
lected at planting and harvest at four depths (0–200, 
200–400, 400–700, 700–1000  mm) were analysed 
for dry bulk density and mineral N. Nitrate (NO3

−) 
and ammonium (NH4

+) were extracted from the soil 

samples by adding 80 mL of 2 M KCl to 20 g of field-
moist soil and shaking it for 1  h. Concentrations of 
NO3

− and NH4
+ in the extracts were measured calo-

rimetrically using a discrete analyser (SEAL AQ2 + , 
SEAL Analytical Inc., USA).

Calculations and statistical analysis

All 15N fertiliser recovery calculations were con-
ducted on an oven-dried basis. Total recovery of 
applied 15N-labelled fertiliser was determined by 
mass balance. The percentage of N derived from the 
labelled fertiliser (Ndff) in each plant and soil pool 
was determined using Eqs. 1 and 2 (IAEA 2001):

The internal crop N-use efficiency (iNUE) was deter-
mined by dividing lint yield by crop N uptake (kg lint 
kg−1 crop N uptake) (Rochester 2011).

Mixed-effect models were used to analyse the 
effects of fertiliser type on each of the target vari-
ables, namely: lint yield, iNUE, plant N uptake, N 
recovery rates in plant material and N in soil, as 
well as N loss rates (Tables  2 and 3). Besides the 
fixed effect for the fertiliser type, a random effect 
for the interaction of site-year was introduced in 
order to control for specific effects of site and year. 
To correct for the multiple testing problem, the 

(1)Ndff =

(

atom%15Nsample − atom%15Ncontrol

)

atom%15Nlabelled fertiliser − atom%15Nunlabelled fertiliser

× 100

(2)

15N recovery =

15N recovered
(

kgN ha−1
)

total15N applied
(

kgN ha−1
) × 100

Table 2   Effect of N fertiliser treatments on yield, N uptake 
and iNUE across all sites and years. Means (± SE) are dis-
played. Different letters (per column) indicate significant dif-
ferences between treatment

Treatment Lint yield (Mg 
ha−1)

Total N 
uptake (kg N 
ha−1)

iNUE (kg kg−1)

UREA-FP 2.4 (± 0.2)a 225 (± 20.2)a 10.3 (± 1.0)a

DMPP-red 2.5 (± 0.1)a 228 (± 10.4)a 11.3 (± 0.7)a

UREA-red 2.4 (± 0.1)a 223 (± 10.4)a 11.9 (± 0.7)a

ZERO N 2.0 (± 0.1)b 192 (± 9.3)b 10.8 (± 0.6)a
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Bonferroni–Holm method was used to adjust the 
rejection criteria for each of the hypotheses.

Statistical analyses were performed with the R 
software (version 3.5.3) (R Core Team 2019) using 
the packages lme4 (version 1.1–21) (Bates et  al. 
2015), multcomp (version 1.4–12) (Hothorn et  al. 
2008), and lmerTest (version 3.1) (Kuznetsova et al. 
2017).

Results

Lint yield, total biomass and crop N uptake

The average cotton lint yield across UREA-FP 
treatments was 2.4 ± 0.2  Mg  ha−1, with an aver-
age N application rate of 161 kg N  ha−1 (Table 2). 
Lint yields in fertilised treatments varied 

significantly between-seasons and were highest 
(2.7 ± 0.1  Mg  ha−1) in the 2015/2016 season and 
lowest (1.9 ± 0.2 Mg ha−1) in the 2017/2018 season 
(Table 1). The reduced N fertiliser treatments were 
not significantly different in lint yields compared 
to UREA-FP, but there was a positive response in 
yield to N fertiliser (p < 0.05). Application of N fer-
tiliser (UREA-FP and UREA-red) increased cotton 
yields by 20% compared to the ZERO N (Table 2). 
Total aboveground biomass ranged from 9.6 to 
19.6 (average 13.1  Mg  ha−1) across the different 
sites and years. On average, the total aboveground 
biomass contained 60% leaves and stem material, 
20% seed and 20% lint. Total crop N uptake ranged 
from 63 to 424 kg N ha−1 in all fertilised treatments 
and increased significantly with increasing yield 
(Fig.  1). The average N uptake in the UREA-FP 
treatment was 225 (± 20) kg N ha−1.

Table 3   Effect of N fertiliser treatments on 15N fertiliser recovery and losses across all sites and years. Means ± standard error (SE) 
are displayed. Different letters (per column) indicate significant differences between treatments (p < 0.05)

Measurement Relative loss Rel. recovery 
plant

Rel. recovery 
soil

Absolute loss Abs. recovery 
plant

Abs. recovery 
soil

Ndff. fertiliser

Unit (%) (%) (%) (kg N ha−1) (kg N ha−1) (kg N ha−1) (%)
UREA-FP 47 (± 5)a 25 (± 3)a 28 (± 4)a 79.9 (± 10.7)a 39.0 (± 3.7)a 42.5 (± 4)a 18 (± 2)a

DMPP-red 38 (± 4)b 32 (± 4)b 30 (± 3)a 42.3 (± 5.2)b 35.9 (± 2.5)a 33.2 (± 4.1)b 17 (± 1)a

UREA-red 49 (± 4)a 26 (± 2)a 26 (± 3)a 54.6 (± 5.1)c 29.1 (± 2.5)b 28.0 (± 4)b 13 (± 1)b

Fig. 1   Relationship 
between lint yield and crop 
N uptake with multiple N 
fertiliser products for all 
experimental sites across 
three consecutive crop-
ping seasons (2015/2016, 
2016/2017 and 2017/2018). 
Trendlines are least square 
linear regressions with the 
intercept set to zero for each 
season. Slope of the trend-
lines shows the average 
iNUE (lint yield divided by 
plant N uptake)
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Reducing the N fertiliser application rate and the 
use of the NI had no effect on total N uptake in com-
parison to UREA-FP, but N uptake was significantly 
lower (average of 194  kg  N  ha−1) in the ZERO N 
plots. Application of N fertiliser increased N uptake 
compared to the ZERO N treatment by 36, 31, and 
33  kg  N  ha−1 in the DMPP-red, UREA-red, and 
UREA-FP treatment, respectively.

Average internal crop N-use efficiency (iNUE) 
across all years and treatments was 10.9 kg lint kg−1 
crop N uptake, with no significant effect of N ferti-
liser treatment (Table 2) and was significantly higher 
in the 2015/2016 season (13.19 kg lint kg−1 crop N 
uptake) compared to 2016/2017 and 2017/2018 with 
8.69 kg lint kg−1 crop N uptake and 9.45 kg lint kg−1 
crop N uptake, respectively (Fig. 1).

15N fertiliser recovery and losses

On average, only 25% (range 11–53%) of the applied 
15N fertiliser was taken up by the crop across all 
fertilised treatments (Fig. 2). The use of DMPP sig-
nificantly increased fertiliser N recovery in the plant 
(32 ± 4% of the applied N fertiliser), compared to 
the FP (25 ± 3%) and UREA-red treatment (26 ± 3%) 

(Table  3). These relative recovery rates translate to 
an absolute amount of fertiliser taken up by the plant 
of 39.0 (± 3.7) kg N ha−1 in the FP treatment, with 
similar uptake in the DMPP-red treatment, and a sig-
nificantly reduced uptake in the UREA-red treatment. 
An average 28 (± 4%) of the N fertiliser remained in 
the soil profile at harvest (range 8–57%) with no sig-
nificant effect of the N management (30% reduced N 
rate, DMPP). Absolute amounts of fertiliser N found 
in soils amounted to 42.5 (± 4.0) kg N ha−1 in the 
UREA-FP and were significantly lower in the DMPP-
red (by 9.3 ± 4.1  kg  N  ha−1) and UREA-red (by 
14.5 ± 4.0 kg N ha−1) treatment, respectively.

Across all experimental sites and treatments, 47% 
(± 5%) of the applied N fertiliser was completely lost 
from the soil–plant system during the season, with 
losses ranging from 9 to 88% (Fig.  2). Fertiliser N 
losses were significantly lower (38%) in the DMPP-
red compared to the UREA-red (49%) treatment 
(Table 3). Overall N fertiliser losses were lower in the 
overhead irrigated sites (35%) compared to the furrow 
irrigated sites (51%), but this effect was not statisti-
cally significant due to the higher N rates used in the 
furrow irrigated systems. Only 17% (35 kg N ha−1) of 
the N taken up by the crop was derived from fertiliser 
(Ndff) and the remaining 83% (182  kg  N  ha−1) was 
supplied by the soil. UREA-red reduced Ndff com-
pared to UREA-FP by 28%, but Ndff was not signifi-
cantly different when DMPP fertiliser was used with 
the reduced rate (DMPP-red) (Table 3).

Discussion

Cotton yields on commercial farms in Australia

The average lint yield in Australia is approximately 
three times higher than the world average (Redfern 
2021). Bronson et al. (2017) reported lint yields rang-
ing from 1.6 to 2.1 Mg ha−1 for surface and overhead 
sprinkler irrigated cotton in Arizona, USA, while 
lint yields for cotton grown under drip-fertigation in 
arid NW China measured by Li et  al. (2020) aver-
aged 1.0  Mg  ha−1. The average lint yield found in 
our study agree well with the average lint yield of 
2.6 Mg ha−1 reported for irrigated cotton in Australia 
(ICAC 2019), and are in line with recent studies from 
Australia that reported lint yields ranging from 1.9 
to 3.2 Mg ha−1 (Rochester et al. 2016). In Australia, 

Fig. 2   Fate of 15N fertiliser applied as urea to 24 cotton pro-
duction system treatments. Average N recoveries were 28% 
and 25% in soil and plant, respectively, and 47% N was unac-
counted for (black symbols: UREA-FP, blue symbols: UREA-
red, red symbols: DMPP-red)
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lint yields have increased significantly over the past 
twenty years, from 1.6  Mg  ha−1 in 2003–2004 to 
2.6 Mg ha−1 in 2014–2015 (Baird 2016). Most of this 
yield gain is explained by plant-breeding advances, 
adoption of high-yielding transgenic cotton culti-
vars (e.g., SICOT 746B3F and SICOT 748B3F), and 
improved management practices such as increased 
use of irrigation scheduling technologies and optimi-
zation of furrow-irrigated systems (Braunack 2013; 
Liu et al. 2013; Roth Rural 2017).

N uptake and the internal crop N‑use efficiency

The use of high-yielding cultivars also requires a high 
N uptake. While lint yield has increased by ~ 40% 
over the past 20  years, the crop N uptake required 
to support these high yield has increased by ~ 140% 
(Rochester et  al. 2016). Consequently, the average 
N uptake of the cotton plant in our study increased 
significantly with increasing yield (Fig.  1), and the 
internal crop N-use efficiency (iNUE; i.e. kg lint 
kg−1 crop N uptake) declined with increased crop 
N uptake. However, there was no clear correlation 
between yield and iNUE as shown by Rochester et al. 
(2016) and no clear effect of N treatment demon-
strating that, at the commercial cotton farms, other 
factors than N supply constrained yields. Internal 
crop N-use efficiency was significantly higher in the 
2015/2016 season (13.2 kg lint kg−1) with the highest 
lint yields, compared to 2016/2017 (8.7 kg lint kg−1) 
and 2017/2018 (9.4 kg lint kg−1), where yields were 
significantly lower (Fig.  1). The difference between 
the years can mainly be attributed to the climatic 
conditions in the different years and a higher overall 
yield potential in 2015/2016 (and relatively high soil 
moisture in the profile going into winter) compared to 
2016/2017 and 2017/2018. The average iNUE across 
all years and treatments of 10.9 kg lint kg−1 crop N 
uptake was lower than the optimum iNUE value of 
11.5–13.5  kg  kg lint kg−1 crop N uptake as defined 
by Rochester (2011) and Bronson (2021). This sug-
gested that soil N supply during the growing season 
was relatively high (in particular in 2016/2017 and 
2017/2018), which therefore affected N use effi-
ciency and resulted in elevated losses of N to the 
environment.

Fertiliser N use efficiency and losses

The 15N fertiliser experiments clearly showed that the 
majority of N taken up by the cotton crop at all com-
mercial farms was derived from the soil. On average, 
only 17% of the N taken up by the crop was derived 
from fertiliser i.e. 83% was soil derived N. This is 
at the lower end of Ndff values (23–52%) typically 
reported for irrigated cotton systems (Fritschi et  al. 
2004; Macdonald et al. 2017; Rochester et al. 1996), 
and demonstrates that the availability of fertiliser N 
which is typically applied before planting is not syn-
chronised with N demands of the cotton plant which 
is highest during boll development (50 to 100  days 
after planting). At this stage most of the fertiliser N 
has been lost or immobilised and mineralisation of 
soil organic N, containing residual N from previous 
fertilisation events, or N returned with crop residues 
becomes the main source of N for the cotton plant.

Only 25% of the applied N fertiliser was directly 
taken up by the crop compared to 47% of the N fer-
tiliser being lost during each cropping season. The 
amounts of 15N fertiliser lost are substantially higher 
than those reported for irrigated cotton systems in 
the US, where 88–100% of the applied fertiliser was 
recovered in plants and soil at the end of the sea-
son (Bronson et  al. 2019; Fritschi et  al. 2004), but 
are consistent with 15N recovery studies in Australia 
where fertiliser losses of 30–60% have been reported 
(Freney et al. 1993; Rochester et al. 1996).

The significant differences in N loss rate are attrib-
utable to a combination of factors, including irriga-
tion method, N fertiliser rate, fertiliser product, and 
soil type. Bronson et al. (2019) found little or no sig-
nificant N losses in a sub-soil drip irrigation system 
with a high frequency of N fertigation, showing that 
joint optimisation of water and N supply via fertiliser 
can reduce N losses and improve NUE. High N losses 
recorded in our study confirmed the fact that fNUE 
in irrigated cotton production on heavy textured 
soils in Australia is low under current on-farm man-
agement strategies and that large losses of N to the 
atmosphere or via deep drainage and surface water 
runoff pathways can be expected (Ringrose-Voase 
and Nadelko 2014; Rochester 2003). This finding is 
also supported by a recent study from Australia that 
found total N losses of 153 kg N ha−1 from irrigated 
cotton over one season, resulting in a soil N budget 
deficit of 42 kg N ha−1, despite an optimised N split 



Nutr Cycl Agroecosyst	

1 3
Vol.: (0123456789)

fertiliser application of 232  kg  N  ha−1 (Macdonald 
et al. 2017). Whilst a full N budget could not be con-
structed from our data, it appeared that more soil N 
was removed from the N fertilized treatments at har-
vest with lint and seed (76 kg N ha−1) than fertiliser 
N was recovered in soil or returned with the cotton 
residues at harvest (38 kg N ha−1 and 19 kg N ha−1, 
respectively), indicating a negative soil N budget. 
Such a deficit would have implications for the long-
term productivity and sustainability of these systems. 
However, we still lack reliable data on in-season 
gross mineralisation rates and the amount of N lost 
from native soil (non-fertiliser) N from irrigated cot-
ton systems, severely constraining our understanding 
of a complete N budget.

Effect of fertiliser management and irrigation system 
on fNUE and N losses

The different N management strategies tested (30% 
reduced rate and NI DMPP) had no significant effect 
on lint yield, total biomass or N uptake, and pro-
duced high cotton yields comparable to the UREA-
FP treatments. If analysed on a per-site year analysis, 
only one site (Yargullen OH 2015/2016) showed a 
significant effect of N fertilisation on yield while all 
other trials produced high cotton yields, compara-
ble to the fertilised treatments, without the applica-
tion of N fertiliser. At only one trial (Yargullen OH 
2015/2016) yields were significantly lower under the 
reduced N fertilisation compared to the farmers prac-
tice (Table  1). This is in direct contrast to previous 
N fertiliser trials on experimental research stations, 
where typically a positive response in cotton lint yield 
to applied N fertiliser is reported (Rochester et  al. 
2016). This demonstrates that the commercial farms 
investigated in this project already had high levels of 
available N in the soil, most likely due to excessive 
N fertiliser applications in previous years, providing 
substantial scope to reduce N fertiliser rates without 
any negative impact on lint yield.

Due to the lack of clear fertiliser responses, there 
was also no significant effect of DMPP on yield or N 
uptake in these treatments, but the 15N recovery study 
revealed that DMPP has the potential to increase NUE 
in irrigated cotton systems. Compared to conven-
tional urea, DMPP increased fertiliser plant recovery 
by 20% and reduced N fertiliser losses by 30%. This 
is consistent with earlier 15N studies on inhibitors in 

cotton that showed that NI inhibitors can markedly 
increase NUE in irrigated cotton (Freney et al. 1993; 
Rochester et al. 1996), but in contrast to recent stud-
ies in cotton and meta-analyses that reported no or 
only marginal effects of NIs on yield and NUE when 
assessed against conventional N fertilisers (Li et  al. 
2020; Watts et al. 2014; Abalos et al. 2014). However, 
it is known that NIs are unlikely to increase yields 
beyond conventional N fertilisers when the control 
fertiliser treatment is applied at the recommended 
rate for achieving maximum N-limited yield, while 
the potential benefits of NIs might be best achieved 
by downward adjusting N application from the con-
ventional rate (Li et al. 2018; Rose et al. 2018). The 
high levels of available soil N at all sites, most likely 
due to excessive N fertiliser applications in previous 
years, would, therefore, have masked any effect of the 
NI. Long term trails on the effect of DMPP in irri-
gated cotton systems are required to better assess the 
overall potential of this product to increase NUE and 
yield. Ideally, these are undertaken with reduced N 
rates over multiple years and also quantify the resid-
ual effect of applied N fertiliser on N availability for 
subsequent crops (Yan et al. 2014).

The percentage of N fertiliser lost tended to be 
lower in the overhead irrigated sites (35%) compared 
to the furrow irrigated sites (51%). However, this 
effect was not significant since N fertiliser rates were 
higher at the furrow irrigated sites, which may have 
biased the results. Moreover, lateral fertiliser move-
ment from the micro-plot to other parts of the field 
may have been greater in the furrow irrigated sites, 
which makes a direct comparison difficult. Higher N 
losses from furrow irrigation may be caused by pro-
longed saturation and waterlogging during and after 
irrigation events, resulting in increased denitrification 
losses. For example, a study by Antille (2018) at the 
Yargullen site showed that soil emissions of N2O over 
a 30-day period following application of N via ferti-
gation were approximately eight times higher in fur-
row compared with overhead irrigation. Such results 
were attributed to differences in water-filled pore 
space (WFPS) and the extent of soil moisture draw-
down observed within five days after fertigation was 
applied. Concurrent with our study, Antille (2018) 
further reported that wetter soil conditions persisted 
for longer in the furrows system compared with the 
overhead system in which WFPS decreased to less 
than 45% within five days of irrigation. In most soils, 
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N2O emissions increase significantly when the WFPS 
is > 60%(Li et  al. 2005), while above 80% WFPS, 
the N2/(N2 + N2O) product ratio increases resulting 
in higher N2 losses from denitrification due to com-
plete denitrification (Friedl et al. 2016). Clearly, more 
direct comparisons are needed to better understand 
the underlying mechanisms. But our observations are 
consistent with US data on irrigated cotton that report 
reduced N losses with overhead sprinklers compared 
to surface irrigation (Bronson et al. 2017), indicating 
that the increased use of overhead irrigation systems 
at commercial cotton farms in Australia might not 
only increase water use efficiency but also has benefi-
cial effects on crop NUE.

Summary and conclusions

The study presents the most comprehensive dataset 
on 15N recovery trials in irrigated cotton on com-
mercial farms in Australia. Over 3  years, 24 cotton 
production system treatments were analysed using 
15N fertilisers at five different commercial farms. Fer-
tiliser NUE in irrigated cotton production on heavy 
textured (clay) soils in South Queensland, Australia 
was low under current management strategies, with 
almost half of the applied fertiliser lost over the 
season and only 17% of the N taken up by the crop 
derived from fertiliser. There was no significant effect 
of different N fertiliser products and cotton (lint) 
yield was not affected when N application rate was 
reduced by 30%. High yields could be achieved even 
without the application of N fertiliser. This shows 
that commercial farms have highly elevated levels of 
available N in the soil at sowing, most likely due to 
excessive N fertiliser applications in previous years 
and rely on mineralisation of soil organic N and resid-
ual fertiliser as the primary N source. It is notewor-
thy that the average N application rate in our study 
(137  kg  N  ha−1) that focussed on cotton farms in 
South East Queensland was half the industry average 
application rate (i.e., 275 kg N ha−1) for irrigated cot-
ton in Australia. This indicates that average N losses 
across the industry might be significantly higher than 
the values reported in this study.

We conclude that there is scope to reduce N ferti-
liser rates in irrigated cotton production systems on 
commercial holdings in Australia, and this could be 
done without compromising productivity. However, 

the residual effect of N fertiliser applied in previous 
years needs to be considered when assessing opti-
mised fertiliser rates. Despite the high N inputs at the 
commercial farms, more native soil N was removed 
with the harvest than fertiliser N was recovered in the 
soil or returned with the crop residues, indicating an 
overall N budget deficit that could lead to long term, 
unsustainable declines of soil organic matter (SOM) 
on the farms. Considering the high N application 
rates this potential mining of soil N might appear 
contradictory, but indicates that high fertiliser appli-
cation rates alone do not prevent mining of soil nitro-
gen. It is more important to better synchronise crop N 
demand with N supply from all sources including soil 
and fertiliser N and establish management strategies 
that sustain or build SOM stocks.

The use of the NI DMPP confirmed its potential to 
increase NUE in irrigated cotton systems, in particu-
lar in combination with reduced rates. Moreover, the 
increasing use of the centre-pivot and lateral-move 
irrigation systems (compared to furrow irrigation) is 
a promising approach to improving both water use 
efficiency and NUE. Longer term studies are required 
to optimise management strategies that reduce N 
losses and improve fertiliser and water use efficiency 
to ensure the Australian cotton industry achieves its 
vision of being a global leader in sustainable cotton 
production.
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