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ABSTRACT 
For full list of author affiliations and 
declarations see end of paper Context. Predicting the nitrogen (N) mineralisation from soil organic matter is a key aid to fertiliser 

decision-making and improving the N fertiliser use efficiency of a crop. Aims and methods. Field 
experiments were conducted to assess the amount of inorganic N derived from soil organic matter 
mineralisation over two seasons (2017–2018 and 2018–2019) across treatments differing in 
irrigation frequency and amount. During both seasons, the plant line soil in each treatment was 
sequentially sampled at each irrigation event. Key results. There was an effect of the soil water 
deficit on the measured accumulated soil inorganic N derived from mineralisation in both 
measurement years. It was observed that soil inorganic N accumulated in the plant line rather
than in other hillside and furrow positions for all soil moisture deficit treatments in both years. 
In 2017–2018, N accumulated in the plant was significantly greater than the measured 
accumulated inorganic N (0–300 mm). Conclusions and implications. The sequential soil 
sampling approach was challenging in irrigated systems and we propose a hybrid measurement 
of pre-season available soil N and/or plant N uptake in nil N fertiliser plots as a means of 
estimating N derived from soil organic matter mineralisation. 
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Introduction 

Nitrogen (N) fertiliser use efficiency research in the Australian cotton industry has shown that 
only 30–60% of the synthetic fertiliser N applied prior to sowing is taken up by the plant 
(Constable and Rochester 1988; Humphreys et al. 1990; Rochester et al. 1993; Rochester 
2011, 2012; Macdonald et al. 2017; Brackin et al. 2019). The research has shown that 
cotton plants also utilise N mineralised from the soil organic matter (SOM) reserves. A 
proportion of the applied fertiliser and soil mineralised N is lost from the cropping system 
via gaseous and irrigation runoff losses, while some is also temporarily immobilised by 
soil microbiota. Fertiliser N use efficiency in the Australia cotton industry has not improved 
in recent times (Macdonald et al. 2018), and the measurement and prediction of nitrogen 
source from SOM mineralisation is difficult (Mary and Recous 1994), which may explain 
why it is not utilised in fertiliser decisions. Nonetheless, SOM mineralisation is important 
N source for plant nutrition and in Australian cotton soils can exceed 120 kg N ha−1 

(Rochester and Bange 2016). The rate of SOM mineralisation is influenced by multiple 
factors, including soil temperature and moisture, clay content, porosity and SOM content 
and characteristics. 

The Australian cotton industry relies heavily on irrigation as well as N fertiliser to achieve 
the crop’s high lint yield potential (Roth et al. 2013; Macdonald et al. 2018). Irrigation 
scheduling is often triggered by the measurement of soil water deficits (ranging from 50 
to 100 mm) created by crop water use. The use of different soil water deficits triggers alters 
the frequency and amount of irrigation water applied per event, which will in turn affect SOM 
mineralisation and N dynamics within irrigated cotton soils. The cycle of wetting and drying 
does produce a flush of SOM mineralisation and N release and in lab experiments the 
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enhanced mineralisation ceases after three cycles (Mary and 
Recous 1994). Also, in furrow-irrigated systems where 
partial field irrigation (alternate-furrow irrigation) is em-
ployed, N mineralisation and N losses will vary across the 
irrigated furrow-plant line-non-irrigated furrow transect. This 
paper examines variations in soil N mineralisation in various 
positions in the irrigated paddock plant-bed (hill) and furrow 
system under two contrasting soil water deficits in 2 years of 
cotton production. The irrigation frequencies relied on soil 
water measurements averaged across treatments reaching 
50-mm and  70-mm deficit in the 2017–2018, and 60-mm 
and 90-mm deficit in the 2018–2019 season. 

Materials and methods 

Soil measurements 

The experimental site was located on a Grey Vertosol at the 
Australian Cotton Research Institute (ACRI), north-west NSW 
(30°20 0S, 149°59 0E). The soil has a neutral to alkaline pHw 

throughout (7.2–9.1 in 0–1200 mm), low organic carbon 
(1.0% in 0–150 mm; 0.7% in 150–300 mm) and medium 
clay content (43–58% in 0–1200 mm). The field experiments 
were conducted during the 2017–2018 and the 2018–2019 
summer cotton cropping seasons. In-field net soil inorganic 
N sourced from SOM mineralisation was quantified in nil-N-
fertilised field strip plots (8 × 1 m rows × 130–200 m) of 
both 50-mm and 70-mm soil water deficits treatments in 
2017–2018 and 60-mm and 90-mm deficits (×3 reps)  in  
2018–2019. In both years, the experimental fields featured 
other N management treatments that were not sampled in 
this work. The soil water deficit triggers changed between 
years due to the increasingly limited availability of irrigation 
water in the second year. The cotton crop, Bollgard III variety, 
Sicot 748B3F (CSD, Australia), was grown in both years in a 
furrow irrigated system where alternate furrows were supplied 
with water during each irrigation event. No other fertiliser was 
applied to the crop. 

Soil samples were collected throughout the growing season, 
from sowing to picking (October 2017–April 2018; October 
2018–May 2019). Once field preparation and sowing were 
completed, an initial sample (t0) was collected. At the next 
time of sampling (and all following times), two soil samples 
were collected: (1) another soil sample was collected from 
the previous sampling area, approximately 0.1 m from the 
first core hole; and (2) a soil sample was collected from a 
new location established approximately 1 m from the first 
sampling point. At the new sampling position, all aboveground 
plants biomass in a 1 m length of the plant line (centred on the 
soil sample) were removed to prevent root uptake of newly 
mineralised N in between sampling events. Lateral roots 
from plants surrounding the 1 m sampling zone (1 m × 1 m)  
were cut using a spade along the perimeter to prevent the 
uptake of mineral N by neighbouring plants in between 

sampling times. Sampling was conducted prior to each 
irrigation event throughout the whole season. Therefore, every 
soil sampling after the initial event involved re-sampling soil at 
the previous sampling location, and sampling soil at a new 
nearby sampling location. In 2017–2018, this equated to 11 
(50-mm deficit) and nine (70-mm deficit) sampling events. 
In 2018–2019, this equated to 12 (60-mm deficit) and nine 
(90-mm deficit) sampling events. 

Soil samples were collected using a 50-mm diameter steel 
coring tube pushed to a depth of 300 mm. The soil sample 
was divided in the field into 0–150 mm and 150–300 mm 
depth segments, bagged and placed in an insulated box with 
ice-bricks. Only the plant line units were soil sampled in the 
three replicated treatments to determine the accumulation 
of inorganic N sourced from SOM mineralisation. The 
remaining field units, irrigated furrow, irrigated hill-side, 
non-irrigated hillside and non-irrigated furrow were sampled 
in only one treatment replicate to provide an observational 
data set. 

The measurement of in situ net soil inorganic N and linkage 
to SOM mineralisation is challenging and the approach used in 
this study was based on the underlying theories of Raison et al. 
(1987). We did not use ‘Raison tubes’ because of the soil 
moisture artefacts such as prolonged saturation that would be 
generated after the crop irrigation. Instead, our approach was 
one of unconfined sequential coring of the undisturbed soil. In 
our study, aboveground plants were removed and the roots of 
the cotton plant were severed around the edge of the sampling 
location at the beginning of each measurement. The effect of 
foliage removal and root severance on net soil N mineralisation 
is not clear. Microbial immobilisation of N may result from the 
decomposition of severed roots (Adams et al. 1989), N release 
due to premature decomposition (Hatch et al. 1990) and  
modification of the rhizophere (Jussy et al. 2004). All of the 
net soil N mineralisation measurements occurred within a 
14-day period, except the first and last measurements. This 
time length has been identified as the optimum time period 
to reduce the influence of the severed roots on N turnover 
(Adams et al. 1989). 

Once field sampling was completed (<5 h), the soil samples 
were returned to the ACRI soil laboratory and stored in the 
refrigerator (4–6°C) overnight. The day after field sampling, 
the soil samples were weighed, and two sub-samples were 
collected. The first sub-sample (~75 g) was oven-dried (105°C) 
for a week and reweighed to determine the soil water content. 
The dry bulk density of each sample was calculated using the 
corer volume and oven-dry soil weight (McKenzie et al. 2002). 
The second sub-sample (~30 g dry weight equivalent) was 
used to determine exchangeable nitrate (NO3 

−-N) + nitrite 
(NO2 

−-N) (reported here simply as NO3-N, and ammonium 
(NH4 

+-N). This sample was mixed with 1 M KCl at a 1:5 
ratio on an end-over-end shaker for 1 h. After the suspension 
settled for 0.5 h, the supernatant was filtered (Whatman 
No. 42) and frozen until analysis. Soil NO3-N and 
NH4-N were determined using method 7C2b (Rayment and 
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Higginson 2011) using a LACHAT Quick Chem 8500 
Series 2 flow injection analyser (Lachat Instruments, 
Milwaukee USA). 

Net soil inorganic N content 

The net soil inorganic N content for each sampling interval for 
each field location was determined from the change in the soil 
inorganic-N pool size over time (t): 

Net soil inorganic N = ðNH+ 
4 − N + NO− 

3 − NÞt+1 

− ðNH+ 
4 − N + NO− 

3 − NÞt (1) 

where t is the sum of the measured soil NO3-N and NH4-N 
(kg N ha−1) at the beginning of the season or prior to an 
irrigation and t + 1 is the sum of the measured soil NO3-N 
and NH4-N (kg N ha−1) prior to the subsequent irrigation 
event. The N results are reported in kg N ha−1. The net soil 
inorganic N is the amount of N sourced from SOM miner-
alisation remaining in the profile after denitrification, 
run-off, leaching (below the 300 mm sample depth) and 
irrigation additions, during each sampling interval. 

The area weighted amount of the net soil inorganic N 
content at each sampling location (MinN) was determined 
according to Eqn 2. 

MinN = ðNet soil inorganic NÞ × L (2) 

where L is the % area of the sampled field unit viz irrigated 
furrow (25%), irrigated hill-side (12.5%), plant-line (25%), 
non-irrigated hillside (12.5%) and non-irrigated furrow 
(25%), and reported as kg N ha−1. 

Accounting for N leaching losses 

During the 2018–2019 season, KBr tracer was used to estimate 
the amount of N lost (Kessavalou et al. 1996) from the  
0–300 mm soil layer at each furrow-plant-bed position during 
the period between each paired soil sampling. Immediately 
after the collection of the initial soil sample at time t, 5 mL  
of 0.7 M Br− L−1 was injected to a depth of 75 mm 
approximately 0.1 m along the row from the initial soil core 
location. At the injection site, a marking flag was used to 
accurately position the sampling tube on the injection site at 
the subsequent soil sampling (t + 1). The Br−1 concentration 
in the subsequent soil sample was determined from the same 
KCl extract used for the N concentrations using Method 
4500-Br−1 B (Rice et al. 2012) for UV-Vis spectrophotometer 
(Shimadzu UV-2700). The recovery and loss of Br in the soil 
after an irrigation event was calculated and the mass balance 
computed. The ratio of Br recovered in the soil was 
calculated as: 

Br
Z = t−1 (3) 

Brt 

where Brt−1 is the soil Br concentration after the irrigation and 
Brt is the amount of Br added to the soil at time t. Br  is  
biologically stable and it can be assumed that amount lost 
from the surface soil by leaching represents the maximum 
NO3-N leaching potential of the system (Kessavalou et al. 
1996). It is possible to utilise Z, the ratio of Br recovered, to 
estimate the net N mineralisation by accounting for the 
leached N from sample time t according to Eqn 4. 

MinNBr = ððNH+ 
4 − N + NO− 

3 − NÞt−1Þ 
− ðNH+ 

4 − N + ðNO− 
3 −Nt × Z × xÞ × LÞ (4) 

where x = 0.75 and is a factor to account for the difference in 
the leaching potentials of Br−1 and NO3 

− (Clay et al. 2004). To 
estimate the MinNBr during the 2017–2018 season, the MinN 
value was multiplied by the MinN/MinNBr ratio for the 
2018–2019 season. 

Irrigation and N run-off 

San Dimas flumes (200 mm; Wilm et al. 1936) were used to 
measure the runoff volume of the sampled plots. The gal-
vanised steel flumes were manufactured as outlined by 
Walkowiak (2008). Separate  flumes were installed outside 
the actual cropping area in the tail end of each of the two 
soil water deficit treatments in each year. Runoff water from 
four inter-rows in each treatment was directed into the 
flume for flow measurement and flow-weighted water 
sample collection. The standard flow calibration equation 
(Nachimuthu et al. 2017) for converting flow height into 
flow discharge for a 200 mm San Dimas flume is: 

QðL s−1Þ = 0.053 × h1.34 (5) 

where Q is discharge and h is water height in the flume (mm). 
The flow height was measured using a Teledyne ISCO 730 
bubbler module connected to a Teledyne ISCO 6712 standard 
portable water sampler, which logged the flow height in min 
intervals. The module uses a differential pressure transducer 
and a flow of bubbles to measure liquid levels to determine 
flow height. The samplers were programmed to capture a 
representative aliquot of all runoff from an irrigation 
event. After each runoff event, samples were collected and 
transported to laboratory the next morning. NO3-N and NH4-
N were determined using method 7C2b (Rayment and 
Higginson 2011) using a LACHAT Quick Chem 8500 Series 2 
flow injection analyser (Lachat Instruments). Field in-flow 
was measured with an ‘Irrimate Series 9’ siphon paddle-wheel 
meter. The N run-off losses were calculated with the following 
equation: 
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N = A × V × C (6) 

where A is the cross sectional area (m2), V is the average 
velocity of the water (ms−1) and C is the N concentration of 
the run-off water (g m3) (Wigginton et al. 2012). 

Plant N uptake 

The aboveground plant uptake of N in each treatment replicate 
was measured prior to each irrigation and prior to defoliation at 
the end of the season for the 1 m (linear) of plants that were 
removed prior to each soil sampling event. The main plant 
stalk was cut at the soil surface and the aboveground biomass 
placed in a bag. Immediately after cutting, the plants were 
returned to the site laboratory, weighed and the samples 
were dried in a dehydrator for 1 week at 70°C. The samples 
were re-weighed and then chopped and coarsely ground. 
Sub-samples were finely ground and total N concentration 
(N%) was measured by combustion analyser (EA1112, Thermo 
Finnigan, San Jose, CA, USA). The plant uptake N represents 
the apparent net soil mineralised and residual inorganic N 
left in the system (PlantN) and is the amount of N that the 
plant accumulates during the cropping season (Villar et al. 
2014). 

Plant N = Biomass × N% (7) 

where biomass is the total dried mass of the sampled plant and 
N% is the N content of the plant sample. 

An estimate of plant N uptake can be calculated from lint 
yield (Rochester and Bange 2016) using Eqn 8: 

Nupt = 71.6 + 0.034x (8) 

where x is the lint yield harvested from plots that have not 
received N fertiliser. 

Apparent net inorganic N 

An alternative method for estimating whole-of-season net 
inorganic N was calculated using pre- and post-season soil 
inorganic mineral N and maximum plant N uptake (0 N 
fertiliser plots) at harvest (Brackin et al. 2019). 

MinNAP = PlantN − y + z (9) 

where y is pre-season soil N and z is the post-harvest N in the 
stored in the soil profile to a depth of 1.2 m. The pre-season soil 
N represents fertiliser carry over N from the previous season 
and any N sourced from mineralised SOM between each 
cropping periods. The weakness here was that the contribution 
of carry-over fertiliser cannot be determined. MinNAP does not 
account for soil N that was lost from the root zone during the 
season via leaching, runoff or denitrification or that which 
accumulated in the plant roots. 

N content of the biomass at harvest is not routinely 
measured in commercial cotton fields. An estimated plant 
uptake N and hence, an estimated total inorganic N derived 
from SOM mineralisation (EMinNAP) was determined from 
the Nupt using Eqn 8. This estimate was examined to see if it 
would be a suitable rule of thumb approach. 

Water use management 

The varied irrigation rates were scheduled using soil water 
deficits; i.e. the amount of water extracted from the plant 
available water in the soil profile below full plant available 
water capacity (PAWC). The PAWC was calculated using site 
specific drained upper limits (DUL) and crop lower limits 
(cotton specific) as outlined in APSIM (Holzworth et al. 
2014). The irrigation treatments included scheduling irrigation 
events at deficits that included 50, 60, 70 and 90 mm below the 
soil’s PAWC. Actual plant available water (PAW) was measured 
prior to and following each irrigation event throughout the 
growing season using a Neutron Moisture Meter (NMM) 
(CPN International, USA) at 150 mm increments from 150 to 
900 mm and at 300 mm increments between 900 and 
1200 mm. 

A calibrated regression equation for each soil depth 
increment was developed for the site. Firstly, soil bulk 
density was measured following methods for shrink swell 
vertosols (course soil fragments) (Cresswell and Hamilton 
2002) at a wet pond and dry soil site established in 2017 on 
an adjacent field. When the wet pond reached the DUL, a 
number of cores were removed. Along with soil removed 
from the dry soil site, the soil volumetric water (%) was 
calculated and calibrated to the NMM following methods 
outlined by Cull (1979) and (Dalgliesh and Foale 1998). For 
the 0–150 mm increment, the soil moisture was measured 
gravimetrically by soil sampling and oven drying (105°C, 
48 h). At each sampling date, the recording rate of the NMM 
was calibrated via water (drum) counts (×36) and an air 
count at each aluminium access tube within each plot before 
measuring. 

Actual water (Wi, mm) input to the soil from each irrigation 
event was calculated by the difference of soil PAW pre-
irrigation and the measured PAW after each irrigation event. 

Treatment evapotranspiration (ET, mm) values were 
calculated by: 

ET = Wi + Wr − L ± ΔSW (10) 

where Wi is the applied irrigation water, Wr is the in-crop 
rainfall, L is the amount of water lost to sub soil leaching 
(with the soil’s high clay content and low amount of natural 
leaching this was considered negligible) and ΔSW is the 
difference between the sowing soil moisture and the plant 
harvest soil moisture (Tennakoon and Milroy 2003). 
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Soil moisture readings at 35 cm – EM38MKII 
methods 

Soil moisture at a depth of 350 mm was measured periodically 
throughout the growing season using an electromagnetic 
induction (EMI) device – EM38MKII (Genomics Ltd, Canada). 
Apparent bulk electrical conductivity (ECa) was converted to 
soil water content (mm) and PAW (mm) following the 
method outlined by (Huth and Poulton 2007). At each 
sampling date, the EM38MkII was calibrated to environmental 
conditions, and a temperature coefficient factor as outlined in 
(Huth and Poulton 2007) was used to correct for localised 
climatic conditions. To account for EC variability within the 
field, each plot was calibrated independently for soil PAWC. 

Statistical analysis 

The general least square method with autocorrelation function 
(nlme package) within the R statistical software was used to 
analyse the relationship between soil water deficit and time 
with cumulative inorganic N content and plant N uptake. 
The standard t-test method with the R statistical software 
package was used to determine statistical difference between 
the different irrigation management strategies for the lint 
yield and seed and lint N. 

Seasonal day degree 

Cumulative day degree for both seasons were calculated using 
the method outlined by Constable and Shaw (1988): 

Day degree = 
X

ðTmax − 12Þ + ðTmin − 12Þ=2 

where Tmax is daily maximum temperature (below 36°C), Tmin 

is daily minimum temperature. 

Results and discussion 

Effect of irrigation on measured net soil 
inorganic N in the plant line 

There was a significant interaction between deficit treatment 
and irrigation event in the amount of cumulative MinN 
measured in the plant line during both the 2017–2018 
(F = 4.85, d.f. = 7, P < 0.05) and 2018–2019 (F = 2.63, 
d.f. = 7, P < 0.05) seasons. In both years, the lower deficit 
irrigation had greater cumulative MinN content in the plant 
line relative to the higher deficit (Fig. 1). In both seasons, 
there was more of the mineralised N retained in the soil 
between irrigations in the lower deficits (50-mm and 
60-mm) than in the corresponding higher deficit treatments 
(Fig. 1). The MinN accumulation in the plant line from SOM 
mineralisation (Fig. 1) likely exceeded N losses via runoff, 
denitrification and immobilisation in the early season of 
both years. There were no deficit treatment effects early in 
the season as the different irrigation regimes only commenced 
once the plants were large enough (mid-December) to extract 
significant amounts of soil water (Fig. 2). From mid-December 
to early January, N losses outside the plant line were higher 
than the N accumulation in the plant line which led to a net 
decline in cumulative net soil inorganic N in the 70-mm and 
90-mm treatments. 

In both the higher deficits (70- and 90-mm), there was a 
period of reduced MinN accumulation during January 
where N losses via denitrification, leaching and runoff 
outweighed the net gains from SOM mineralisation. For 
example, during the month of January 2018, the N losses in 
the 70-mm deficit exceeded the amount of N accumulated 
from the SOM mineralisation process. This was likely due to 
the greater irrigation volume (4.3 ML ha−1) applied in that 
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Fig. 2. Pre- and post-irrigation soil water (depth 350 mm) content measured via EM38MkII, rainfall (mm), and irrigation (mm) 
during the 2017–2018 and 2018–2019 seasons at ACRI, Narrabri, Australia. 

month compared to that applied in the 50-mm deficit 
treatment (3.4 ML ha−1

2000). In 2017–2018, the more frequent wetting, and drying 
; Fig. 2). During this period, the 50-

mm deficit had more irrigation events, but less water was 
applied in total. The greater volume of water applied in 
fewer irrigation events in the 70-mm deficit likely increased 
waterlogging conditions and subsequent denitrification losses. 

Previous research at the same site found that up to 85% of 
soil NO3-N can be lost from the soil via denitrification when the 

cycles in the 50-mm deficit compared to the 70-mm deficit 
led to greater net soil N mineralisation during January 2018. 
Patterns of NO3-N accumulation and immobilisation in these 
soils have been previously explained by variations in soil 
temperature and soil water deficit conditions (Rochester 
et al. 1991) so the alteration of soil moisture regime due to 
different soil water deficits would logically lead to the 
observed differences in MinN. soil was waterlogged for 10 days (Rochester and Constable 
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Effect of irrigation on measured plant N and 
cotton yield 

The effect soil water deficit on plant N uptake, from plants 
sampled within the linear metre prior to the irrigation, was 
not significant in the 2017–2018 season (Fig. 3). This was 
due to the inherent variability in measured plant N content 
caused by the spatial variation in plot SOM mineralisation 
and plant growth. However, the plot lint and seed N at 
harvest was significantly different (t = 1.95, d.f. = 2, 
P < 0.10) between the two soil water deficits and the cotton 
yield was also greater in the 50-mm deficit (t = 2.19; 
d.f. = 2, P < 0.10) than the 70-mm deficit (Table 1). 
The plot scale measurements of seed and lint N 
measurements masked the inherent variability in SOM 
mineralisation, which affected linear metre biomass cuts and N 
measurements. 

The plant N uptake was significantly greater (Tables 1 and 
2) than the cumulative end of season MinN for both the 50-mm 
(t = 3.79, d.f. = 2, P < 0.1) and 70-mm deficits (t = 7.32, d.f. = 2, 
P < 0.05). The observed MinNAP was greater than the measured 
MinN for both the 50-mm and 70-mm soil water deficits during 
the 2017–2018 season (Table 2). The average net soil N 
mineralisation rate determined from the MinNAP over the 
season in the top 0–300 mm was 0.98–1.21 kg N ha−1 day−1, 
which was similar to other cotton soils in the region 
(Brackin et al. 2019). 

During the 2018–2019 season, a hailstorm struck the crop in 
December 2018 and totally defoliated the aboveground 
biomass. This is evident in the plant N uptake between each 
season (Fig. 2) and the measured yields (Table 1). There was 
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Table 1. Cotton lint yields (kg ha−1) and Lint + Seed N (kg N ha−1), 
PlantN and Nupt (±s.e.) for the 2017–2018 and the 2018–2019 seasons 
from the 0 N fertiliser plots at ACRI, Narrabri, Australia. 

Deficit (mm) 

50 70 60 90 

2017–2018 2018–2019 

Yield 3227 ± 194 2740 ± 187 1756 ± 81 2276 ± 307 

Lint + Seed N 122 ± 14 98 ± 10 22 ± 1  27  ± 5 

PlantN 172 ± 35 133 ± 15 79 ± 9  79  ± 16 

Nupt 181 ± 7 164 ± 6 131 ± 3 149 ± 10 

no effect of the soil water deficit treatment on the yield or 
the MinNAP or the lint and seed N (2018–2019). In both 
seasons, there was a synchronicity between crop N uptake 
and soil N mineralisation (Figs 1 and 3). 

Observed net soil inorganic N variation in the 
plant line-furrow transect 

In both the 2017–2018 and 2018–2019 cotton-growing 
seasons, the release and retention of inorganic N from SOM 
mineralisation was not uniform across the furrow-hill transect 
(Fig. 4). There were large observed differences in cumulative 
mineral N (NO3 

− + NH4 
+) in the 0–300 mm depth of the soil at 

the various sampled positions (Fig. 1). The MinN was greatest 
in the middle of the plant bed (the plant-line) followed by the 
non-irrigated hillside position, while least N accumulated 
in the irrigated furrow soils. We acknowledge that the 
reduced replication of sol samples out of the plant line 

Fig. 3. Measured plant N uptake (kg N ha−1) for the nil N plots of each soil deficit during the 2017–2018 and 2019–2020 
seasons at ACRI, Narrabri, Australia. 
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Table 2. Measured N runoff and soil N (±s.e.), and calculated Management implications 
inorganic N sourced from mineralised SOM using MinNBr, MinNAP 

and EMinNAP (kg N ha−1) at ACRI, Narrabri, Australia. 

Deficit (mm) 

50 70 60 90 

2017–2018 2018–2019 

Plant line MinN 30 ± 5  10  ± 4  85  ± 22 33 ± 13 

Run-off N 6.16 9.20 −12.50 −18.03 

Pre-season field soil N 120 120 70 70 

Post-season field soil N 14 10 70 40 

MinNAP 64 23 79 49 

EMinNAP 75 53 131 119 

MinNBr 142 89 

limits interpretation; however, in furrow irrigated systems, 
our observations are consistent with the fact that N is concen-
trated into the plant line (Rauschkolb and Hornsby 1994). In 
alternate irrigation furrow systems, the applied water moves 
through the hill and into the non-irrigated furrow. This causes 
the movement of N from the irrigated side to the non-irrigated 
side of the hill (Macdonald et al. 2016; Macdonald et al. 
2020). The approach used to estimate plant line MinN 
will still be influenced by the movement of N because the 
t sample occurs before the irrigation. The MinNBr, which 
accounts for potential N leaching, indicates that the 
net amount of N that sourced from SOM mineralisation 
was greater than determined by the MinN approach 
(Table 2). 

There was a definite effect of the different irrigation strategies 
on yield and lint and seed N uptake and inorganic N 
accumulation in the plant line during 2017–2018 season. 
This was not observed during the 2018–2019 season due to 
the hailstorm damage to the crop. While not conclusive over 
the 2-year measurement period, the 2017–2018 results 
indicate that different deficit irrigation will result in varied 
MinN and seed and lint N uptake. Denitrification losses, 
which have been estimated to be the main loss pathway in 
irrigation cotton systems (Macdonald et al. 2017; Brackin 
et al. 2019; Macdonald et al. 2020), and redistribution of N 
in the hill (Macdonald et al. 2020) could  explain  the  
variation in the end of season MinN between the deficit 
treatments. Strategies that reduce N redistribution in the hill 
or waterlogging such as with smaller soil water deficits 
should be examined. The results show that MinNAp sourced 
from SOM mineralisation was between 60 and 96 kg N ha−1 

under the conditions of both measurement years. The manage-
ment of SOM is important for N nutrition and should involve 
strategic residue management, minimum tillage of the hill 
(Hulugalle et al. 2020) and cover cropping. 

In-field measurement of soil N mineralisation using the 
sequential sampling approach alone or coupled with KBr tracer 
is impractical for in-season N management by growers, 
agronomists and researchers. The logistical effort to make the 
measurements is a significant barrier. However, the use of zero 
N fertiliser strips  or  sections  within  a  field is an opportunity for 
growers and agronomists to estimate soil N mineralisation and 
N carry-over.  

Fig. 4. Area-weighted net soil mineralised N (MinN) in the irrigation furrow (I Furrow), irrigation hillside (I 
Hillside), plant line, non-irrigated hillside (NI hillside) and non-irrigated furrow (NI furrow) at ACRI, Narrabri, 
Australia. The total net amount of MinN accumulated over the season is displayed as text. 
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Lint yield (t ha−1) from plants grown in the nil N strip can 
be used to estimate Nupt using Eqn 8.  If  this is coupled  to  
pre-season soil N measurements, then EMinNAP can be 
calculated and potential N mineralisation estimated. The 
Nupt for the 70-mm deficit (t = 2.90, d.f. = 2, P < 0.1), 
60-mm (t = 7.72, d.f. = 2, P < 0.01) and 90-mm deficit 
(t = 10.74, d.f. = 2, P < 0.01) was significantly greater than 
the measured PlantN (Table 1) and the observed EMinNAP is 
greater than the MinNAP (Table 2). This approach is far 
simpler than the use of soil methods employed in this study and 
does over come the in-field variation due to plot harvesting. 
While based on harvested yield, it will be too late 
to use this information to ameliorate any N deficiency in the 
crop. However, it does allow for the annual mineralisation 
rate to be determined and this information could then be 
used to modify fertilisation practice for future seasons. 

Conclusions 

Field experiments were conducted to assess the amount of 
inorganic N derived from soil organic matter mineralisation 
over two seasons (2017–2018 and 2018–2019) across 
treatments differing in irrigation frequency and amount. 
There was a significant difference in the yield between the 
50- and 70-mm soil water deficit treatments in the 2017–18 
season but not between the 60- and 90-mm soil water deficit 
treatments 2018–19. In the 2018–2019 season, a hailstorm 
caused significant damage to the crop. None-the-less during 
both seasons season there was a significant difference in the 
cumulative MinN plant line content between the and the soil 
water deficits. This indicates that N accumulation in the top 
300 mm in the plant line from SOM mineralisation is 
affected by irrigation management. The management of 
SOM pool is critical for the ongoing delivery of mineralised 
N annually.  

It was observed that the plant line had a greater inorganic N 
content relative to the rest of the field and was a potentially a 
hotspot for SOM mineralisation and/or inorganic N accumu-
lation. It was observed that mineralisation of SOM within 
the top 300 mm supplied between 60 and 90 kg N ha−1 to 
the crop during the field experiment from the furrow-plant 
line transect. 

In-field measurement of net soil N mineralisation in a flood 
furrow irrigation system using sequential paired soil sampling 
is challenging and subject to both temporary and permanent N 
loss processes. For growers and agronomists, estimates of 
apparent soil N mineralisation can be derived from the 
measured yields in zero N strips and pre- and post-season 
soil N measurements at the end of each season. Local 
calibration of yield and biomass N are needed improve this 
relationship. Over time, an estimate of average soil mineral-
isation potential could be developed. 
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