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Abstract: Simulated rainfall was applied to  pap1a 1. Modelled (MO) and measured (ME) DIN (NH4-N
sugar cane at the Macknade Research .4 NOx-N) losses in runoff two fertiliser treatments.

Station, Herbert region North Queensland, to g yy1ations with saturated hydraulic conductivity (Ks(1))
determine the loss of nitrogen to runoff for 11,04 are also shown.

fertiliser placed in a 100 mm wide strip on

raised beds (spaced 1.8 m apart and a bed 150“ | Surface Subsoil
width of 1.2 m) applied either on the surface aver NH,-N NO,-N NH,-N NO,-N
or buried at a depth of 50-150 mm. The sites

. . kg ha™! kg ha™! kg ha™! kg ha!
were covered with shelters between rainfall (g ha') (g ha') (kg ha) (kg ha)
simulations to avoid rainfall ingress, but ME | MO | ME | MO | ME | MO | ME | MO
evaporation could still take place. Modelling Ks(1) 073 1009 | 1321098 [ 0121003 | 139 | 084

of these experiments was untaken to estimate
nitrogen losses from recently fertilised soils
in wet tropical catchments. The model
parameters can be used to model other possible runoff scenarios. The modelling required a two-dimensional
model with multiple solute species transport and chain reaction processes. The HY DRUS2D model (Simunek
et al., 2012) was chosen; however, it cannot model the transfer of solutes to the runoff water. An analytical
model, which can transfer of solutes to runoff was developed by Wallach and van Genuchten (1990):

Ks(1)2 { 0.73 | 098 | 1.32 | 1.29 | 0.11 | 0.03 | 1.39 | 1.80

J(0,0)=-0k[c(t)-c,] (1)
where J(0,t) is the flux density of solute transferred from the soil surface to the runoff water [M L3 T-'] at time
t [T], & is the saturated volumetric water content at the soil surface [L* L], k is the mass transfer coefficient
[L T, c(¢) is the concentration at the soil surface with time [M L] and ¢, is the concentration in the runoff
water [M L], which we set to zero as Wallach and van Genuchten (1990) did. A post-processing method to
compute the solute transport of nitrate, nitrite and ammonium to the runoff using eqn (1) was developed. This
required surface concentrations of the solutes with time in a cross-section across the bed (c(x,#) where x is the
cross-section distance) and integrating both with space to give the mass transfer at time #;, M(s.t), using:

J-1

M (s,t)= _L -0 c(x,t )dx = Hl\_i[c(xl_ﬂ,t,) +c(xj,tj)](xl_+] - X, ) /2, s= Z(XM —x/,) 2

j=0

and this was then integrated with time to give the mass transferred during the runoff:

m—1

MT :kJ-OTMi(S’ti):ka[MM +Mi](ti+l _li)/z’ TZZ(IM_Z,') 3)

where s is the length of the runoff surface [L]. The parameters in the model were adjusted to obtain the best fit
with no fertiliser treatment experimental values. These values were used to model surface-applied and
subsurface applied fertiliser. The results are shown in Table 1. The infiltration rate following the first rainfall
was halved, so simulations were performed with saturated hydraulic conductivity of layer 1 halved.
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1. INTRODUCTION

Nitrogen loss in the Wet Tropics is ranked as the highest relative risk to Great Barrier Reef water quality with
improved nitrogen management identified as a priority to improve water quality (The State of Queensland
2013). In particular, dissolved inorganic nitrogen (DIN), consisting of ammonium, nitrite, and nitrate, is of
concern as they are readily bioavailable in the marine environment and can cause algae blooms and have direct
and indirect impacts on corals (Wooldridge et al., 2006;
D’Angelo and Wiedenmann 2014). Sugar cane is a major crop

in the Wet Tropics and 84% of the anthropogenic DIN lost in Y

runoff from this region has been attributed to fertiliser losses ;,f i1 .

from sugar cane production (Harris, 2001; Waterhouse et al. ( q {J
2012) / Locality Map '
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Experiments were carried out in 2014 to measure the nutrient
losses in runoff under simulated rainfall at the Macknade
research station (Cowie et al. 2013, Melland et al., 2019). The at
experiments involved treatments of: nil fertilizer; fertiliser
applied in a horizontal band on the surface; and, fertiliser applied ™\
into the subsoil in a vertical band. Simulated rainfall was applied . Y
on three occasions, 7, 20 and 55 days after fertiliser application N e e “”'Sﬁi“fﬂ
and lasted until 30 minutes of runoff had occurred. During the L =
runoff, the volume of runoff and runoff samples taken were
collected. The experimental design objective was to collect
comparative data on the impacts of fertiliser placement on DIN
runoff relating to time from application to the first rainfall event,
and then subsequent rainfall events.

Figure 1. Location of site is 20 km north
of Ingham in the wet tropics.

To extend the data, and estimate the effect of the

rainfall shelter, modelling of the nitrogen loss to the
runoff water is required. Models that can do the two-
dimensional solute transport and transfer of solutes to
runoff are generally not available. Here we report the

Table 2. Soil particle size distribution with the
measured values defined according to the Australian
standard

development of a hybrid model consisting of a Depth (m) Australian classification
numerical model (HYDRUS2D) to calculate the water Upper | lower | Coarse | Fine | Silt | Clay
and solutes in the soil. From this model we get the sand sand | (%) | (%)
solute concentration with time across the soil surface (%) (%)

using eqns (2) and (3). These surface concentrations

were then used in the analytical model (eqn (1)) to 0 0.1 20 63.3 | 10.6 | 10.6
calculate the mass of solutes transferred from the soil 0.2 03 71.8 621 1123188
to the runoff water. To our knowledge, this is the first

application of such modelling in two-dimensions and 0.6 0.7 24.8 69.9 |53 |54
represents a methodology that can be used in many 08 0.9 56 656 | 138 | 207
other applications where the soil solute concentration

will vary in a two- or three-dimensional manner. Such 1.1 1.2 13.2 553 | 15.4 | 20.7
applications could be in runoff from urine or dung

patches, fertigation from dripper irrigation or where 14 1.5 2.3 644 | 1541 224

fertilisers are applied in bands.
2. METHODS

2.1. Site and Soil

The trial was conducted in June and July 2014 at the Macknade Research Station, 20 km north of Ingham,
Queensland (Figure 1). The site is located in the Wet Tropics with a long-term average annual rainfall of 2154
mm

(http://www.bom.gov.au/jsp/ncc/cdio/weatherData/av?p _nccObsCode=139&p_display_type=dataFile&p_sta
rtYear=&p_c=&p_stn_num=032032). Two soils are present at the site; is a moderately well-drained
Chromosol and a Dermosol with a fine sandy clay loam texture on an 0.8 to 1.0% slope (Table 2).
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2.2. Experimental layout and treatments

The plot-scale experiment was conducted using a
rainfall simulator centred over a recently planted

Table 3. Day of simulated rainfall application and
amount of prior rainfall on each plot. N indicates no

cane row in a minimum tillage paddock. The  simulated rainfall.

rainfall simulator is described in detail in Loch et al.

(2001). The cane was planted in dual rows in semi- Fertiliser Plot no. Day of Simulated
. . . Treatment Rainfall (DAF)
permanent raised beds with a 1.8 m row spacing,
with no fill-in practices applied. The soil was bare, 7 20 55
as the planted cane stalks had barely grown during - .
the experimental period, and untilled. Prior simulated
rainfall added (mm)
Each 1.7 m long by 1.0 m wide rainfall simulator
plot is bounded by a 3-sided metal frame | Surface 1 0 |55 | 110
gpproximately 3 mm wide by 150 mm deep, 4 N 0 55
installed 50 to 70 mm into the ground to provide a
hydraulic barrier around the edge (Elledge et al., 7 N N 0
2016). The down-slope end of the plot has a metal
) S 10 0 55 110
plot-front installed which includes a spout to collect
runoff. 13 N 0 55
Simulated rainfall was applied on three fertiliser 16 N N 0
treatments (nil fertiliser, sub-surface and surface) at v
a mean intensity of 87 mm/h until runoff Subsurface | 2 0 55 110
commenced. This rainfall rate is similar to the 100 5 N 0 55
year 30 minute rainfall rate. The period of time the
rainfall simulation occurred for varied as 8 N N 0
application of rainfall contipued until 30 minutes of 11 0 55 110
runoff had occurred. During the runoff event, a
composite sample was collected by sampling 5 14 N 0 55
seconds of runoff at 0 minutes (time at which runoff
. ) . 17 N N 0
commenced), then at 5 minute intervals after this up
to 30 minutes after runoff commenced. Nil 3 0 N N
Granular fertiliser (Nitrophoska Special: 12% 6 N 0 N
nitrogen, 5.2% phosphorous, 14.1% potassium and
8% sulphur) was applied on the surface and sub- 9 N N 0
surface at 385.5 kg/ha (46 kg/ha N; 54kg/ha K; 12 0 N N
20kg/ha P) immediately after planting.
15 N 0 N
Simulated rainfall was applied at three times, 7, 20
and 55 days after fertilisation. For surface and 18 N N 0

subsurface fertilised two plots had simulated
irrigation applied to them on all three times, two plots two times and two plots only once (Table 2). The nil
fertiliser treatment plots did not have any plots where repeated rainfall simulations were carried out (Table 2).
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2.3. Estimation of model parameters

All the soil physical properties in Table 3 were estimated using the data in Table 2 plus bulk density data using
the pedotransfer methods of Cook and Cresswell (2008). These values along with estimates of: the reaction

rates for the nitrogen chain reaction of
ammonium to nitrite to nitrate which is
available in HYDRUS2D (Radcliffe and
Simunek, 2010); the adsorption coefficient
(Kd) for ammonium (NH4-N) (estimated
using Vogeler et al. 2011); and the diffusion
coefficients, were used to simulate the
nitrogen lost in runoff. The final values of the
soil physical properties reaction rates and Kds
for each of the three layers used in the
modelling are given in Table 4.

The plots were covered between simulations
which would have reduced the evaporation. It
was found that adjusting this to a value of
0.25PET (PET is the potential evaporation
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Figure 2. Measured and modelled concentration of a)

ammonium (NH4-N) and b) nitrate (NO3-N) nitrogen in the

soil with days after fertilisation (DAF).
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Figure 3. Measured and modelled: a) soil water content, b) time to runoff and c) runoff depth. The data is

shown with days after fertilisation (DAF) indicated by the symbols.

rate) resulted in keeping the soil nitrate concentrations close to the measured values (figure 2). The values were

then adjusted to give the best fit to soil nitrogen
concentrations (figure 2), soil water content, time
to runoff and runoff depth (figure 3) and NH4-N
and NOx-N in runoff (not shown). The mean
transfer coefficient in Table 4 were used for
modelling the nitrogen transfer to the runoff water
for the subsurface and surface-applied fertiliser.
The value of 0.015 cm day™! is very similar to the
value for bromide of 0.0138 ¢cm day"! found by
Wallach and van Genuchten (1990).

Analysis of the data (Cook et al. in prep) had
shown that the plots receiving successive rainfall
simulations, the infiltration rate decreased by half
after the first rainfall simulation. Thus, simulations
were carried out with the saturated hydraulic
conductivity (Ks) of layer 1 halved.

3. RESULTS AND DISCUSSION

The hybrid model was used to simulate the
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Figure 4. Plots of measured versus modelled a) time to

runoff (Tf) and b) runoff depth (RO) from plots that
received subsurface fertiliser. The results are plotted so that
the effect of prior rainfall can be discerned. Results are also
shown for plots which received a second rainfall event
(prior rain 55 mm) and third rainfall event (prior rain 110
mm) with the Ks of layer 1 halved.

dissolved nitrogen components (NHs-N and NOx-N) in runoff for the subsoil and surface applied fertiliser. This
is most likely due to modification of the soil structure at the surface.
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3.1. Subsurface fertiliser treatment

When modelling the subsurface fertiliser treatment, only half the bed had to be modelled as the fertiliser was
placed in the middle of the bed. The initial oo
concentration was estimated by assuming a
that the fertiliser was mixed into the soil in a 107
band 0.02 m wide and 0.1 m deep, | in the soil
profile between 0.05 and 0.15 m. The results
show that the time to runoff generation (Tf)
and runoff volume was modelled well by the
simulation (figure 4), especially when the Ks
of layer 1 was halved following the first
rainfall simulation. The root mean square of
the error (RMSE) for modelled Tf and RO
were 4.10 min and 4.7 mm respectively, and
refined index of agreement (dr, (Wilmott et
al. 2012), dr = 1 is a perfect model and the
range of dr is from 1 to -1) 0.56 and 0.71
respectively, which indicated that the runoff
timing and depth was modelled well by
HYDRUS2D. The NH4-N mass lost to the
runoff water was generally underestimated,
although halving the Ks of layer 1 did increase the modelled NH4-N for plots receiving a second and third
rainfall simulation (figure 5a). The NO,-N was much better modelled but even with halving the Ks of layer 1,
the NOx-N in the runoff for second and third rainfall simulations was less than the measured values (figure 5b).
The RMSE was 0.13 and 1.45 kg-N ha! yr! for NH4-N and NOx-N respectively with the half Ks values for
second and third rainfall simulations. The dr was 0.27 and 0.52 for NH4-N and NOx-N respectively with the
half Ks values for second and third rainfall simulations, which means NO-N is better predicted with the model
than NHy4-N.

Table 3. Soil physical properties for soil layers used in the HY DRUS2D simulations: residual

and saturated volumetric water contents (6; and 6s), scaling parameter (a), scaling parameter

(n), saturated hydraulic conductivity (Ks), hydraulic conductivity scaling parameter (1) and

adsorption coefficient (Kd) for NH4-N. The molecular diffusion coefficients for nitrogen

species in water (D). The mean and standard error for the transfer coefficient (k) is shown for

NH4-N and NO,-N
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Figure 5. Plots of measured versus modelled a) NH4-N and
b) nitrate plus nitrite (NOx-N) from plots that received
subsurface fertiliser. The results are plotted so that the effect
of prior rainfall can be discerned. Results are also show for
plots which received a second rainfall event (prior rain 55
mm) and third rainfall event (prior rain 110 mm) with the
Ks of layer 1 halved.

Layer Depth 0, 05 o n Ks 1 Kd
range (m) () s (ke

1 0-0.25 0 0.600 6.50 | 1.650 1.08x10% | -1.02 40.3

2 0.25-0.50 0.056 0.411 3.07 1.487 8.65x10° | 1.36 34

3 0.50-0.75 0.043 0.369 4.39 1.100 1.16x10° | 0.5 53

N D k

species (m?s™) (cm day™)

NH,4 1.957x10° 0.20+0.04

NO, 1.912x10”

NO; 1.902x10°

NOy 0.015+0.003

3.2. Surface fertiliser treatment

The surface fertiliser was applied in a band 100 mm wide to one side of the centre line of the bed. This meant
that the whole of the bed had to be modelled in order to properly represent the experiment. The fertiliser was
assumed to be mixed into a depth of 0.01 m. Similar to the subsurface fertiliser treatment, simulations of the
time to runoff and runoff depth was modelled well by the HY DRUS2D model with the estimated parameters
(figure 6), especially when the Ks of layer 1 was halved for plots where second and third rainfalls occurred.
The model was able to both fit time to runoff with an RMSE of 4.6 min and dr of 0.77 and the runoff depth
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with and RMSE of 13.3 mm and dr of 0.83 well when values from plots with Ks of layer 1 were used for second
and third rainfall simulations on plots.

The modelled NH4-N in runoff for the surface-applied fertiliser was generally greater than the measured values
(figure 7a). The modelled NO«-N in the runoff was also greater than the measured values for plots where only
a single rainfall simulation occurred while

plots that had second and third rainfall fg o Prorin0mm a T Prior rain 0 mm b
simulations had modelled NOx-N values 16 o Plormn{iomn 395 birmantiomm

less than the measured values (figure 7b). ~ § 4] & feyenromme Ewl = ;%E;Zi:f?ommmmkiz
Halving the Ks of layer 1 exacerbates the E 10 1 e 2 | %
difference  between measured and 2 & 3 e
modelled for NH4-N but decreased the 8 || é 21

difference for NOx-N. The RMSE and dr 2 154 ° %
for NH4-N mass loss rate were 0.51 kg-N o ” o
ha! yr' and 0.34 for the data with Ks 02 4 6 8 1012 14 16 18 10 15 20 25 30 35 40
halved for layer 1 when second and third Measured Tf (min) Measured RO (mm)

rainfall simulations occurred. The RMSE
and dr of NOx-N 1.07 kg-N ha! yr! and
0.43 indicated that the model fitted the
NOx-N data better.

Figure 6. Comparison of measured and modelled: a) time to
runoff (Tf) and b) runoff depth (RO) for the surface applied

fertiliser plots. The data is plotted to show the effect of prior
rainfall on the plots. The plots which received second and
third rainfall simulations (55 and 110 mm of prior rainfall)

4. CONCLUSION had simulations with Ks of layer 1 reduced by half and are

The modelling of runoff losses of surface shown with k2 in the legend.

and subsurface-applied fertiliser showed

that the HYDRUS2D model was able to model the time to runoff and runoff depth well, which would indicate

that the physical parameters are applicable

for this soil. These parameters would be | 4 P b

suitable for doing further modelling of

Prior rain 55 mm
Prior rain 110 mm

B 006

water transport for this site. i:, 151 é 81 & Frorranomm iz

= ® = 1t01
The modelling of the nitrogen transfer to the i" 10 o o (ZD'X 2]
runoff indicated that the subsurface-applied % 05 & Prior rain 0 mm §
fertiliser model generally underestimates 3 o prorrain$smm Tt S s s
NH4-N but gets the nitrate approximately s 001 B Proranssmmiz |3 s o o
correct. For the surface-applied fertiliser —— 0+
model’ the NH4_N and NOX_N iS generally 0.0 0.5 1.0 1.51 20 0.0 05 1.0 15 20 25 3.0 j.5 4.0
overestimated. However, the modelled Measured NHg-N (kg ha) Measured NOxeN (Kg ha™)
values are well within one order of Figure 7. Comparison of measured and modelled: a) NH4-
magnitude of the measured values, which N and b) nitrogen oxides (NOx-N) for the surface applied
given the uncertainty in the model  feriliser plots. The data is plotted to show the effect of prior
parameters 1s encouraging. rainfall on the plots. The plots which received second and
Given the difficulties with modelling solute third rainfall simulations (55 and 110 mm of prior rainfall)
transport these results are encouraging. This had simulations with Ks of layer 1 reduced by halve and are

hybrid modelling approach is promising shown with k2 in the legend.
and should be further developed. This modelling approach will allow for better estimates of nutrient mass in
runoff and lead to improved water quality.
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