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Abstract: Nitrate (NO3
−-N) leaching from urine patches is a serious environmental concern in dairy

pastoral systems. In our previous research, we established that application of a plant growth hormone,
gibberellic acid (GA), can potentially reduce NO3

−-N leaching in urine patches; however, this was
investigated in two locations in New Zealand. The performance of GA in influencing pasture nitrogen
(N) uptake and NO3

−-N leaching needs to be undertaken in multi-locations to draw conclusions.
However, multi-location studies are a challenge due to a lack of funding and time constraints, so
models such as the agricultural production systems simulator (APSIM) have been used. Therefore,
field studies were conducted to determine whether APSIM can be used to quantify and simulate the
effect of GA on NO3

−-N leaching and pasture yield in three experimental sites known as Ashburton,
Stratford, and Rotorua in New Zealand. Treatments examined were control (no urine applied), urine
at 600 kg N ha−1, urine + GA at 8 g ha−1. The observed data was used to calibrate and validate
the model. APSIM simulated that application of GA reduced NO3

−-N leaching (relative to urine
treatment) by 4.6, 5.1, and 8.8 kg NO3

−-N ha−1 in Ashburton, Stratford, and Rotorua, respectively.
APSIM reliably simulated pasture dry matter yield, and this was confirmed by the coefficient of
determination ranging from R2 = 0.8562 to 0.995 in all treatments and experimental sites. This study
demonstrated that APSIM can effectively be used to simulate the effect of GA application on NO3

−-N
leaching and pasture yield. Therefore, APSIM can be applied in other areas to simulate NO3

−-N
leaching and pasture yield.

Keywords: APSIM model; growth hormone; nitrate leaching; perennial ryegrass

1. Introduction

White clover (Trifolium repens L.) and perennial ryegrass (Lolium perenne L.)-based
pastoral farming is the dominant farming system in New Zealand. The mixture of clover
and ryegrass has been used because of their complementary benefits to each other, with
clover fixing up to 250 kg N ha−1 yr−1 and growing well in summer dry conditions,
while ryegrass gives strong winter growth rates [1]. To meet livestock food demand, this
system mostly benefits from the application of synthetic fertilizers (100–190 kg N ha−1

yr−1) and some dairy effluent to promote pasture ryegrass production [2]. The main
challenge in dairy-grazed pasture is the oversupply of dietary N, which results in a high
percentage being excreted in urine, resulting in urine patches ranging between 200 and
2000 kg N ha−1 [3]. In these urine patches, the N concentration may exceed the pasture
N requirement; therefore, a higher proportion of the unutilized N becomes susceptible
to leaching via nitrate (NO3

−-N) during drainage events [4,5]. Urine patches are a major
source of NO3

−-N leaching/losses in dairy-grazed pasture. To date, there is no fully
adopted N mitigation practice that is aimed at reducing N losses from urine patches.
Therefore, there is an urgent need to develop strategies that can reduce nitrogen (N)
leaching from urine patches in dairy pasture systems.
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One approach to the mitigation of NO3
−-N leaching in dairy-grazed pasture is to

increase pasture N uptake during growing periods susceptible to N leaching. Increasing
plant N use efficiency can potentially reduce N loss during drainage events. Several studies
have proposed that external application of plant growth stimulants such as gibberellic acid
(GA) can help increase plant N uptake during periods of low plant N uptake due to cool
temperatures [6,7]. However, the performance of GA in increasing plant N uptake can
be influenced by several growing conditions, such as soil moisture and different climatic
conditions. To provide conclusive results, the performance of GA in influencing pasture
N uptake needs to be undertaken in multi-locations. This is limited by time, high cost,
and a lack of technical skills for multi-location studies. To overcome these challenges, crop
simulation models such as the agricultural production systems simulator (APSIM) have
been utilized as tools for generating data for assessing current and future scenarios.

The APSIM model has been developed to simulate crop responses in complex farming
systems under diverse environmental conditions. Several studies have extensively em-
ployed APSIM in different management scenarios to monitor either crop (such as maize
or sorghum) or pasture (such as lucerne or plantain) responses under short- or long-term
management [8–10]. APSIM has been extensively used to simulate pasture growth under
different N application and grazing scenarios [9]. Despite the extensive use of APSIM in
agriculture, there are no studies that have simulated the effect of GA on influencing pasture
(white clover-ryegrass) herbage dry matter (DM) yield.

This study aims to investigate the effect of GA application on pasture DM yield using
the APSIM model and compare it to in situ results. This study will use climate and soil
data and a management script to run in the APSIM engine to simulate the pasture DM
matter yield and possible N leaching in different experimental sites as influenced by GA
application. The simulated pasture DM results will be validated using observed field
experimental results. We hypothesize that the APSIM model can be used to simulate the
effect of GA on pasture DM yield and further simulate the potential mineral N leaching.
This study’s results will demonstrate whether the APSIM model can be used to simulate
the use of GA in different climatic conditions.

2. Materials and Methods
2.1. Sites and Soils

Field experiments were established at three sites (Figure 1) during the late-autumn
period (2021/2022 season). The three sites were Ashburton site (−43.754178, 171.594126)
in the North Island of New Zealand, Stratford site (−39.335865, 174.305819) in the South
Island of New Zealand, and Rotorua site (−38.009071, 176.179708) in the South Island of
New Zealand (Figure 1).
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Figure 1. The experimental sites (Ashburton, Stratford, and Rotorua) location in New Zealand. 

The (*) in the map represent the experimental sites used in this experiment.  
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The treatments applied at each site are outlined in Table 1. Synthetic urine prepared 

as reported by Bishop and Jeyakumar [4] was used. Before synthetic urine application, the 

herbage in the plots was cut to a uniform height of 50 mm, which simulated grazing by 

dairy cows. Retention rings were used to reduce urine lateral movement. Treatment (GA) 

was applied as a spray treatment around the urine-treated area 24 h following urine ap-

plication at a rate of 12.5 mL. Treatments were applied in a completely randomized block 

design and replicated five times each. Table 2 shows the treatment application and har-

vesting dates for each experimental site. 

Table 1. Description of treatments used in this experiment. 

No. Treatments 
Urine Application 

Rate (kg N ha−1) 
Replicates 

1. Control Nil urine (only water) 5 

2. Urine 600 kg N ha−1 5 

3. 
Urine + ProGibb® SG 

(GA) at 8 g h−1 
600 kg N ha−1 5 

Table 2. The treatments application dates and harvesting dates for each experimental site. 

Experimental Site 
Application and Harvesting Dates 

 Application Harvesting 

Ashburton 1st 9 March 2022 11 April 2022 

 2nd 11 April 2022 13 June 2022 

 3rd 10 May 2022 13 September 2022 

Stratford 1st 1 April 2022 1 May 2022 

 2nd 1 May 2022 20 June 2022 

 3rd 3 June 2022 4 September 2022 

Figure 1. The experimental sites (Ashburton, Stratford, and Rotorua) location in New Zealand. The
(*) in the map represent the experimental sites used in this experiment.

2.2. Experimental Design and Treatments

This field experiment used an established pasture composed of a mixture of perennial
ryegrass and white clover at all experimental sites. Each experimental site had small plots
measuring 1 m2, and in each small plot, urine was applied to cover 0.2 m2 of the area,
which simulated a typical cow urine patch area in dairy grazed pastures [3], resulting in
600 kg N ha−1 in the patches and 120 kg N ha−1 over the 1 m2.

The treatments applied at each site are outlined in Table 1. Synthetic urine prepared
as reported by Bishop and Jeyakumar [4] was used. Before synthetic urine application,
the herbage in the plots was cut to a uniform height of 50 mm, which simulated grazing
by dairy cows. Retention rings were used to reduce urine lateral movement. Treatment
(GA) was applied as a spray treatment around the urine-treated area 24 h following urine
application at a rate of 12.5 mL. Treatments were applied in a completely randomized
block design and replicated five times each. Table 2 shows the treatment application and
harvesting dates for each experimental site.

Table 1. Description of treatments used in this experiment.

No. Treatments Urine Application Rate
(kg N ha−1) Replicates

1. Control Nil urine (only water) 5
2. Urine 600 kg N ha−1 5
3. Urine + ProGibb® SG (GA) at 8 g h−1 600 kg N ha−1 5

Table 2. The treatments application dates and harvesting dates for each experimental site.

Experimental Site Application and Harvesting Dates
Application Harvesting

Ashburton 1st 9 March 2022 11 April 2022
2nd 11 April 2022 13 June 2022
3rd 10 May 2022 13 September 2022

Stratford 1st 1 April 2022 1 May 2022
2nd 1 May 2022 20 June 2022
3rd 3 June 2022 4 September 2022
1st 5 April 2022 1 May 2022

Rotorua 2nd 4 May 2022 28 June 2022
3rd 5 June 2022 28 September 2022
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2.3. Herbage Sampling

The timing of herbage harvest from the field was based on regional grazing practices.
During harvest, the entire herbage was cut from each urine patch area (0.2 m2) to a height
of 50 mm, and dry weight was recorded after samples were oven-dried at 65 °C for a week.

2.4. Soil Sampling and Analysis

Three soil cores in each 0.2 m2 urine patch were collected to 30 cm depth during
harvesting at each experimental site using a stainless-steel corer with an internal diameter
of 3 cm. Field moist soil cores from each treatment were composited and mixed manually
before a 5 g sub-sample was extracted using 30 mL of 2 M KCl for mineral N (NH4

+-N
and NO3

−-N) analysis on an end-over shaker for 1 h [11]. Extractants were analyzed for
mineral N using the Technicon autoanalyzer [12]. The autoanalyzer’s functioning and
chemicals used are explained by Matse et al. [11]. In this study, soil mineral N refers to the
sum of NH4

+-N and NO3
−-N.

2.5. Model Description

The agriculture production systems simulator (APSIM) is a point-scale model that
simulates the production outputs of the management of a single homogenous field for a
specified time period [13]. This model comprises modules that can be sub-divided into
biological (crop), environmental (water balance, organic matter, C/N ratio, carbon, N
residue), and management (fertilizer application, irrigation, grazing, and so on). The
APSIM model can be used to simulate the pasture DM yield and predict the influence of GA
application based on the climatic conditions, soil moisture, and solar radiation at each site.
APSIM has been extensively used to simulate pasture and crop growth at field level [14,15].

2.6. Simulation

The weather (MET), pasture (SCRUM), soil (SoilWat), and management (scripts) were
run in the APSIM engine to simulate the DM matter yield and N leaching. For accuracy of
the results, the APSIM model was first run using weather and pasture DM yield results
collected in-situ during the 2022 growing season. Thereafter, the model was run against
the observed results during the 2022 pasture growing season in Ashburton, Stratford, and
Rotorua (April–November 2022). In the Rotorua simulations, due to higher-than-expected
mineralization of N, fertilizer (23 kg N ha−1 on the 10 July 2022, for the 3rd plot trial)
was applied artificially in the model to provide sufficient N for DM production without
impacting significantly on NO3

−-N leaching levels.

2.6.1. APSIM-MET

The APSIM MET files were created from daily weather data sourced from the NIWA
(National Institute of Water and Atmosphere) climate data base (cliflo.niwa.co.nz (accessed
on 25 January 2023)). The weather stations at each site were located less than 2 km from
each experimental site. Daily weather included the maximum (Tmax) and minimum (Tmin)
air temperatures (◦C), solar radiation (Rad, Mj/m2), rainfall (mm), and soil moisture (%).
The weather data was based on each site treatment application date (Figure 2).

cliflo.niwa.co.nz
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2.6.2. APSIM-Soil

The soil parameters used in the APSIM module were based on in situ data analyzed
before the beginning of the experiment. The parameters included soil physical and chemical
properties (Tables 3 and 4) and effective rooting depth for each site. The solute movement
to simulate drainage was based on water balance parameters including soil bulk density,
hydraulic conductivity, volumetric water content at field capacity, permanent wilting point,
and saturation.

Table 3. Soil bulk density (BD), volumetric water content at saturation (SAT), drained upper limit
(DUL), and lower limit at 15 metric bar pressure (LL15) used in APSIM for simulations in the three
experimental sites.

Soil
Layer (cm)

BD (g cm−3) SAT (mm mm−1) DUL (mm mm−1) LL15 (mm mm−1)

Ashb Strat Roto Ash Strat Roto Ashb Strat Roto Ashb Strat Roto

0–10 1.01 0.67 0.85 0.62 0.61 0.56 0.32 0.48 0.28 0.15 0.31 0.08
10–20 1.35 0.81 0.85 0.45 0.61 0.56 0.29 0.48 0.28 0.18 0.26 0.08
20–40 1.11 0.75 0.85 0.34 0.57 0.50 0.29 0.45 0.18 0.14 0.30 0.05
40–55 0.77 1.01 0.85 0.20 0.56 0.50 0.16 0.44 0.18 0.10 0.28 0.05
55–75 0.60 1.04 0.85 0.18 0.55 0.50 0.10 0.43 0.18 0.06 0.28 0.05
75–100 0.48 1.05 0.85 0.19 0.55 0.50 0.06 0.43 0.18 0.02 0.28 0.05

Note: Ashb = Ashburton; Strat = Stratford; Roto = Rotorua.

Table 4. Soil organic carbon (OC), soil C/N ratio, and initial soil N used in APSIM for simulations in
the three experimental sites.

Soil Layer (cm)
OC (%) Soil C/N Ratio (g g−1) Initial Soil N (mg kg−1)

Ashb Strat Roto Ash Strat Roto Ashb Strat Roto

0–10 4.8 12.3 7.30 10 15 10 4.5 5.0 21.0
10–20 4.8 12.3 7.30 10 15 10 3.0 5.0 11.0
20–40 4.8 4.0 5.00 10 15 10 3.0 5.0 6.0
40–55 0.8 3.1 3.43 10 15 10 3.0 5.0 4.0
55–75 0.6 2.8 3.07 10 15 10 3.0 5.0 4.0
75–100 0.5 2.7 2.82 10 15 10 3.0 5.0 4.0

Note: Ashb = Ashburton; Strat = Stratford; Roto = Rotorua.

2.6.3. Model Evaluation

To ensure accuracy, the model pasture DM yield results were compared to the pasture
DM yield recorded in the field during the 2022 growing season. The statistical coefficient
(R2) between observed and simulated results was used to evaluate APSIM’s performance.

2.7. Statistical Analysis

Statistical analyses were done using Minitab (Version 19. Minitab Inc., Sate college, PA,
USA). The treatment comparison effects on the observed DM yield results were analyzed
using the ANOVA, and significant (p < 0.05) differences between means were determined
using the Tukey post-hoc test. This was done to find out whether the GA had any influence
on the pasture DM yield relative to the urine-only treatment on the observed DM results.

3. Results
3.1. Soil Moisture

The soil moisture for the Ashburton and Rotorua sites was 20–30% between April
and May. In contrast, the soil moisture at the Stratford site was slightly higher, ranging
between 20 and 40%. The soil moisture increased in both Ashburton and Rotorua from June
to September, increasing to about 50% in Ashburton and reaching about 60% in Stratford.
The simulated soil moisture data showed a similar trend to the observed soil moisture data
(Figure 3).
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ford and Rotorua sites, respectively. 

Figure 3. The observed and simulated soil moisture data for Ashburton, Stratford, and Rotorua sites
from 1 March 2022 to 29 September 2022.

3.2. Drainage

The field drainage data at all sites was simulated using the climate data presented in
Figure 2 and the soil properties in Table 3. The drainage simulations for all experimental
sites are shown in Figure 4. In all experimental sites, the cumulative drainage increased
significantly between early June and September. The Ashburton site cumulative drainage
was 150.3 mm, compared to 682.5 mm and 557.98 mm cumulative drainage for the Stratford
and Rotorua sites, respectively.
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Figure 4. Cumulative drainage for Ashburton, Stratford, and Rotorua simulated from 1 March 2022
to 29 September 2022.

3.3. Drainage vs. Nitrate-N Leaching

In all experimental sites, the simulation results showed that the NO3
−-N leaching in

the control treatment was relatively low, averaging 31.60 kg NO3
−-N ha−1. The maximum

cumulative NO3
−-N leaching from the urine treatment was recorded for a cumulative

drainage of 150.3 mm in Ashburton, with rates of 255.5 kg NO3
−-N ha−1. Application

of urine + GA treatment in the Ashburton site reduced cumulative NO3
−-N leaching

by 4.6 kg NO3
−-N ha−1 relative to urine treatment (Figure 5). In the Stratford site, the

cumulative NO3
−-N leaching in the urine treatment was 196.2 kg NO3

−-N ha−1 compared
to 191.1 kg NO3

−-N ha−1 in the urine + GA treatment. The application of urine + GA
resulted to in reduction of 5.1 kg NO3

−-N ha−1 leaching from the soil system. Similarly, in
the Rotorua site, application of urine + GA treatment reduced cumulative NO3

−-N leaching
by 8.8 kg NO3

−-N ha−1 relative to urine treatment (Figure 5).
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Figure 5. APSIM simulated cumulative NO3
−-N leaching in the Ashburton, Stratford, and Rotorua

from the control, urine, and urine + GA treatments.

3.4. Pasture DM Yield

The observed pasture DM yield in this study showed that there was no significant
difference between urine only and urine + GA treatments in all three experimental sites
(Figure 6). The APSIM model was able to simulate the pasture DM yield reasonably
well at all experimental sites. This was confirmed by the R2 values for each treatment,
which are shown in Table 5. In terms of the APSIM simulated results, application of
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urine + GA treatment in the Ashburton site increased pasture DM yield by an average of
257.9 kg DM ha−1 relative to urine treatment across sampling periods (Figure 6). Similarly,
the urine + GA treatment in the Stratford and Rotorua sites, increased pasture DM yield
by average values of 216.3 and 201.2 kg DM ha−1, respectively, compared to the urine
treatment (Figure 6).
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Figure 6. Observed and simulated herbage DM matter yield results in the different treatments in Ashburton, Stratford, and Rotorua experimental sites. Figure 6. Observed and simulated herbage DM matter yield results in the different treatments in
Ashburton, Stratford, and Rotorua experimental sites.

Table 5. Values for the coefficient of determination (R2) between modelled and measured herbage
DM yield for each treatment.

Treatment
Ashburton Stratford Rotorua

R2 R2 R2

Control 0.9064 0.8562 0.9948
Urine 0.9384 0.9950 0.9845

Urine + GA 0.8920 0.9585 0.9660

4. Discussion
4.1. Nitrate-N Leaching

Results from the simulation of NO3
−-N leaching in both experimental sites showed

that NO3
−-N was the main form of N leached. A high mass of NO3

−-N in both experimen-
tal sites occurred between the end of May and the end of July. These high leaching events
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corresponded with the increase in the daily rainfall pattern outlined in Figure 2. For exam-
ple, Figure 2 showed that in Ashburton, high rainfall events occurred around early July,
whereas in Stratford and Rotorua, high rainfall events occurred around mid-May. The low
leaching events between March and early May were also confirmed by the high soil residual
mineral N at the first herbage cuts in all experimental sites (Table 6) in the urine treatments.
At both experimental sites, the mineral N in the soil during the first herbage harvesting
was still relatively high, indicating that there was low leaching. For example, the mineral
N in the urine treatments was 495 kg N ha−1 for Ashburton, 345 kg N ha−1 for Stratford,
and 254 kg N ha−1 for Rotorua in the first harvest (Table 6). However, between June and
September, the soil residual mineral N was relatively low at all sites. This is associated with
the high mineral N leaching, as demonstrated by the cumulative drainage results.

Table 6. Measured soil mineral N (NH4
+-N + NO3

−-N) (kg ha−1) at 0–30 cm depth during pasture
harvest from each experimental site.

Treatments

Ashburton Stratford Rotorua

11 April
2022

13 June
2022

13
September

2022
1 May 2022 20 June

2022

4
September

2022
1 May 2022 28 June

2022

28
September

2022

Control 49 255 53 72 90 49 85 180 57

Urine 493 218 29 345 87 67 254 119 75

Urine-
Control 445 −37 −24 273 −3 18 169 −61 18

In this study, GA was applied to improve plant growth, which can help improve
pasture DM yield during winter conditions, thus reducing mineral N leaching. According
to the APSIM simulation results, application of GA in this current study reduced cumulative
NO3

−-N leaching by average values of 1.8, 2.5, and 2.7% in the Ashburton, Stratford, and
Rotorua sites, respectively. The results demonstrate that there was a potential for GA
application to reduce NO3

−-N leaching relative to urine-only treatment in all experimental
sites. However, the GA’s effectiveness may have been reduced by several environmental
conditions in this study. Firstly, the high soil water deficit (Figure 3) after the first treatment
application at all sites may have influenced the mechanism of GA in this study. On the
other hand, the high rainfall events and intensity between June and September may have
leached the GA into the soil. Similar results of GA showing a nominal reduction in NO3

−-
N leaching have been reported in other studies [11,16]. The authors demonstrated that
application of urine + GA alone in mid-winter did not induce a significant reduction in
mineral N leaching in lysimeter studies. In order to increase GA’s effectiveness in reducing
mineral N leaching, Matse et al. [11] proposed that GA must be applied together with an
inhibitor. Similarly, Woods et al. [7] reported that the application of GA to different forage
species induced a nominal reduction in NO3

−-N leaching.

4.2. Herbage DM Yield

The herbage DM yield was higher in Ashburton than in the other two sites. Several
factors apparent at the two sites can explain this. The air temperature results illustrated in
Figure 2 showed that the Ashburton site had nominally higher air temperatures compared
to the Stratford and Rotorua sites. The warm temperature might have increased pasture
growth in Ashburton relative to Stratford and Rotorua. Further, the drainage results showed
that the Ashburton site had low cumulative drainage (150 mm) compared to Stratford
(683 mm) and Rotorua (558.0 mm). The lower leaching might have increased the proportion
of applied urine N to be utilized by the pasture for growth compared to the other two sites.

Further, the APSIM simulation results showed that the application of urine + GA
treatment increased pasture DM yield (relative to urine only treatment) by average values
of 6.1, 11.9, and 9.1% in the Ashburton, Stratford, and Rotorua sites, respectively. The results
demonstrate that the nominal reduction in NO3

−-N leaching induced by the application of
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GA can be linked to the increased pasture DM yield. The lack of significant effectiveness of
GA in all experimental sites may be associated with the dry conditions, especially on the
first treatment application dates. The dry soil conditions and slightly higher temperatures
might have accelerated the degradation of GA in the soil. Alexopoulos et al. [17] reported
that the major drawback of GA is that it is only effective for a short period due to rapid
degradation in the soil.

The use of the APSIM model in this study showed satisfactory results, as has been
reported in other studies [18,19]. In the simulation of pasture ryegrass DM yield, the
model showed a similar trend to the observed results. A discrepancy between results
was only observed in the control treatment at the last harvesting in all experimental sites.
According to the model predictions, the applied N fertilizer at the beginning of the study
was depleting as the experimental period progressed, thus showing a lower herbage DM
yield. Results in the initial soil mineral N for the third application provide strong evidence
that there was high mineralization in the soil, which might have supported the high pasture
growth in the control during the last cut (Table 7). The APSIM model is limited in its ability
to efficiently simulate the soil mineralization, thus the discrepancy between observed and
simulated results in the third application (Figure 6).

Table 7. The initial soil mineral N (NH4
+-N + NO3

−-N) (kg ha−1) in each site before urine application.

Treatments
Ashburton Stratford Rotorua

9 March
2022

11 April
2022

10 May
2022

1 April
2022

1 May
2022

3 June
2022

4 April
2022

4 May
2022

5 June
2022

Control 40 49 109 80 62 119 101 87 213

5. Conclusions

The results shown in this current study demonstrate the potential use of the APSIM
model to simulate the leaching and DM yield in the three experimental sites (Ashburton,
Stratford, and Rotorua) used in this research. Application of GA reduced cumulative
NO3

−-N leaching by an average of 1.8, 2.5, and 2.7% and increased pasture DM yield by
an average of 6.1, 9.1, and 11.9% in Ashburton, Stratford, and Rotorua, respectively. Even
though it was not significant, the results demonstrated that the timing of GA applications
is important. Gibberellic acid application between March and April showed potential to
increase pasture DM yield more than when applied in June.

The use of APSIM to predict NO3
−-N leaching in pastoral soils in New Zealand proved

to be an efficient tool. The development of such an efficient model can help reduce time
spent on the field and funds spent on undertaking experiments at different sites. The wide
use of the APSIM model can improve the management of dairy pastoral soils in relation to
reducing NO3

−-N leaching.
Future work can be conducted on the use of the APSIM model to simulate the influence

of GA on pasture growth in different locations with contrasting management practices
to demonstrate the application of this model. Further, different N loss pathways, such as
pasture N uptake and nitrous oxide emissions as a result of GA application, can also be
incorporated into the model. Apart from the model, future work must be conducted on the
changes in soil chemical composition and microbial communities due to the use of GA in
pastoral systems.
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