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ABSTRACT 
 

The soil moisture content start and stop points (the irrigation trigger points), for 
rotationally grazed pasture are often ambiguous and imprecise. A water balance 
model, IrriCalc, was used to analyse the impacts of different soil moisture triggers 
upon the irrigation required and subsequent drainage losses over a long-term period 
to investigate optimal irrigation ranges within the soil water holding capacity. The 
analysis took into consideration rainfall and evapotranspiration uncertainties. For the 
analysis, available daily climatic data  over a 15 year period (2000 to 2015) was used 
to account for climatic variability.The experiments were conducted at the Lincoln 
University Dairy Farm (LUDF), Canterbury, New Zealand during August 2014 to 
March 2016.The results showed a trigger point to start irrigation at 55 and 60% of 
plant available water (PAW), respectively on the shoulder (September to October and 
March to April) and peak (November to February) irrigation seasons, and stopping 
irrigation correspondingly at 80 and 90% of PAW were optimal. Adopting this irrigation 
strategy will help better manage environmental risk, caused by nutrient leaching loss 
through increased drainage, and production risk resulting from soil moisture stress. 
Maximising effective rainfall during the irrigation season as well as minimising 
drainage will help irrigatorsbetter balancingthe growing tension between water use for 
agricultural production and the environment. 

Keywords: Threshold soil moisture content, Rotationally grazed pasture, IrriCalc, 
Optimal irrigation range, Irrigation and drainage, New Zealand. 

 
1. INTRODUCTION 
 
Settled agriculture started about 10,000 years ago and farmers have been practicing 
controlled irrigation for over 6,000 years (Postel,1999). However, despite having 
several ways to measure soil-water-plant-atmosphere parameters, there is still a lack 
of irrigation scheduling that addresses changing weather and crop water demands. 
There has been an increasing awareness to vary the amount of water applied based 
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on crop demands and plant available water (PAW) (Hedley & Yule, 2009). However, 
current irrigation strategies adopted by a majority of Canterbury, New Zealand dairy 
farmers for pasture production are insufficient to address grazing rotations and 
weather uncertainty (KC, 2016). Under rotational grazing, pasture canopies (height as 
well as density) vary greatly across the farm but irrigation requirement is estimated, 
mostly based on a constant pasture coefficient (Kc) of 1.0 regardless of canopy stage 
(Van Housen, 2015).  
 
During shoulder seasons (September to October and March to May) irrigation mostly 
starts when soil moisture drops to 50% of PAW and fills up to 80% of PAW. During 
peak irrigation seasons (November to February) irrigation starts around 70% of PAW 
and fills up to 100% of PAW, leaving no space for potential rain (KC, 2016). Due to 
lack of weather considerations in irrigation planning, irrigation events often coincide 
with, or are followed by, rainfall creating drainage events. Nutrients leaching through 
deep percolation and surface runoff is probably the biggest environmental issue for 
irrigated farming in New Zealand (Cameron et al., 2012; Thomas & Morini, 2005).     
 
Applying the right amount of water at the right time is essential to minimise drainage 
and nutrient losses that may then createwater pollution (Belaqziz et al., 2014). To 
address the issue of drainage induced nitrate leaching, along with other concerned 
agencies, farmers, scientists and researchers in New Zealand are keen to explore the 
options for improving irrigation efficiency through the application and expansion of 
carefully identified and evaluated irrigation scheduling methodologies (DairyNZ, 
2013). Several previous studies such as Gheysari et al. (2009); Rawnsley et al. 
(2009); Snow et al. (2007); Wheeler and Bright (2015) indicated that irrigation 
variability impacts greatly on drainage. However, there have been very few studies 
that estimate irrigation and drainage under a range of irrigation management 
strategies and crop coefficients using long term climatic data to account for climatic 
variability. Trigger points to start and stop irrigation for rotational grazing systems are 
not well addressed.  
 
The objective of this research was to determine the optimal irrigation trigger points for 
a given soils water holding capacity taking into consideration seasonal variations in 
rainfall and evapotranspiration, and accounting for actual pasture water requirement 
under a grazing rotation. The water balance model IrriCalc was used to estimate crop 
water requirement and drainage losses, to identify threshold soil moisture levels to 
start and stop irrigation. The adoption of an optimal irrigation strategy will make an 
important contribution towards improving irrigation scheduling and agricultural water 
management for rotational grazing systems in New Zealand and around the world. In 
addition, it would also decrease water pollution by reducing nutrient leaching from 
pastoral farms to water resources. 
 

2. MATERIAL AND METHODS 
 

2.1 Site Description 
 
Experiments were conducted on Lincoln University Dairy Farm (LUDF) (40° 38ʹ 
40.26ʺ S and 172° 26ʹ 35.86ʺ E), South Island, Canterbury, New Zealand. The LUDF 
has 160 ha of irrigated land with two blocks: north block (80 ha) totalling 11 paddocks 
and south block (80 ha) totalling 10 paddocks with each paddock size ranging from 6 
to 10 ha. Each paddock is individually managed for grazing but collectively for 
irrigation. The study site has an average annual rainfall of 666 mm, reference 
evapotranspiration of 870 mm and mean annual maximum and minimum 
temperatures of 32˚C and 4˚C, respectively (South Island Dairying Development 
Centre (SIDDC), 2014). On average, 450 mm per annum of irrigation is applied by 
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three different irrigation systems including centre-pivot that irrigates 80% of the farm. 
Soils in the north block range from silty loam to sandy loam with some stones, while 
soils on the south block range from silty clay loam to clayey (South Island Dairying 
Development Centre (SIDDC), 2014). 
 
2.2 Irrigation and Drainage estimates using Irricalc  
 
Researchers such as Fessehazion (2011) have advised use of a tool which is locally 
known by farmers instead of introducing another new tool. The IrriCalc, a daily water 
balance model, developed by Aqualinc Research Limited, New Zealand (Bright, 
2009), which is well known by New Zealand dairy farmers, was used in this research. 
The two key parameters used by IrriCalc that vary spatially are the PAW and Kc 
(Bright, 2009). IrriCalc has been tested and validated using lysimeter data installed in 
a number of pastoral farms in Canterbury, including Camden Farm (224 ha) 
Dunsandel, which is representative of irrigated pastoral farms in the region (Bright, 
2009). The distance between Camden Farm and LUDF is 25 km and both have 
similar climates and soils resulting in a similar pasture growth dynamics. Van Housen 
(2015) tested the accuracy of irrigation demand and drainage depths determined 
using a soil water balance model (equivalent to IrriCalc) with an averaged Kc 

determined from nine lysimeter datasets located at three sites across the Canterbury 
Plains (i.e. very different climates and soils) and found that modelled results were 
within 10% of measured drainage. In addition, IrriCalc has been set up for Canterbury 
conditions and therefore the model can be used to predict irrigation demand and 
drainage depth without further validation.       
 
Net irrigation requirement is estimated as a difference between actual crop water 
need and effective rainfall. Actual crop water need is equivalent to the multiplication of 
reference evapotranspiration (ETr) and Kc. FAO Penman-Monteith equationwas used 
to estimate ETrusing daily climatic data.The difference between total rainfall and the 
amount of rainfall actually lost through drainage in a daily water balance calculation is 
referred to as effective rainfall. Total rainfall that exceeds field capacity in a daily soil 
water balance is accounted as drainage losses. Field observations indicate no 
surface runoff from the study area, therefore, no overland flow was assumed. 
 
IrriCalc evaluates daily changes in the root zone soil water content, accounting for all 
incoming and outgoing water using the following soil water balance equation: 
 
St2 = St1 + Pt2-t1+ It2-t1- Dt2-t1 - AETt2-t1 
 
Where St2 = soil water content on day t2, St1 = soil water content on day t1, Pt2-t1 = rain 
between t1 and t2, It2-t1 = irrigation between t1 and t2, Dt2-t1 = drainage between t1 and 
t2, AETt2-t1 = actual evapotranspiration between t1 and t2. Above equation was applied 
for one-day time intervals and units of all variables of the equation are in mm. 
 
IrriCalc calculates daily soil moisture status over the simulation period and if soil 
moisture drops to the user defined refill point, a user specified amount of irrigation is 
applied. Different options are available in the model to regulate irrigation planning. 
This study adopted the option that regulates irrigation application based on user 
defined soil moisture limits, i.e. irrigation start and stop points as certain percentages 
of PAW.  
 
A pasture root depth of 500 mm as per field observation was used. PAW at 28% 
volume and readily available water (RAW) at 14% volume were used for the 
calculation as estimated for the experimental plot. To account for climatic variability a 
daily time series of climatic data available for 15 years during the period 2000 – 2015 
was collected from Broadfield weather station (data source, NIWA; 43°35′53″, 
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172°28′12″ and altitude of 18 m). Irrigation and drainage were estimated using IrriCalc 
separately for shoulder and peak irrigation season based on two Kc alternatives: 0.6 
and 1.0 correspondingly for post and pre grazing conditions as “newly” derived by KC 
(2016) and the most commonly used constant value of 1.0. Under each Kc option 49 
irrigation strategies were adopted: irrigation starts at 50, 55, 60, 65, 70, 75 and 80% 
of PAW and stops for each starting trigger, at 70, 75, 80, 85, 90, 95 and 100% of 
PAW correspondingly. 
 

3. RESULTS AND DISCUSSIONS 
 

3.1 Irrigation estimates 
 
Figure 1 compares the average annual irrigation estimates under the two Kc 
alternatives and 49 irrigation scenarios. Over the 14 irrigation seasons (2001/02 to 
2014/015) irrigation requirement for a constant Kc of 1.0 was “on average” 40% higher 
compared to Kc values of 0.6 and 1.0 respectively for post and pre-grazing 
conditions.Irrigation requirement was also estimated by using daily time series of Kc 
values for one year period as suggested by Bright (2009). Cumulative irrigation 
predicted for 14 irrigation seasons for a constant Kc of 1.0 was found to be 15% 
higher compared to when applying a daily time series of Kc values. 
 
 

 

Figure 1.  Average irrigation estimates from IrriCalc for 14 irrigation seasons 
(2001/02 to 2014/015) under 49 irrigation management strategies and 
two crop coefficient values: Kc = 0.6 and 1.0 respectively for post and 
pre-grazing conditions; and a constant Kc = 1.0 

For the detailed analysis Kc values of 0.6 and 1.0 respectively for post and pre 
grazing conditions and seven irrigation strategies were considered: irrigation starting 
at 50, 55, 60, 65, 70, 75 and 80% of PAW and stopping correspondingly at 70, 75, 80, 
85, 90, 95 and 100% of PAW. Irrigation requirement was estimated separately for 
shoulder and peak irrigation season.This test was undertaken to investigate net 
irrigation requirements when irrigation aimed to fill the same soil moisture depth at 
different triggers.  
 
Annual irrigation estimates varied significantly with adopted irrigation management 
strategies. In general, irrigation estimates for both peak and shoulder irrigation 
seasons showed similar trends with the higher the PAW based irrigation trigger 
points, the higher irrigation requirements. Figure 2 shows the combined irrigation 
estimates for both peak and shoulder irrigation period over 14 irrigation 
seasons.Compared to the first (irrigation starts at 50% of PAW and stops at 70% of 
PAW), the last irrigation strategy (irrigation starts at 80% of PAW and stops at 100% 
of PAW) consistently produces significantly higher annual irrigation volume (or depth) 
which differs greatly from year to year. For example, during 2006/07 season, irrigation 
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requirement under the last irrigation strategy was 100% more than the first, during 
2014/015 it was higher only by 19%. There was no specific link of wet and dry years 
with differences in irrigation requirement under a different irrigation strategy. For 
example, rainfall during two irrigation seasons 2001/02 (650 mm) and 2005/06 (645 
mm) were similar. However, during 2001/02 irrigation requirement under last irrigation 
strategy was 106% more than the first, during 2005/06 it was higher only by 33%. 
 

 

Figure 2.  Irrigation estimates from IrriCalc over 14 irrigation seasons (2001/02 to 
2014/015) under seven irrigation management strategies.  50 – 70 
stands for irrigation starting at 50% of PAW and stopping at 70% of PAW 
and so on 

Rather than total rainfall amount during irrigation season, patterns of individual rain 
events would have impacted on irrigation estimation. For example, any rainfall event 
that occurs before soil moisture drops to irrigation trigger levels minimises the 
irrigation requirement. However, if rainfall follows irrigation events, it will have no 
impact on irrigation estimation, especially if irrigation fills 100% of PAW. In general, 
irrigation requirements increase significantly when irrigation replenished the soil 
moisture above 80 and 90% of PAW, respectively during shoulder and peak irrigation 
season. 
 
3.2 Drainage estimates 
 
Similar to irrigation estimates, drainage was also estimated separately for peak and 
shoulder irrigation season based on the Kc values of 0.6 and 1.0 for post and pre-
grazing conditions, respectively, and for the above mentioned 49 irrigation strategies. 
For the detailed analysis, seven irrigation strategies were considered: irrigation 
starting at 50, 55, 60, 65, 70, 75 and 80% of PAW and stopping correspondingly at 
70, 75, 80, 85, 90, 95 and 100% of PAW.The main objective of this test was to 
investigate the impact of applying the same depth of water, at different triggers, on 
drainage events.  
 
Like irrigation estimates, drainage prediction also varied significantly with the adopted 
irrigation management strategies. Drainage predictions for both peak and shoulder 
irrigation seasons demonstrated similar trends with the higher the PAW based 
irrigation trigger points, the higher the drainage. Figure 3 shows the combined 
drainage estimates for peak and shoulder irrigation period over 14 irrigation 
seasons.Compared to the first (irrigation starts at 50% of PAW and stops at 70% of 
PAW), the last irrigation strategy (irrigation starts at 80% of PAW and stops at 100% 
of PAW) produced up to 350% more drainage which differs from year to year. Yearly 
differences in drainage estimation are attributed to differences in annual rainfall 
amount and their distribution. For example, during 2014/015 season, total rainfall was 
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394 mm which produced less drainage than during 2013/014 season with rainfall 
totalling 738 mm. In general, drainage estimates increased significantly when 
irrigation filled more than 80 and 90% of PAW, respectively during shoulder and peak 
irrigation season. 
 

 

Figure 3.  Drainage estimates from IrriCalc over 14 irrigation seasons (2001/02 to 
2014/015) under seven irrigation management strategies. 50 – 70 stands 
for irrigation starting at 50% of PAW and irrigation stopping at 70% of 
PAW and so on  

Rainfall efficiencies were higher when PAW based irrigation triggers were lower. Over 
the whole 14 irrigation seasons, the first irrigation strategy: irrigation starts at 50% of 
PAW and refills soil up to 70% of PAW, produced the lowest drainage depths of 2432 
mm, equivalent to 174 mm per year. While, over the same time span, the last 
irrigation strategy: irrigation starts at 80% of PAW and filling soil up to 100% of PAW, 
produced 4343 mm of drainage resulting in an annual average drainage depth of 310 
mm. Compared to the former, later irrigation strategy, which does not allow any room 
for the storage of the potential rainfall, will use 1.4 times more irrigation water and will 
result in nearly double the drainage. This indicates a substantial drainage reduction 
and water saving by regulating irrigation strategies. When drainage losses were 
reduced by about four times (from 135 to 34 mm yr-1) the nutrient leaching reduced 
nearly by six times (from 55 to 10 kg N ha-1 yr-1) (Moir et al., 2007). This implies 
nutrient leaching can be reduced significantly by minimizing drainage losses. 
 
3.3 Optimal irrigation range 
 
Average monthly reference evapotranspiration (ETr) estimated and precipitation (P) 
recorded at Broadfield weather station over the 15-year period (2000 to 2015) 
indicate the need for irrigation as ETr usually exceeds P during spring, summer and 
autumn (September to May). Maximum daily ETr over the 15 years period was 10 
mm, while maximum daily rainfall was 74 mm. This indicates that daily rainfall can be 
several times greater than the ETr, suggesting a need for flexible irrigation strategies 
to capture maximum rain water for storage in the root zone and thus reducing 
drainage losses.  
 
Results demonstrated minimum soil moisture limit to start irrigation at 55 and 57% of 
PAW, respectively for shoulder and peak irrigation seasons and maximum soil 
moisture limit to stop irrigation correspondingly at 80 and 90% of PAW can address 
both precipitation and evapotranspiration uncertainty. Irrigation started at 55 and 57% 
of PAW, during shoulder and peak irrigation season respectively, would provide a 
buffer for the maximum daily potential evapotranspiration (PET) of 7 and 10 mm, 
based on the analysis of the available data  over 15 years of record. However, from a 



2nd World Irrigation Forum (WIF2) 
6-8November 2016, Chiang Mai, Thailand 

W.1.1.03 

 

 
7 

 

practical aspect, irrigation starts at 60% of PAW during peak irrigation season will be 
more applicable, as farmers mostly regulate irrigation at 5% increments in PAW.  
 
Irrigation that fills soil moisture to 90% of PAW allows for 14 mm rainfall harvesting 
that is equivalent to almost three days irrigation saving under centre pivot irrigation 
which applies 5 mm of irrigation in one day. Similarly, irrigation that fills soil moisture 
to 80% of PAW provides space for 28 mm rainfall which is equivalent to nearly six 
days irrigation saving under centre pivot irrigation. Maintaining irrigation within the 
specified range as shown in Figure 4 can allow for the mitigation of both 
environmental risk, caused by drainage, and the production risk caused by soil 
moisture stress.   
 

 

Figure 2.  Optimal irrigation range during shoulder (September to October and 
March to April) and peak (November to February) irrigation seasons for 
rotational grazing pasture based on LUDF field experiments. PAW = 
plant available water, SM = soil moisture  

The research is applicable to other climatic regions and soil types, however further 
scenario specific modelling would be required to determine the actual trigger points to 
start and stop irrigation for those. Undertaking this exercise for areas with higher 
incidence of summer rainfall would likely be extremely beneficial, as this will help 
better manage drainage losses. In comparison there is little likely benefit in 
undertaking this exercise for soils of low PAW as the change in trigger point (in terms 
of soil moisture content) is relatively small. The irrigation system design parameters 
also need to be considered, both the return period and the design capacity as these 
could also affect the trigger points 
 

4. CONCLUSIONS 
 
Results of LUDF experiments with applications of IrriCalc predicted cumulative 
irrigation and drainage for 14 irrigation seasons (2001/02 to 2014/15), under two 
Kcscenarios and 49 irrigation management strategies. Both irrigation and drainage 
estimates varied significantly with Kcvalues and irrigation management strategies. 
Irrigation estimates for 14 irrigation seasons under a constant Kcof 1.0, the widely 
applied approach in NZ, was 40% more than when adopting Kc values of 0.6 and 1.0 
respectively for post and pre-grazing conditions. Thus, irrigation planning with a 
standard Kc of 1.0 places more abstractive pressure on the water resource and 
potentially deteriorates water quality through a greater number of drainage events.  
 
The results of this irrigation and drainage study demonstrated that optimal minimum 
soil moisture levels to start irrigation are 55 and 60% of PAW, respectively for 
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shoulder and peak irrigation season and maximum soil moisture levels to stop 
irrigation are correspondingly at 80 and 90% of PAW. Using these trigger points 
would improve performance in terms of maximum rain water use and thus, reduce 
non-profitable drainage losses and net irrigation requirement. Irrigation started at 55 
and 60% of PAW, respectively during shoulder and peak irrigation season provides 
buffer to address evapotranspiration uncertainty, thereby minimising soil moisture 
stress induced yield reduction. Irrigation application that fill soil moisture to 80 and 
90% of PAW, respectively during shoulder and peak irrigation season provides 
storage for potential rainfall and in turn reduce irrigation requirements and drainage 
events.    
 
Application of “newly” derived crop coefficient values of 0.6 and 1.0, respectively for 
post and pre-grazing conditions and proposed optimal irrigation ranges can serve as 
useful guidelines to design irrigation planning for rotational grazing systems. Such 
irrigation methods can contribute to conserve water and the environment by reducing 
irrigation requirements and drainage events without production losses.  
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