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EXECUTIVE SUMMARY 
Agricultural water use in the Murray Darling Basin (MDB) accounts for the largest share of all agricultural water use in 
Australia and is based on availability which in turn is affected by climate variability. Therefore, understanding and 
estimating the impacts of water shortages is important. In 2017-18, MDB water use was 6.8 million ML which was more 
than two-thirds of all Australian irrigated agricultural water use. Water usage in 2017-18 for crops and pastures was 69% 
and 24%, respectively, of all water applied on Australian farms. Fruit, nut, plantation and berry fruit accounted for 13% of 
water applied to crops while the percentages for grapevines and vegetables were 7 and 6%, respectively. In the Lower 
Murray region in Victoria, almonds and grapes (wine and table) are the dominant crops and in 2019 occupied about 32 
and 22% area respectively. 

The increase in water demand in the Lower Murray region of Victoria due to horticulture expansion has led to concerns 
that water cannot be delivered to irrigators during mid-season extreme heat events. The delivery of water, irrespective of 
the volume of water held in reservoirs, is restricted by a physical barrier to the Murray river called the Barmah Choke. This 
causes a shortfall where constraints in the system restrict the ability to meet the full irrigation demand. 

Water shortages have led to research in regulated deficit irrigation (RDI) where less water is applied during a given period 
in the growing season without adversely affecting crop productivity. This research has provided useful information of the 
sensitivity of yield to applied water for each stage of crop growth. Effects of water deficits on yield are crop specific and the 
amount of effect depends on the timing of the deficit. In almonds, water stress from late in the season (pre- and post-
harvest) has been shown to reduce the number of fruiting spurs and future yield potential. Almond studies have concluded 
that the most suitable period for RDI is the hull split period. In wine grapes, water stress at any time during the season 
decreases yield; however, when applied post veraison, water stress increases wine colour, aroma and flavor in red 
cultivars. In addition, the magnitude of the effects of water stress can be quite variable depending on various agronomic, 
climatic and soil factors, among others. For this reason, monitoring plant-based tree water status is recommended to 
manage RDI to ensure that the desired stress level is achieved. 

There are no known studies that have derived yield-water response functions specifically for water shortfalls. Yield-water 
response functions relate crop yield to water deficits through a yield response factor (Ky). Research studies on effects of 
water stress or regulated deficit irrigation (RDI) on crops have generally been conducted for purposes such as controlling 
vegetative growth, increasing fruit quality, water saving etc., but not for water shortfalls and their impacts on yields. As 
such, they do not provide adequate information to derive yield-water response functions, much less on a monthly basis. 
This review highlights the challenges encountered in the attempt to generalize yield-water response functions due to the 
piecemeal information published in these studies.  

Yield and water applied are required to derive yield-water response functions. Maximum yield and crop water requirement 
are often missing but are required for these functions to be useful. Other crucial information that needs to accompany 
these functions include irrigation type and efficiency (frequency and amount), agronomic factors (rootstock, rooting depth 
and root density, cultivars, age of trees, fertilizer applications etc.), soil properties (water holding capacity, hydraulic 
conductivity), climate (rainfall, temperature etc.) and a measure of crop water stress. Due to variability in these factors, it is 
difficult to compare results from different studies or transfer these functions between different geographic locations. A 
water shortfall may cause different yield impacts for different farmers due to a combination of some of these factors.  

While total yield is required to derive yield-water response functions, it is not a good indicator of economic returns. 
Different crops have different yield characteristics such as quality that determine marketability and profit. For example, 
grape quality assessment depends on the cultivar, intended use of the grapes, and characteristics include colour, aroma, 
flavour, maturity etc. Therefore, growers will manage their crops taking into consideration market requirements as well as 
supply contracts. 

Literature reviewed in this report did not provide data that could be used to derive monthly yield response factors (Kyi). To 
determine Kyi, a well-designed study is required to provide relevant data at each growth stage or month in which a water 
deficit is likely to occur due to a shortfall in irrigation supply. Seasonal Ky that corresponds to a water deficit in a specific 
month or growth stage can be estimated from these data. Kyi values can be estimated from the same data using the 
additive or multiplicative forms of the FAO-33 yield response function.  
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INTRODUCTION 
The impact on water availability for agriculture due to changes in climate necessitates a sound understanding of crop 
water requirements to maximize crop water productivity and estimate impacts on yields due to water shortages. 
Agricultural water use in the Murray Darling Basin (MDB) accounts for the largest share of all agricultural irrigation water 
use in Australia and is based on availability which in turn is affected by climate variability. The Australian Bureau of 
Statistics, ABS (2017/18), reported that in 2017-18, MDB water use was 6.8 million ML which was more than two-thirds of 
all Australian agricultural water use. Water usage in 2017-18 for crops and pastures was 69% and 24%, respectively, of all 
water applied on Australian farms. Fruit, nut, plantation and berry fruit accounted for 13% of water applied to crops while 
the percentages for grapevines and vegetables were 7 and 6%, respectively. In the Lower Murray region in Victoria, 
almonds and grapes (wine and table) were the dominant crops, occupying about 32 and 22% area respectively in 2019 
(SunRISE Mapping & Research, 2019). 

The increase in water demand in the Lower Murray region of Victoria due to horticulture expansion has led to concerns 
that sufficient water cannot be delivered to all irrigators during mid-season extreme heat events. Extreme heat events can 
come on suddenly and result in a spike in water extraction demand due to increased plant water requirements and 
irrigation practices such as misting to cool crops and protect them from damage. The capacity to deliver water, 
irrespective of the volume of water held in reservoirs, is limited by travel times from the storages and is also restricted by 
available channel capacity.  Water released from the main upstream storages needs to travel through a physical barrier to 
the Murray river called the Barmah Choke or through a number of alternate channels and rivers. The travel time and 
channel capacity constraints can lead to a shortfall when the full irrigation demand cannot be met. The impact of these 
shortfalls on yield has not been investigated. However, there has been research on impacts of water shortages on yield 
which may provide some insights into the likely impacts of shortfalls on yield. 

Water shortages in many countries have led to adoption of strategies such as regulated deficit irrigation (RDI) where less 
water is applied without adverse effects on crop productivity. Goodwin and O’Connell (2017) estimated that a combination 
of irrigation system maintenance, crop-specific RDI and postharvest deficit irrigation could save 45 – 50% water in peach 
and pear without adversely affecting yield compared to a typical fully irrigated orchard. RDI involves creating a certain 
level of water stress to the crop during a given period in the growing season. This approach requires knowledge of yield 
and fruit quality response to water for each stage of crop growth. Studies on RDI highlight that the effects of water deficits 
on productivity are crop specific and the amount of effect depends on the timing of the deficit and can be quite variable. 
For example, in wine grapes, RDI at any time during the season decreases yield. When applied from fruit set to veraison, 
RDI will reduce berry size and increase the concentration of soluble solids. Whereas post veraison, RDI increases wine 
colour, aroma and flavour (Goodwin, 1995). Post veraison RDI applied to red varieties of wine grapes balances 
characteristics required for good returns such as colour. On the other hand, yields from the white varieties can be reduced 
by RDI and with only a moderate benefit from an increase in the concentration of soluble solids, there is less incentive to 
apply deficit irrigation (Irrigation Insights No 4). Water stress can also impact on longer-term crop physiology and 
consequently yield. A study by Goldhamer et al (2005) showed that the negative impact of post-harvest stress on almond 
yield is amplified with time by reducing fruit load in the following season, and that kernel size is reduced by pre-harvest 
stress. In wine grape, Girona et al (2006) observed a carryover effect in yields over a period of three years where berry 
size in an RDI treatment (between the middle of fruit growth stage and harvest) tended to diminish from year to year 
relative to the control. 

This report presents a literature review of work done to derive short and long-term crop yield-water functions. Parameters 
used in these functions include the seasonal timing of water deficits, the effects of soil, climatic and management factors, 
rootstock impacts and the phenology of different crops and cultivars. The report also includes crop coefficients where 
available and gaps in knowledge of crop yield response to water deficits.  

The following crops were considered. 

• Grapevine (table, dried and wine) 

• Fruit trees (citrus, pome and stone fruit, avocado, olive) 

• Nuts (almond, macadamia, walnut, pistachio) 

• Vegetables (asparagus, carrot, onion, potato and other grown in region) 

• Perennial pasture and lucerne   
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METHODS FOR CROP YIELD-WATER RESPONSE FUNCTIONS 
Methods used to estimate crop yield and yield responses to water application include one or a combination of:  

a) field-based approaches,  
b) satellite-based measurements,  
c) process-based crop modelling, and  
d) statistical regression models. 
  

Process-based crop models require more data and may be difficult to parameterize than simple statistical regression 
models which are only valid within the range of data for which they are calibrated. There are pros and cons with each of 
these methods and factors to consider include spatial scale, cost-effectiveness and repeatability for field experiments, 
data availability for computer-based modelling and spatial-temporal scale of satellite-based data. The following functions 
have been used to relate crop yield to water application. 
 
 
1. Yield-water response equations 
 
i) Simple linear equations have been used to relate crop yield to evapotranspiration such as Eq. 1 (Doorenbos and 

Kassam, 1979). 
 

 1-(Y/Ymax) = Ky(1-(ET/ETmax))        Eq. 1 
where Y and Ymax are the actual and maximum yields, ET and ETmax are the actual and maximum 
evapotranspiration, and Ky is a yield response factor that represents the effect of ET reduction on yield losses. ET and 
ETmax in Eq. 1 can be replaced by crop water supply (CWS) and crop water requirement (CWR), respectively. 
 
The Ky values are crop specific, varying according to growth stages, and capture complex interactions between the 
various biophysical processes involved. Various studies have used Eq. 1 to estimate yield reductions in relation to ET 
and/or water application data (Kipkorir et al., 2002; Raes et al., 2006; Shrestha et al., 2010).  

 
ii) The additive model, Eq. 2, is adapted from Eq. 1 by assuming that the effects of water stress in each growing period 

are independent. The crop yield is calculated for each of the N growing stages and summed up (Stewart et al. 1976; 
Rao et al. 1988). 
 

  Y =  Ymax ∗ (1 −∑ 𝐾𝐾𝐾𝐾𝑖𝑖(1 − (ET/ETmax))N
i=1  Eq. 2 

 
iii) The multiplicative model, Eq. 3, is applied to each growth stage where for each Ky, there is a corresponding sensitivity 

factor, λi (Jensen, 1968; Graveline, 2016). λi can be estimated from the equation Y/Ymax=(ET/ETmax)λi. Hanks (1974) 
replaced ET with transpiration in this equation. 

 
  Y =  Ymax ∗ ∏ (ET/ETmax)𝜆𝜆𝑖𝑖𝑁𝑁

𝑖𝑖=1        Eq. 3 
iv) Another form of the multiplicative model proposed by Rao et al. (1988) is given as: 

 
  Y =  Ymax ∗ ∏ [1 − 𝐾𝐾𝐾𝐾𝑖𝑖(1 − ET/ETmax)𝑖𝑖]𝑁𝑁

𝑖𝑖=1        Eq. 4 
Rao et al. (1988) compared Eq. 2, Eq. 3 and Eq. 4 and found that they predicted similar yields. However, at high Kyi 
values and low relative ET, the performance of Eq. 2 differed from Eq. 3 and Eq. 4 which can accommodate the entire 
feasible range of evapotranspiration deficit. The limitation with Eq. 3 though is that λi has to be estimated prior to its 
use. 

 
v) Piecewise linear equations have also been used by including thresholds in Xi as in O’Connell (2011) where crop yields 

plateau at higher values of water input. In this form, for some crops, the equation may not represent effects on yield 
due to waterlogging, age of trees etc. 

 
 Y = ao+ a1*CWS                        CWSlower_bound <= CWS <= CWR  

Y = Ymax                                   CWS >= CWR 
Eq. 5 

 
vi) Quadratic equations have been used in many studies to estimate crop yield as a function of water applied (Cai and 

Wang, 2006; Connor et al, 2009; Steduto et al, 2012). This form of equation (Eq. 6) mimics yield response to varying 
levels of water application observed in practice where yield increases up to a threshold water application and 
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thereafter, increases in water applied do not increase yield and can cause a decrease in yield to due to lack of aeration 
in the root zone (Connor et al, 2009). 

 
 Y = ao+ a1X + a2X2 

      Eq. 6 
Connor et al. (2009) extended Eq. 6 by incorporating a second threshold, CWSthreshold, in water application for 
perennial and viticulture crops in regions such as the Lower Murray (MDB) with hot and semiarid climate. Below this 
second threshold there is a reduction in yield capacity. Here, CWS = (irrigation water * irrigation efficiency + effective 
rainfall). 

 
 Yloss = -Ymax * [1- (CWS / CWSthreshold)]                          CWSthreshold, (% of CWR) 

Y = Yloss                                                                            0 <= CWS <= 0.25*CWR 
Y = 0                                                                                 0.25*CWR < CWS <= 0.50*CWR 
Y = Y (Eq. 6)                                                                     elsewhere 

      Eq. 7 

 
vii) Multiple linear regression equations take the form of Eq. 8 with one or more input Xi variables that are known to affect 

yield such as ET, CWS, transpiration etc. n is the number of variables and ai are regression coefficients fitted using 
observed or modelled data (Bennett and Harms, 2011; O’Connell, 2011). 

 
 Y= ao+ a1X1+ a2X 2+ … + anX n       Eq. 8 
 
 

2. Estimating yield and CWR 
The variables Y, Ymax, ET and ETmax (CWR) can be estimated from field observations, process-based crop models and 
satellite-based measurements. Satellite measurements have been used to estimate crop yield (Panda et al, 2010; Kern et 
al. 2018; Qader et al, 2018; Ali et al. 2019) and ET (Tasumi et al., 2003; Allen et al., 2005; Bastiaanssen et al., 2005; 
Singh et al., 2008) from vegetation indices such as the ‘normalized difference vegetation index’ (NDVI). Use of satellite-
based data overcomes difficulties encountered in application of empirical yield-water response functions which are specific 
with regard to agronomic factors and location. 
 
The equation to estimate CWR is given as: 

 CWR= Kc *ETref Eq. 9 
where ETref is the reference crop evapotranspiration, computed in conjunction with weather data, and Kc is the crop 
coefficient. Kc values for various crops at different stages of crop development and for specific climates are documented 
in FAO-24, 56 and 66 reports. Crop coefficients (Kc) are not often readily transferrable from one location to another due 
factors such as weather conditions and therefore correcting Kc data for climate is necessary. Guerra et al (2014) 
developed and tested a more reliable method compared to that described in FAO-56 to estimate climate-corrected Kc 
values, although, just like in FAO-56, it does not account for impacts of climate differences on canopy resistance.  
 
Lazzara and Rana (2010) reviewed published crop Kc values in regions with Mediterranean climate. They found very few 
studies devoted to crop Kc estimation, especially for orchard and tall crops. They also reported that in many of the studies, 
adjustments to FAO Kc values were required and therefore the Kc approach needs more improvement and more 
experimental data. They commended studies that linked Kc estimation to vegetation indices, ground cover (Whitfield et al., 
2011; Mateos et al., 2013) and growing degree days to capture seasonal crop growth (Nielsen and Hinkle 1996; Bennett 
and Harms, 2011; Irmak et al, 2019).  
 
Whitfield et al (2011) used the METRIC model in Allen et al (2007) to estimate ET. The model estimates actual ET from 
the surface energy balance. The inputs to this model are short- and long- wave thermal satellite images. This model 
calculates radiative properties of land and crop surfaces and provides a direct measure of ET, which can be adjusted to 
local reference evapotranspiration ETref using ground-based weather data. With ET and ETref, Kc can be derived from 
ET/ETref from well-watered crops. 
 
FAO-56 (Allen et al 1998) describes a ‘dual’ Kc approach to calculate CWR where Kc in Eq. 9  is given as:  
 

 Kc = Ks*Kcb + Ke Eq. 10 
where Ks is a dimensionless coefficient which accounts for the decrease in transpiration due to crop water stress, Kcb is 
the basal crop coefficient and describes the contribution of transpiration to ET of a well-watered crop and Ke is the soil 
evaporation coefficient, accounting for evaporation from wet soil and foliage surfaces (Whitfield et al 2011). For a full crop 
cover and no crop water stress, Ks= 1 and Ke=0. In orchards and vineyards, Ke is equivalent to an understory coefficient, 
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accounting for evaporation from irrigated and non-irrigation soil and transpiration from weeds and cover crop (Goodwin 
2004). Kc, Kcb and Ke can be estimated for different crops using the METRIC model and weather data as shown in 
Whitfield et al. (2011).  
 

Tasumi et al (2005) estimated Kcb using Eq. 11 which represents the “irrigation refill line” where points above/below this 
line correspond to crops with adequate/inadequate water supply for a well-watered crop full crop where Ks=1 and Ke=0.  

 Kcb = 1.33*NDVI - 0.13 Eq. 11 
Bastiaanssen and Ali (2003), derived a relationship between NDVI and fractional radiation interception (f) for broadacre 
crops as: 

 f = 1.26*NDVI - 0.16 Eq. 12 
O’Connell (2011) who carried out ground-based measurements of f, reported that f in Eq. 12 and Kcb in Eq. 11 were 
similar and that f could be considered a good estimator of Kcb. See Table 12 in Appendix B for f-NDVI relationships for 
some crops in the Goulburn Valley. 
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RESULTS 
1. Tree crops 
Steduto et al. (2012) provided a generalized relationship between applied irrigation water, ETc and yield of tree crops (Fig. 
1). Maximum yield is usually achieved at Point 1 corresponding to ETmax, with no drainage losses. Any further increase in 
irrigation (Region A) does not increase yield and some drainage losses occur. Beyond a certain point in applied irrigation 
(Region B), yield starts to decline due to effects of waterlogging for many tree crops. When applied irrigation is reduced 
below Point 1 such as happens with deficit irrigation, yield may not decline (Region C), generally between 75 and 100% of 
CWR. Further reduction in applied irrigation causes a decline in yield (Region D and E). In Region E, with the steep slope, 
water productivity [ML−3] of the initial irrigation amounts is highest.  
 

 
 

Fig. 1: Generalized relationships between yield, ETc and applied irrigation water in fruit trees. The dotted line represents 
the expected response of fruit and nut trees while the solid blue line indicates the typical response of an annual field crop 

for comparative purposes (‘Box 18’ pg 286 in Steduto et al. 2012). 
 
 
2. Herbaceous crops 
For herbaceous crops, Steduto et al (2012) describe the AquaCrop model while highlighting the limitations of Eq. 1. Eq. 1 
has been used for rapid assessments of yield reductions under limited water supply. However, more accurate yield 
reduction predictions may be required for on-farm water management. Limitations to Eq. 1 approach include the lumping 
of variables, i.e. final yield and ET rather than its components, leading to a very variable Ky. The AquaCrop model has 
more detailed crop-water-soil-climate relationships to more accurately simulate actual crop growth. However, it is not 
designed to model trees and vines. In AquaCrop, ET is separated into soil evaporation (E) and crop transpiration (Tr), and 
biomass (B) production is estimated directly from actual crop transpiration through a water productivity (WP) parameter.  
 

 B = WP • ΣTr        Eq. 13 
 Y = h • B       Eq. 14 

where, B is the biomass produced cumulatively [ML-2], Tr is the crop transpiration [L] and WP is the water productivity 
parameter [ML-3]. Part of the biomass produced becomes the yield (Y), with the harvest index (h) as the ratio of yield to 
biomass. The derivation of Y from B and h considers effects of environmental conditions and stresses on B and h 
separately. O’Conner (2011) reports that determination of h is poorly understood especially for perennial horticultural 
crops where B is difficult to obtain, and h varies with the phenological stage of the crop. 
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3. Summary table – Monthly deficit irrigation and seasonal yield response to water for almond and 

grapes 
 

Table 1: Monthly deficit irrigation and seasonal yield response factors 

 
 Irrigation as a fraction of crop water requirement 

(CWR).  Deficit irrigation in red  
   

 
Early season  

(Nov-Dec) 
  

Mid-season  
(Jan-Feb) 

  

Late season 
(Mar-Apr) 

  
Seasonal 

 Nov Dec Jan Feb Mar Apr 1-Y/Ymax 1-CWS/CWR Ky 

Wine 
grape 0 1.0 1.0 1.0 1.0 1.0 0.10 0.16 0.65 

 1.0 0 1.0 1.0 1.0 1.0 0.02 0.13 0.13 
 1.0 1.0 0 1.0 1.0 1.0 0.11 0.20 0.52 
 1.0 1.0 1.0 0 1.0 1.0 0.05 0.27 0.17 
 0 0 1.0 1.0 1.0 1.0 0.09 0.34 0.26 

  1.0 1.0 0 0 1.0 1.0 0.12 0.23 0.52 

 1.0 1.0 0.60* 0.60* 0.60* 0.60* 0.22 0.33 0.66 

Almond 1.0 1.0 0.85 0.85 1.0 1.0 0.03 0.1 0.31 
 1.0 0.50 0.75 1.0 1.0 1.0 0.12 0.24 0.52 

  1.0 1.0 0.75 1.0 1.0 0 0.07 0.15 0.46 
*Average values obtained from Fig. 3 Girona et al (2006)  

 
The above table shows the effect of monthly (and longer) water deficits on wine grape and almond yield. This data was 
extracted from Table 2 (below) for studies where water deficit treatments were applied for a phenological period equivalent 
to the calendar months for the Sunraysia region as per the above table. The data for wine grapes shows that yield is most 
impacted by water stress in the flowering and fruit set period (November in Sunraysia) and immediately following veraison 
(January in Mildura). This is supported by general recommendations to the Australian wine industry (e.g. Goodwin 2010) 
for the most critical times to avoid excessive levels of water stress. For almond, the data shows that yield is most impacted 
from stone hardening to the commencement of hull split (December in Sunraysia). The general recommendations by 
Goldhamer et al (2005) is to avoid post-harvest water stress (March – April) because it lowers fruit load in the subsequent 
season although this only occurred after several years of repeated post-harvest water deficits. Irrespective of the 
phenological periods to avoid water stress, the use of RDI in almond is recommended during the hull split period (Jan – 
Feb in Sunraysia). 
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4. Summary table - Deficit irrigation studies 

Table 2: Summary table - deficit irrigation studies 

Crop 
group 

Crop Location Climate Soil Yield response 
Averaged over the study period. More details in Appendix A 

Reference 

Grapevine 
(table, 
dried and 
wine) 

Wine 
grapes, 
cv. Shiraz 

Waikerie, 
South 
Australia 

Warm, mean 
January 
temperature - 
the range 23° 
to 24.9°C, 
average 
annual 
rainfall of 274 
mm 

Sandy loam to 
at least 3 m 
depth 

 
 

Irrigation treatment 1-Y/Ymax 1-CWS/CWR Ky* 
Irrigation withheld for 1 month after 
anthesis 0.10 0.16 0.65 
Irrigation withheld for 1 month before 
veraison 0.02 0.13 0.13 
Irrigation withheld for 1 month after 
veraison 0.11 0.20 0.52 
Irrigation withheld for 1 month before 
harvest 0.05 0.27 0.17 
Irrigation withheld between anthesis and 
veraison 0.09 0.34 0.26 
Irrigation withheld between veraison and 
harvest 0.12 0.23 0.52 

Rainfed - no irrigation 0.39 1.00 0.39 
 
 

McCarthy 
MG (1997) 

cv. Pinot 
Noir 

Raımat, 
Lleida Spain 

Average 
annual 
rainfall and 
ETo were 440 
and 873 mm 
respectively, 
for the period 
2001–2003 

Silty-loam, 
effective 
root depth: 
90–110 cm. 

 
 

Irrigation treatment 1-Y/Ymax 1-CWS/CWR Ky* 

DI Mid fruit growth to harvest 0.22 0.33 0.66 
DI Bud-break to harvest 0.48 0.52 0.92 

 

Girona et 
al (2006) 
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Fruit trees 
(citrus, 
pome and 
stone fruit, 
avocado, 
olive) 

Apple, 
‘Pink Lady’ 

Mt Major 
Orchard, 
near Dookie, 
Victoria 

Temperate 
climate with 
winter/spring 
dominant 
rainfall 

Clay loam 
topsoil over a 
heavy clay at 
0.3-0.8 m, 
(Red ferrosol) 
 

This is only one year’s data 

Irrigation treatment 1-Y/Ymax 1-CWS/CWR Ky* 

0.4C 0.23 0.30 0.77 
0.7C 0.05 0.14 0.35 
1.4C -0.01 -0.22 0.05 
1.7C -0.07 -0.36 0.18 

 

O’Connell 
et al (2008) 

Apple, 
‘Cripps 
Pink’ 

Shepparton 
East, 
Victoria 

Temperate 
climate with 
average 
annual rainfall 
of 480 mm 

 *Irrigation treatment is a % of grower irrigation practice 
 

*Irrigation 
treatment 1-Y/Ymax 1-CWS/CWR 

38% 0.28 0.28 
50% 0.22 0.20 
74% 0.06 0.06 

100% 0.11 -0.10 

162% 0.00 -0.48 
 

Goodwin et 
al (2019)  

Olive, 
Olea 
europaea 
L. ‘Picual’ 

Cordoba, 
southern 
Spain 

Mediterranean
, with average 
rainfall 602mm 

Typic 
Xerofluvent of 
alluvial sandy 
loam texture 
with depth 
greater than 2 
m. 

RDI - regulated deficit irrigation applying 75% CWR and no irrigation in midsummer 
SDI- sustained deficit irrigation applying 75% CWR throughout the season 
AYI- alternate years deficit irrigation where it was fully irrigated during heavy crop 
years (1997 and 1999) and rainfed during years of little or no crop. 
 

Irrigation treatment 1-Y/Ymax 1-ET/ETmax Ky* 

RDI 0.33 0.32 1.04 
SDI 0.23 0.26 0.91 
AYI 0.06 0.10 0.57 

 

Moriana et 
al (2003) 
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 Olives 
Olea 
europea cv 
Manzanillo 

San Joaquin 
Valley, 
California 

Rainfall 
averaged 
about 190 mm 
Nov- March 

Sandy loam 
with a 1m 
rootzone 
 

Averaged for 1995-1997 
 

Irrigation treatment  
(% CWR) 1-Y/Ymax 1-CWS/CWR 

84 -0.03 0.16 
75 -0.04 0.25 
56 0.10 0.44 

 

Goldhamer
, (1999) 

Pear, 
‘Bartlett’, 
(Pyrus 
communis 
L.) 

Tatura, 
Victoria 

 Lemnos loam Eps - evaporation that would occur from a water surface equivalent in size to the 
tree planting square  
Deficit irrigation (23 and 46% Eps) was applied from 1 October to 7 December, and 
thereafter all treatments received 92% Eps (Control treatment) 
 

Irrigation treatment 
% Eps 1-Y/Ymax 1-CWS/CWR 

0.23 -0.19 0.82 
0.46 -0.19 0.64 

 

Mitchell et 
al. (1989) 

Pear 
Williams 
Bon 
Chretien 
(Pyrus 
communis 
L.) 

Shepparton 
East, 
Victoria 

Temperate 
climate, winter 
dominant 
average 
annual rainfall 
of ~ 480 mm. 

 Irrigation treatment is a % of grower irrigation practice 
*  Yield averaged over three years. 
# Only post-harvest proportions of CWR, averaged over three years. 
 

Irrigation treatment Yield* 1-CWS/CWR# 

0 38.33 0.51 
50 43.00 0.09 

100 36.00 -0.34 
160 45.67 -0.87 
200 39.33 -1.25 

 

Goodwin et 
al. (2009) 
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 Peach, 
‘Tatura204’
, (Prunus 
persica) 
 

Toolamba 
Victoria 
 

Temperate 
climate, 
average 
annual rainfall 
of ~ 480 mm 

 Irrigation treatment is a % of grower irrigation practice 
 
*  Yield averaged over three years. 
# Only post-harvest proportions of CWR, averaged over three years. 
 
 

Irrigation treatment Yield* 1-CWS/CWR# 

50% 38.2 0.59 
80% 37.0 0.46 

100% 42.4 0.38 
150% 48.8 0.16 
190% 41.5 -0.01 

 

Qassim et 
al. 2013 

 Peach,  
‘Golden 
Queen’ 

Tatura, 
Victoria 

 Shepparton 
fine sandy 
loam 

The DI strategies DW I, DW II and DW III were for the periods Sept 25 - Dec 6 1977,  
Dec 6 - Jan 3 1978 and  Jan 3 - Mar 3 1978 respectively. 
 
* No CWS information was given for 1980 season, only yield. 
 

 1-CWS/CWR   1-Y/Ymax 

 1978  1978 1980* 

Irrigation treatments DW I DW II DW III Season 0 0 

A 0 0.52 0 0.1 0.00 -0.18 
B 0.68 0.52 0.00 0.28 -0.08 -0.04 

 

Chalmers 
et al (1981) 
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Nuts 
(almond, 
macadami
a, walnut, 
pistachio) 

Almonds, 
Prunus 
dulcis 
(Mill.) 
Webb cv. 
Nonpareil 

Northern 
Kern County, 
California 

Rainfall for the 
period 1992–
1996 was 196, 
143, 292, and 
143 mm 
Average 
potential 
seasonal ETc 
was 1073 mm 

Sandy loam 
(Typic Xeric 
Torriorthents) 
with a root 
zone depth of 
about 1 m 

*A: 53–57% CWR  
*B: 65–71% CWR 
 

    Irrigation 

    
Pre-
harvest 

Post-
harvest 

Irrigation 
treatment  1-Y/Ymax 1-CWS/CWR Ky* 

(% total 
water) 

(% total 
water) 

580A 0.16 0.49 0.34 66.3 33.7 
580B 0.29 0.48 0.62 78.8 21.2 
580C, 55% CWR 0.13 0.45 0.29 77.8 22.2 
720A 0.12 0.36 0.33 69.5 30.5 
720B 0.16 0.36 0.46 77.9 22.1 
720C, 70% CWR 0.09 0.30 0.30 77.2 22.8 
860A 0.12 0.24 0.52 74.8 25.2 
860B 0.07 0.15 0.46 79.6 20.4 
860C, 85% CWR 0.04 0.15 0.29 77.8 22.2 

 

Goldhamer 
et al (2005) 

Almonds, 
‘Nonpareil’ 

Lake Powell, 
Victoria  

 Fine sandy 
loam to a 
sandy 
loamy/loamy 
sand as depth 
increased 

 

Deficit period %CWR 1-Y/Ymax 1-CWS/CWR Ky* 

Jan 10 - Feb 17 85 0.03 0.10 0.31 
Nov 12 - Feb 17 70 0.11 0.27 0.41 
Sep 10 - Feb17 55 0.13 0.34 0.40 

 

Monks et 
al (2017) 
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Walnut 
(Chandler) 
 
Rootstock: 
‘Paradox’ 
and 
‘Northern 
California 
Black’ 
(‘NCB’)   

Upper 
Sacramento 
Valley, 
northern 
California 

 Maywood 
loam with 
slightly more 
clay in the 
subsoil than in 
the surface 
soil. The soil 
has good 
drainage is 
good and 
moderate 
permeability 
and fertility 

Mild RDI - Irrigation was withheld at 8-10 weeks after pollination until stem water 
potential reached -0.9 Mpa 
 
Moderate RDI - Irrigation was withheld at 8-10 weeks after pollination until stem 
water potential reached -1.2 Mpa 
 

 1-Y/Ymax 1-CWS/CWR Ky* 

 Paradox NCB  Paradox NCB 

Mild RDI 0.16 0.07 0.34 0.48 0.22 
Moderate RDI 0.27 0.32 0.43 0.62 0.74 

 

Buchner et 
al (2008) 

Vegetables 
(asparagus
, carrot, 
onion, 
potato and 
other 
grown in 
region) 

Potato    Tr-0000=water deficit occurring during the whole season;  
Tr-0111=water deficit occurring during initial crop stage; 
Tr-1011=water deficit occurring during crop development;  
Tr-1101=water deficit occurring during midseason;  
Tr-1110=water deficit occurring during late season. 
 

 

Ky* values  
FAO Irrigation and 

Drainage Paper No. 
33 and IAEA 

investigations (FAO, 
2002) 

 FAO IAEA 
Tr-0000 1.1   
Tr-0111 0.6 0.4 
Tr-1011  0.33 
Tr-1101 0.7 0.46 
Tr-1110 0.2   

 

Steduto et 
al, 2012 
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Lucerne  Lucerne   Tatura, 
Victoria  

Long term 
average 
rainfall is 488 
mm 

Red-brown 
earth or red 
sodosol locally 
known as a 
Goulburn clay 
loam (Rogers 
et al, 2016) 

Dry A 2,3&4 - Fully irrigated until a harvest in late December–January in Years 2, 3 
and 4 
Dry A 1,2,3&4 - Fully irrigated until a harvest in late December–January or in Years 
1, 2, 3 and 4 and then no irrigation until the following irrigation season 
Dry SuA 2,3&4 - Fully irrigated until a harvest in November in Years 2, 3 and 4, 
and then no irrigation until the following irrigation season 
Dry 4 - Dryland for 1 year, in Year 4  
Dry 1&4 -- Dryland for 2 years in either or Years 2 and 3 
Dry 2&3 - Dryland for 2 years in either Years 1 and 4 
Dry 2,3&4 - Dryland for 3 years, in Years 2, 3 and 4 
 
 

Irrigation treatment 1-Y/Ymax 1-CWS/CWR Ky* 

Dry A23&4 0.01 0.09 0.08 

Dry A123&4 0.07 0.16 0.42 

Dry SuA23&4 0.11 0.22 0.53 

Dry 4 0.10 0.15 0.66 

Dry 1&4 0.21 0.28 0.74 

Dry 2&3 0.05 0.15 0.32 

Dry 23&4 0.23 0.30 0.77 
 

Rogers et 
al (2016) 
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Pasture  Mayfarm at 
Camden, 
New South 
Wales  

Long-term 
average 
annual rainfall 
for Camden is 
828 mm 

Alluvial soil 
(brown 
Dermosol), 
with a clay 
loam top layer 
of 0.3m, 
overlying a 
light clay 
subsoil that 
gradually 
changes in 
texture to a 
medium clay 
with good 
moisture 
penetration.  

I1 - maintaining, optimal soil water status  
I2 - 66% of water applied to I1 
I3 - 33% of water applied to I1 
 

 1-Y/Ymax  Ky* 
  I2   I3   I2   I3  
Chicory 0.24 0.39 0.70 0.58 
Cocksfoot 0.20 0.35 0.57 0.52 
fescue 0.26 0.67 0.77 1.01 
Kikuyu 0.23 0.33 0.69 0.50 
Lucerne 0.09 0.22 0.26 0.33 
Paspalum 0.34 0.45 1.00 0.67 
Perennial ryegrass 0.29 0.48 0.86 0.71 
Phalaris 0.32 0.34 0.93 0.51 
Prairie grass 0.36 0.47 1.05 0.70 
Red clover 0.47 0.53 1.39 0.80 
Tall fescue 0.05 0.17 0.16 0.26 
White clover 0.65 0.75 1.92 1.11 

 

Neal et al 
(2009) 

Ky* - whole season values, not crop stage-specific Ky 
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DISCUSSION  
Most water deficit studies undertaken worldwide to derive yield response functions have been in Europe and USA. This is 
especially evident in the work done by the FAO over the years, which has involved national and international research 
institutions including universities, in the search for data and information on crops and crop water use. A review of these 
studies highlights challenges encountered in the attempt to summarize and/or generalize these yield-water response 
functions due to the piecemeal information published in these studies. Missing crucial information such as plant density 
and crop area makes it difficult to convert published yields to a common unit such as weight per unit area for comparison 
of results across studies. Other types of important information that are not reported may include some of the following 
variables: irrigation type and efficiency, rootstock, rooting depth and root density, cultivar, method of determining crop 
water requirements (CWR) especially where experiments involve deficit irrigation, age of trees, soil water holding 
characteristics and hydraulic conductivity, rainfall, temperature, in addition to uniformity of water applications, fertilizer 
applications, salinity (soil and water), diseases and pests among others. In addition, physiological measures of crop water 
stress should accompany any studies undertaken to establish yield-water response functions; this would at least provide a 
better understanding of crop tolerance to water deficits. Due to these factors, there is difficulty in comparing results from 
different studies e.g. a shortfall may cause different yield impacts for different farmers due to a combination of some of 
these factors. Further, there is a high degree of uncertainty in yield-water functions due to the previously mentioned 
variables that makes transferability of these functions between different geographic locations challenging.  

In Australia, very few studies have derived yield-water response functions that relate yield to water shortages. There are 
no known studies that have derived these functions specifically for water shortfalls and therefore it is not possible to derive 
yield-water response parameters for use in the Source Murray Model (SMM). Studies on effects of water stress on crops 
have generally been conducted for the implementation of strategies such as RDI to control vegetative growth, increase 
fruit quality and/or for strategic water saving but not for water shortfalls and their impacts on yields. As such, these studies 
do not provide adequate data or information required to derive yield response functions on a monthly basis and translating 
the results to a water shortfall impact is difficult because of potential differences in the timing of the water stress, and 
agronomic and climate factors. 

Some published yield-water response functions are in a form that can only be used within the range of conditions of the 
data used to derive them e.g. quadratic equations while others do not include maximum yield and CWR, using instead 
yield and applied water (CWS) in the derivation of these functions, thus limiting their usefulness.  

None of the literature we reviewed provided a data set that could be used to derive yield response factors (Kyi) values, 
either growth stage-wise and/or monthly. To determine Kyi on a monthly scale, a well-designed study is required with 
relevant measurements at each growth stage or month and with the number of observations greater than the number of 
Kyi values to be determined. Growth stage-specific Kyi values can then be estimated from the data collected and using 
either Eq. 2 or Eq. 4 (both of which are adapted from Eq. 1, FAO-33). Alternatively, seasonal Ky can be derived for 
scenarios where a water deficit is applied in a given month/growth stage while normal irrigation applications are applied in 
every other month/growth stage of the season. This means that the derived seasonal Ky relates to that particular 
month/growth stage in which the water deficit was applied. 

Important information for a well-designed study include irrigation application dates, amounts and efficiencies, irrigation 
type (drip, microjet, sprinkler etc.) maximum yield and crop water requirements, agronomic factors (crop water stress, 
plant density, rootstock, rooting depth and root density, cultivar, age of trees, fertilizer applications, salinity, diseases and 
pests etc.) and climate (rainfall, temperature etc.). Irrigation type is important because it determines the wetted area (see 
Fig. 28) and how quickly water stress develops in a crop based on the soil hydraulic properties. The variability in the 
aforementioned factors leads to variability in yield-response functions. For example, yield response factors (Ky) from FAO 
data sets were different from those from International Atomic Energy Agency (IAEA), each showing a wide range of 
variation in Ky.  

Farmer interviews is an approach that could be used to obtain data on water use and crop yield. However, these data 
should be used with much caution because questions arise around the accuracy or reliability of these data especially if 
information on conditions under which these data was taken is not available (e.g. growth stage-specific management 
information). There were also confounding effects from other inputs (e.g. fertilizer inputs were also reduced), critical 
measurements were missed (e.g. plant water stress, irrigation timing and amounts) and there was no comparison with a 
'control' treatment. The data can be used to provide additional insights to scientifically derived yield-water-response 
functions. 

Although this report has focused on yield responses to deficit irrigation, it should be noted that total yield is not a good 
indicator for economic returns. Different crops have different yield characteristics such as quality that determine 
marketability and profit. For example, measures and methods to assess grape quality vary depending on the variety, 
intended use of the grapes, winemaker and location. The characteristics assessed for wine grapes include maturity, purity, 
condition, flavor and character of the grapes (ACCC, 2019). Berries with high soluble solids concentration, and, for some 
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varieties, higher skin to juice ratios are required to increase wine color, aroma and flavor. In contrast, large and turgid 
berries and high sugar to acid ratios are important for the table grape market (Cummins, 1998). The growers will therefore 
manage their grapevines taking into consideration market requirements as well as supply contracts. 

 

RECOMMENDATIONS  
There is a lack of scientific information on impacts of a water shortfall on crop yield and therefore a well-designed 
experiment is required to investigate these impacts and derive parameters for use in Source Murray model (SMM). The 
experiment will provide data to estimate yield response factors Ky and Kyi for each growth stage or month in which a 
water deficit is applied. Seasonal Ky that corresponds to water deficits in a specific month or growth stage can be 
estimated using the FAO-33 yield response function. Kyi values can be estimated from the data collected by using the 
additive or multiplicative forms of the FAO-33 yield response function.  

Yield-water response functions are crop-specific and therefore the functions derived in the experiment for a given crop 
should be applied in SMM for that specific crop. 

There is also a need to investigate the carry-over impacts of water stress as they can impact yield from season to season. 
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APPENDIX A - Yield response function studies 
1. Grapevine  

 Wine grape - FAO 66 

Relationships between yield and water use for some wine and table grapes are shown in Fig. 2 (Steduto et al. 2012). The 
graph shows a large scatter in the data, with yield declining from a relative ETc of 0.8 to 0.4.  
 

 
Fig. 2: Relative yield as a function of relative evapotranspiration in wine grapes (closed symbols). The solid and dashed 

lines attempt to capture the upper limit for wine grapes. Table grapes (open symbols) and the function fitted for Thompson 
Seedless (dotted line) are shown for comparison.  

(‘Figure. 15’, pg 478 in Steduto et al. 2012) 
 

 

 
 Fig. 3: The effect of sustained deficit irrigation (SDI) on wine grape yield for the period 2004-2006 in Sunraysia region, 
South Eastern Australia. SDI for Cabernet Sauvignon was70, 52 and 43% of the control and for Shiraz was 65, 45 and 

34% of the control. Chalmers YM (2007). 
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Deficit irrigation (DI) has an effect on bunch weight, berry number and size depending on the timing of DI. For example, 
water deficit around anthesis and berry set has the potential to reduce the number and size of berries, whereas DI at later 
stages only affects berry size. Controlled DI in the post-veraison period is important for berry growth and composition. 
After harvest, water availability may influence crop performance in the following growing cycle. Fig. 4 shows the 
differences in yield of Shiraz due to different DI strategies. 
 

 

 
Fig. 4: Yield of ‘Shiraz’ in Riverland, Australia for various DI strategies.  

Data was obtained from ‘Table 3’, pg 470 in Steduto et al. 2012. 
 
 

 Wine grape - Sunraysia, Victoria 

Study area, soil and climate 

i. Study area  
Sunraysia, north-western Victoria  
 
 
Method 

A study by Whitfield et al (2011) was carried out in 2008/09 on commercial irrigated orchard and vineyard crops in 
Sunraysia, Victoria, Australia, to estimate region- and crop-specific crop coefficients. The crops studied were wine grapes, 
almonds and citrus. Sites were selected based on best management practices with the assumption of no crop water 
stress. Crop water requirements were estimated using the METRIC model (Allen et al 2007). The model estimates ET 
from the surface energy balance. The inputs to this model are short- and long- wave thermal satellite images. This model 
calculates radiative properties of land and crop surfaces and provides a direct measure of ET, hence CWR, which can be 
adjusted to local reference evapotranspiration ETref using ground-based weather data. 
 
FAO-56 (Allen et al 1998) describes a ‘dual’ Kc approach given as:  
 

 Kc = Ks*Kcb + Ke Eq. 15 
where Ks is a dimensionless coefficient which accounts for the decrease in transpiration due to soil water stress, Kcb is 
the basal crop coefficient and describes the contribution of transpiration to ET of a well-watered crop and Ke is the soil 
evaporation coefficient, accounting for evaporation from wet soil and foliage surfaces (Whitfield et al 2011). 
 
Another variable ‘dKcb’ (Whitfield et al, 2011) is introduced to account for species-dependent range in Kc for a given 
NDVI, thus Kc = Kcb + dKcb. Therefore, for a full crop cover and no crop water stress, CWR can be calculated by: 
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 CWR = (Kcb + dKcb) * ETref Eq. 16 

 
Using the METRIC method, Whitfield et al (2011) estimated Kc, Kcb, dKcb and Ke for almond, grape and citrus crops in 
Sunraysia Irrigation Region (see Appendix B Table 13). 
 
 
Crop coefficients 

Table 12 shows the regression equations used to estimate vegetation cover (f) from NDVI. Estimates of Kc, Kcb and Ke 
values for wine grape are given in the Appendix B Table 13. Table 15 shows ε’ and fmax values for wine grape  
 
 

 Wine grape - Livermore Valley, California 

Study area, soil and climate 

i. Study area 
Livermore Valley of California 

 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Drip irrigation, 2.0 L/h emitters 

 
Method 

A study by Williams and Heymann (2017) was conducted in a vineyard (Cabernet Sauvignon) in Livermore Valley, 
California to determine the effects of irrigation amount and trellis system on vine productivity in three growing seasons 
(2001, 2002 and 2003).  
 
The trellis systems used were vertical shoot positioning (VSP) trellis occupying half the area (~ 4 ha) and a vertically split 
canopy, Scott Henry (SH) trellis occupying the other half. Using a completely randomized block design, the experimental 
site was split into six blocks and further into plots each having 18 vines. The vine and row spacings were 1.83 m. 
  
The irrigation amounts applied were fractions (0.375, 0.56, 0.75 and 1.12) of vineyard CWR. CWR was calculated using 
Eq. 9. The crop coefficients used were specific for each trellis/training system. The seasonal Kc values in Williams (2014) 
were adjusted for a 1.83m spacing using the equation Kc=-0.008+0.017*%shaded area in Williams and Ayers (2005). The 
adjusted values were used with VSP trellis. The Kc for SH were obtained from Williams and Ayers (2005) who used a 
method that involved relating Kc to measurements of shaded area, leaf area, LAI and degree days (DD). DD was 
calculated with a lower threshold of 10oC from budbreak to harvest. Rainfall, temperature and ETref were obtained from a 
weather station.  
 
 
Yield-water function 

Both irrigation amount and trellis type affected yield. Yield increased with increase in applied water. Yield for the SH trellis 
was greater than that of VSP. Using data obtained from ‘Table 7’ in Williams and Heymann (2017), the following 
regression equation is obtained. 
 

 Y = 0.024 * CWS + 6.23                                                              R² = 0.95 Eq. 17 

The regression equations for SH and VSP separately are Y = 0.026*CWS + 5.949 (R² = 0.997) and Y = 0.019*CWS + 
6.912 (R² = 0.916) respectively. 
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Fig. 5: Relationship between seasonal water applied and yields for Cabernet Sauvignon in Livermore Valley, California. 

Data points are labeled by irrigation treatment, obtained from ‘Table 7’ in Williams and Heymann (2017).  

 
 
Crop coefficients 

The seasonal crop coefficients are given as: 

 Kc = 0.95/(1+𝑒𝑒(−(𝑥𝑥−425)/225))             (SH trellis) Eq. 18 
 

 Kc = 0.87/(1+𝑒𝑒(−(𝑥𝑥−525)/301))             (VSP trellis) Eq. 19 

where ‘x’ is degree days 

 

2. Fruit Trees 

 Apple - FAO 66 

Various factors such as training system, crop load, pruning, thinning and total versus fresh marketable yields make it 
difficult to generalize yield-water response functions for apple. Fig. 6 shows relative yield (total) as a function of ET and 
that relative ETc may be reduced by about 15- 20% without negatively impacting the final yield (Steduto et al. 2012). 
 

 
 

Fig. 6: Relative yield as a function of relative evapotranspiration for apple (cv. Golden Smoothee) based on total yield 
obtained in Lleida, Spain (‘Figure 8’, pg 342 in Steduto et al. 2012) 

 
 
The terms ‘early-season’, ‘late-season’ etc. are usually used for apple growth stages due to overlaps in vegetative and 
reproductive growth. Water stress in early-season reduces apple fruit size whereas severe water stress may cause up to 
100% fruitlet drop (Steduto et al. 2012). Apple fruit size is sensitive to water deficits and only mild water deficits may be 
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applied when grown for fresh market. Postharvest irrigation is necessary in early maturing varieties with a long 
postharvest period. 
 

 Apple - Mt Major, Victoria 

Study area, soil and climate 

i. Study area 
Mt Major Orchard, near Dookie, Victoria. 

 

ii. Soil 
Clay loam top soil over a heavy clay at 0.3-0.8 m, (Red ferrosol) 

 

iii. Climate 
Temperate climate with winter/spring dominant rainfall 
 
 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Emitter (360° microjet), positioned midway between trees approximately 0.5 m above the soil surface and inverted to 
maintain a consistent wetted soil area. Emitter flow rate varied from 20 to 53 L/h to impose the range of treatments. 

ii. Rootstock 
M26 

iii. Cultivar/variety 
‘Pink Lady’ apple 

 
Method 

The experiment was conducted on an 8-year old orchard (1.7 ha) in Victoria during the 2004/05 growing season 
(O’Connell et al, 2008). The tree spacing was 2.5 x 4.5 m (889 trees/ha). The experimental design was a randomised 
block design with 5 treatments replicated 3 times and 5 trees in each plot. No pruning was done in summer and trees were 
fruit thinned 146 days after full bloom (DAFB) and harvest occurred on 210 DAFB. 
 
There were five treatments: 

• control treatment (Control),  
• 2 deficit treatments (0.4C and 0.7C) 
• 2 well-watered treatments (1.4C and 1.7C) 

Water was applied twice a week with the first and last irrigation occurring on 28 and 233 DAFB, respectively. Irrigation 
amount was based on an ETc (= (Kcb + Ke)*.ETo) model using a basal crop coefficient (Kcb) adjusted for the measured 
effective canopy cover (ECC) of the Control treatment and a soil evaporation coefficient (Ke). Kcb = 1.15.ECC, Ke = 0.1 
and ETo is daily reference crop evapotranspiration derived from the Penman-Monteith method using data from a nearby 
weather station. 
 
The fractional photosynthetically active radiation (PAR) interception (f) was measured on clear days at approximately 30-
day intervals at 0930, 1230 and 1530 h. f was calculated as: f = 1 - (PART / PAR), where PAR is the incident flux of PAR 
measured above the canopy and PART is the transmitted flux of PAR measured at the base of the canopy. ECC was 
calculated as the mean of f. 
 
 
Yield-water function 

Yield declined in the 0.4C treatment and that 0.4C is not sufficient to maintain yield and acceptable fruit size in any crop 
year. There was a large mid-season rainfall event which may have influenced the results. Fig. 7 shows the relationship 
between relative reductions in yield and water applied. 
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Fig. 7: Relation between relative yield and relative water applied for ‘Pink Lady’ apple for different irrigation treatments. 

 
Crop coefficients 

Ke = 0.1 
Kcb = 1.15.ECC 
ECC = average value of f 
 
 

 Apple – Shepparton, Victoria 

Study area, soil and climate 

i. Study area 
Shepparton East, Victoria. 

 

ii. Climate 
Temperate climate with average annual rainfall of 480 mm. 
 
 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Emitters with a range of flow rates. 

ii. Rootstock 
M106 

iii. Cultivar/variety 
‘Cripps Pink‘ apple (Malus domestica) 

 

Method 

The experiment was conducted on a 14-year old commercial orchard (Goodwin et al, 2009) starting in 2009 and 
continuing for three years. The tree spacing was 2.5 x 5 m. The experimental design was a randomised block design with 
5 treatments replicated 5 times and 4 trees in each plot. There were five irrigation treatments, 38, 50, 74, 100 and 162% of 
grower irrigation practice. 
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Yield-water function 

 

Fig. 8: Relation between reduction in relative yield and relative water applied for ‘Cripps Pink’ apple. The points marked ‘C’ 
in blue represent water application at 100% of grower irrigation practice 

 

 
 Apple - Goulburn Valley, Victoria 

Study area, soil and climate 

i. Study area 
Goulburn Valley, Victoria  

 
 
Method 

A study by O’Connell (2011) was carried out in 2007/08 and 2008/09 in the Goulburn Valley, Victoria, Australia. The 
perennial horticultural crops studied were apple, peach, nectarine, pear apricot and plum. Field experimental data was 
combined with remote sensing approaches to develop water production functions derived from Eq. 1 whose variables 
require site-specific vegetation cover. Therefore, the study estimated vegetation cover from normalized difference 
vegetative index (NDVI) measured from satellites and ground measurements of fractional radiation interception. They 
assumed Ky = 1 i.e. yield is proportional to water supply. 
 
i) Maximum yield 
Maximum yield (Ymax) was derived by relating measurements of fractional radiation interception f, seasonal radiation, 
climate and phenophase information to observations of yield data in orchard and vineyard crops. Published relationships 
for horticultural crops were unavailable and therefore ground-based measurements of f were carried out.  
 
Yield (Y) can be estimated using  Eq. 20 where ε' is the effective radiation use efficiency, ε, (ε' = ε*h), h is the harvest 
index, f is the fractional radiation interception and S is solar radiation (MJ/m2). f was measured three times (0900 h, 1230 
h and 1600 h) and fmax was calculated as the average of the three measurements. This approach of incorporating fmax 
has been used in other studies by O’Connell and Goodwin, (2007a&b). ε and h data were not readily available for 
horticultural crops in the Goulburn Valley (O’Connell, 2011). 
 

 Y = 𝜀𝜀′ ∗ ∑𝑓𝑓S  Eq. 20 
 

 ∑𝑓𝑓S = ∑𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗ S  Eq. 21 
 
ε' was estimated as the slope of a linear relationship between measurements of Y and cumulative seasonal fractional 
radiation interception from commencement of full canopy cover to crop maturity (harvest). 
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Ground-based measurements of f can be costly and time consuming. Satellite-based methods are therefore 
advantageous because they are repeatable, less expensive and cover a larger area. O’Connell (2011) investigated the 
relationship between f measurements and NDVI derived from Landsat satellite imagery. The study ensured synchronous f 
and NDVI data, using cloud-free Landsat imageries during midseason when foliage cover was maximum. Table 12 shows 
the regression equations for horticultural crops studied in the Goulburn Valley for the 2008/09 season. The study 
concluded that NDVI data derived from satellite imagery can be used to estimate vegetation cover for perennial 
horticultural crops to aid in quantifying yield and water use.  
 
The f data did not cover the entire range of vegetation cover experienced in the region. Also, NDVI range did not cover the 
range that produced by in Eq. 12. Therefore, the study recommended use of data that covered the full range of vegetation 
cover in order to investigate whether crop type and orchard/vineyard configuration had an impact on derived f-NDVI 
relationships. 
 
ii) Crop water requirement 
CWR can be estimated from f-NDVI relationships. O’Connell (2011) reported that estimates of f in Eq. 12 and Kcb  in Eq. 
11 were similar and that f could be considered a good estimator of Kcb. Therefore, CWR can be calculated as: 
 

 CWR= ∑ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗ ETref +  0.3 ∗ ∑ 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗ ETref𝐷𝐷
𝐶𝐶

𝐶𝐶
𝐵𝐵  Eq. 22 

  
where points B, C and D are as shown in Fig. 9, fmax was calculated for each Ymax using Eq. 20 and  the multiplier 0.3 is 
an allowance for water requirement after harvest (Goodwin, 2009).  
 

 
Fig. 9: Leaf area development and vegetation cover dynamics for perennial horticultural crops in Goulburn Valley, Victoria 

(from O’Connell, 2011) 
 
Yield-water function 

Table 15 shows ε’ and fmax values and Table 12 shows the regression equations used to estimate vegetation cover (f) for 
apple. The yield response function is given Eq. 23 and Eq. 24 
 

 Y = 2.97*CWS - 0.3                  for CWS range 0.1 to 6.8 ML/ha Eq. 23 
 

 Y = 19.9                                    for CWS > 6.8 ML/ha Eq. 24 
where CWS is the crop water supply (irrigation + rainfall, ML/ha) and Y is the yield in dry weight (t/ha). Factors such as the 
training system, crop load, pruning and thinning practices, total versus marketable yields, among others, make it difficult to 
generalize apple yield-water production functions (Steduto et al, 2012) 
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Crop coefficients 

Kc and dKcb values by O’Connell (2011), (see Appendix B Table 14) and the recommended Kc values for apple for 
Australia (Steduto et al 2012) are shown in Table 3.  
 
Table 3: Seasonal Kc (monthly averages) in Steduto et al (2012) and mean Kc and dKcb by O’Connell (2011) during the 

2008/09 season in the Goulbun Valley 
  Oct Nov Dec Jan Feb Mar Apr 

Kc* 0.64 0.64 0.74 0.95 0.95 0.95/0.42# 0.42 
Kc**   0.62  0.69 0.64 0.8 0.69 

dKcb**   0.11   0.12 0.08 0.23 0.15 
* These Kc values depend on the intercepted radiation and may need to be 
adjusted for orchards that have not achieved maturity (Steduto et al, 2012). 
** O’Connell (2011) for 2008/09 season 
# preharvest/postharvest 

 
Apple Kc values depend on the intercepted radiation and can vary due to different orchard conditions e.g. row and tree 
spacing, tree age and size, training system, etc. Therefore, a relationship between Kc and midday light interception can be 
used to determine the specific Kc values for orchards that have not achieved maturity. 
 
 

 Apricot - Goulburn Valley, Victoria 

Study area, soil and climate 

i. Study area 
Goulburn Valley, Victoria 
 
  
Method 

Same method in section “Fruit Trees, Apple - Goulburn Valley”. 
 
Crop coefficients 

Table 15 shows ε’ and fmax values for apricot. 
 
 

 Avocado - FAO 66 

Avocado trees are very sensitive to water deficits most of the irrigation season and are not amenable to DI. Water stress 
affects fruit set, size and quality of mature fruit. Recommended irrigation practices CWR at optimal intervals to avoid water 
stress and water logging. 
 
 

 Avocado - Camarillo, California 

Study area, soil and climate 

i. Study area –  
Camarillo, California 
 
ii. Soil 
Loam (Malibu series; coarse-loamy, montmorillonitic, thermic Abruptic Palexerols) with sandstone fragments that exceeds 
2 m in depth Faber et al (1995). 
 
iii. Climate 
Average rainfall is 400 mm; annual temperature ranges between 21º and 27ºC in July; average minimum temperature is 
4ºC. 
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Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type  
Micro-sprinkler at 45 L/h  
 
 
ii. Rootstock  
Duke 7 and Mexican 
 
iii. Cultivar  
Hass 
 
Method 

Faber et al (1995) studied the effect of various levels of irrigation on Hass avocado yields among other crop growth 
characteristics. They conducted an experiment from 1992 to 1995 on a 1.74 ha block with 6-year old trees interplanted 
with Duke 7 and Mexican seedling rootstock on a 6.8 X 6.8 m grid. 
 
The experiment consisted of 15 blocks each with three rows and 10 trees/row randomly designated to receive different 
amounts of irrigation water. The irrigation rates were calculated as a percentage of reference evapotranspiration (ETref) 
ranging from 37% to 111% ETref and applied weekly using a micro-sprinkler. ETref data was obtained from a nearby 
California State Department of Water Resources weather station, as well as onsite Class-A evaporation pan and 
atmometer.  
 
Harvest yield weight and fruit size measurements were taken in the fall season each year. Tensiometer readings at 20, 60 
and 90 cm depths were taken weekly in each block at a designated tree. Other measurements taken included stomatal 
conductance, tree canopy, leaf samples for tissue analysis and soil samples for analysis of salinity. All measurements 
were made on the middle row of 10 trees in each block. 
 
Yield-water function 

The second order polynomial regression fitted to the yield-water data was given as 
 

 Y = 6.47+2123.97*CWS- 1542.34*CWS2                           R2 = 0.61 Eq. 25 
where Y is yield in Kg/tree and CWS is %ETref. The authors attributed low yields at 111% ETref to greater tree growth at 
the expense of yield. 
 

 
Fig. 10: Avocado yield for various levels of irrigation water (from Faber et al, 1995). 

 
 

 Citrus – FAO 66 

Deficit irrigation strategies need to be determined for specific conditions due diversity in species, cultivars and growing 
conditions, making it difficult to recommend generalized DI regimes. Plant-based tree water status is recommended 
in DI to ensure that the desired stress level has been achieved. Soil-based stress thresholds are not recommended 
because of differences in soils, irrigation methods, varieties/cultivars, placement of the instruments etc. 
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Fig. 11: Crop-water production functions for four studies of different orange cultivars from Spain and CA, USA Each study 

was at least four years in duration. (Figure 3a pg 327, Steduto et al (2012) 
 
 

 Citrus - Sunraysia, Victoria 

Study area, soil and climate 

i. Study area 
Sunraysia, north-western Victoria 
 
 
Method 

Same method in section “Grapevine, Wine grape - Sunraysia”. 
 
 
Crop coefficients 

Table 13 shows Kc, Kcb and Ke values for citrus. 
 
 

 Olive – FAO 66 

Three DI strategies that have been successfully applied are:  
i) DI is distributed evenly throughout the whole irrigation season (SDI) 
ii) DI is concentrated in the summer period, from pit hardening until the end of the summer (RDI1) 
iii) DI alternates short cycles of stress and relief during the irrigation period, maintaining the Stem-water potential or 

predawn leaf water potential at variable levels which are moderately low during the fruit development period.  
 

A study by Goldhamer et al., (1994) used deficit irrigation strategies and showed that a 21% reduction in applied water did 
not affect fruit yield of olives but that 62% reduction in applied water decreased relative fruit yield by 10%. 
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Fig. 12: Relationship between relative fruit yield and relative ETc for olive. Curve was obtained for the cv. Picual in 

Cordoba, Spain, and data points obtained from additional studies for different cultivars (‘Figure 4’ pg 308 in Steduto et 
al, 2012) 

 
 

 
 Olive – San Joaquin Valley, California 

Study area, soil and climate 

i. Study area 
San Joaquin Valley, California 

 
ii. Soil 
Sandy loam with a 1m rootzone 

 
iii. Climate 
Rainfall averaged about 190 mm Nov- March 

 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Micro-sprinkler and drip irrigation lines, 2 L/h drip emitters 

 

ii. Cultivar 
Olea europea cv Manzanillo 

 
Method 

The experiment described in Goldhamer et al (1999) was in a mature commercial orchard with a tree spacing of 4.57 by 
9.15 m. The experiment was carried out between 1995 and 1997. Three regulated DI regimes were applied, T2 T3 and T5 
in a randomized block design. Four trees per plot were used for monitoring production and quality. There were 6 
replications for the ‘Control’ and T2 regimes and 12 for T3 and T5. 
 

Yield-water function 

This study showed no reduction in yield for a reduction of up to 25% of CWR. For a reduction of 45% in water applied (T5) 
yield reduced by 10%. Their results suggest that DI from early June through mid-August will not adversely affect yield in 
the study site. According to the results of a previous study by Goldhammer et al (1994), yield reductions in this study 
would have been estimated to be 14.7, 22.6 and 40.1% for T2, T3 and T5 respectively. 
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Fig. 13: Relationship between reduction in relative olive yield (kg/ha) and relative applied water for olives in California for 

deficit irrigation treatments T2, T3 and T5 
 
 

 Olive – Cordoba, Spain 

Study area, soil and climate 

i. Study area  
Cordoba, southern Spain 
 
ii. Soil 
Typic Xerofluvent of alluvial sandy loam texture with depth greater than 2 m. 
 
iii. Climate 
Mediterranean, with average rainfall 602mm 
 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Drip method, 4 emitters per tree 
 
 
ii. Cultivar 
Olea europaea L. ‘Picual’ 
 
Method 

Moriana et al (2003) conducted an experiment from 1996 to 1999 in an 18-year-old orchard with a tree spacing of 6 x 6 m. 
Irrigation was applied 5 days a week. They used a randomized complete block design with three replications of 16 trees 
each. Due to wide variability in fruit load among trees in a given plot, trees with similar loads were selected for 
comparative purposes. Five irrigation treatments were considered: 

• CON- a control treatment applying CWR to fully replenish soil water extraction 
• RDI - regulated deficit irrigation applying 75% CWR and no irrigation in midsummer 
• SDI- sustained deficit irrigation applying 75% CWR throughout the season 
• AYI- alternate years deficit irrigation where it was fully irrigated during heavy crop years (1997 and 1999) and 

rainfed during years of little or no crop. 
• DRY- a rainfed treatment 

Measurements of soil water and evapotranspiration were taken and CWS (referred to as ETc in Moriana et al (2003), is 
given as: 
 

 CWS = (θ1- θ2) + I + R Eq. 26 
where θ1 and θ2 are the volumetric water content for the first and last respectively, I is irrigation applied and R is rainfall. 
During the rainy season when precise ETc was hindered due to deep percolation, CWS was estimated by: 
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 CWS = Kc *ETref* Kr  Eq. 27 

where Kr is a coefficient that corrects for incomplete cover. 
 
Water consumption as a percentage of CON was 71, 75 and 58% for RDI, and 79, 81, and 62% for SDI for the years1997, 
1998 and 1999 respectively. The year 1996 and the AYI treatment were not considered when deriving yield response 
functions. 
 
Yield-water function 

The derived yield-ET relationships (CWS is ETc in Fig. 12) are: 
 

 Y = -16.84 + 0.063*CWS – 0.000035*CWS2         (R2= 0.71, n=23, P<0.001) for fruit Eq. 28 
 

 Y = -2.78 + 0.011*CWS – 0.000006*CWS2           (R2= 0.59, n=23, P<0.001) for oil Eq. 29 
 
 
 

 Peach – FAO 66 

There are three stages of peach fruit growth: Stage I- starts after pollination to pit hardening with fruit size about 20 to 25 
percent of its final size; Stage II- slow fruit growth with active shoot extension and leaf development; Stage III- a very high 
rate of fruit enlargement until harvest. Several researchers have found that Stage II is not sensitive to water deficits and 
that fruit growth can recover upon water application in Stage III without negatively impacting yield. Concentrating water 
deficits in the postharvest period is an effective strategy for early season cultivars, however severe water stress should be 
avoided. Fig. 14 shows yield-ETc relationships for different irrigations strategies, full irrigation (Control), RDI, and 
sustained DI (SDI). It is possible to reduce ETc by 15-20% without a negative impact on yield for the optimal RDI strategy. 
However, a reduction in ETc resulted in yield reduction when the water deficits were imposed on sensitive stages or 
throughout the season (SDI). 
 

 
Fig. 14: Relation between relative yield and relative ETc for peach. The black continuous line represents the production 

function under no effective RDI irrigation strategies, and the dotted black line represents the possible production function 
under effective RDI. (‘Figure 6’, pg 404 in Steduto et al. 2012) 

 
 

 Peach/nectarine - Goulburn Valley, Victoria 

Study area, soil and climate 

i. Study area  
Goulburn Valley, Victoria 
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Method 

Same method in section “Fruit Trees, Apple - Goulburn Valley”. 
 
 
Yield-water function 

Table 15 shows ε’ and fmax values and Table 12 shows the regression equations used to estimate vegetation cover (f) for 
peach/nectarine. The yield response function for peach is given in Eq. 30 and Eq. 31. It was found that the late maturing 
peach gave higher yield (1.9 t/ML) compared to the early maturing one (1.4 t/ML). 

 
 Y = 1.78*CWS - 0.89                  for CWS range 0.5 to 6.0 ML/ha Eq. 30 

 
 Y = 9.8                                        for CWS > 6.0 ML/ha Eq. 31 

 
 

 Peach – Toolamba, Goulburn Valley, Victoria 

Study area, soil and climate 

i. Study area 
Toolamba in the Goulburn Valley, Victoria 

ii. Climate 
Temperate climate, average annual rainfall of ~ 480 mm. Annual average reference crop evapotranspiration ~1190 mm 
(22-year mean). 
 
 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Spray irrigation using jet stream sprayers located midway between trees along the tree-line at about 0.3 m above the soil 
surface. 

ii. Cultivar/variety 
‘Tatura 204’ peach (Prunus persica) 

 
Method 

The experiment was conducted on a 7-year-old commercial orchard (Qassim et al. 2013). Trees were trained on Tatura 
trellis, spaced at 2 m along rows and 5 m between rows. Five irrigation treatments (50%, 80%, 100%, 150% and 190% of 
grower irrigation practice) were applied immediately after harvest. The treatments were laid out in a randomized complete 
block design with four replications and 12 rows of 20 trees per row buffered by at least 3 rows and 5 trees from the outside 
margins of the orchard. Two trees at the centre in each plot were used for measurements. 
 
Peach water use (ETc= (Kcb +Ke)*ETo) was estimated using a basal crop coefficient (Kcb) and a soil where ETo was 
daily reference crop evapotranspiration by the Penman–Monteith method. Ke was 0.1 and Kcb = 1.5*ECC, where ECC 
was the postharvest effective canopy cover of 0.53 for the site in in the first year. 
 
Yield-water function 

Their results presented in Fig. 15 show that a 50% increase in post-harvest water application increased peach yields. 
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Fig. 15: Peach yield as a function of relative water use over three seasons in Toolamba. The points marked ‘C’ in blue 

represent water application at 100% of grower irrigation practice. 
 
Crop coefficients 

Ke = 0.1 
Kcb = 1.5*ECC,  
ECC = 0.53 (effective canopy cover) 
 
 

 Pear - FAO 66 

Pear reproductive growth can be divided into two stages namely, Stage I, the initial slow growth phase, and Stage II, the 
rapid growth phase. The impact of water stress on pear trees varies across studies. For example, some researchers 
report that water stress during Stage I decreases final fruit size at harvest and can increase fruit while others report that 
moderate water stress did not affect final fruit size. Some early experiments in Australia, fruit at harvest was larger under 
RDI in Stage I than the ‘Control’ while in Spain, experiments carried out showed no significant effect on fruit size at 
harvest due to Stage I RDI compared to ‘Control’ experiment. Early attempts (90’s) in Spain to increase fruit size above 
that of fully-irrigated trees using RDI in Stage I were not successful. Water stress during Stage II reduces final fruit size at 
harvest. 
 
The relationship between yield and ETc from four studies is shown in Fig. 16: The cultivars were Blanquilla, Spadona and 
Conference. ETc deficits of 15-20% did not affect relative yield. There is not enough data on yield responses to regulated 
DI to propose a strategy that can be applied across a range of management practices. The postharvest period is the 
safest to apply DI. During Stage II, DI should be avoided to maximize fruit size at harvest in low rainfall areas during the 
hot season. 
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Fig. 16: Production function developed for RDI strategies that imposed stress during Stages I and II. Data points were 
obtained from studies of at least two-year duration. Three studies from Spain and one from Israel were used for the 
relationship. Linear boundary lines consider separate cultivar fitting through linear regression from the observations 
defining an upper boundary. FI, RDI-SI, RDI-SII, RDI-PH and SSDI stand for full irrigation, RDI during Stage I of fruit 
growth, RDI during SII of fruit growth, RDI during postharvest and seasonal sustained deficit irrigation, respectively. 

(‘Figure 5’, pg 384 in Steduto et al. 2012) 
 

 
 Pear - Shepparton, Victoria 

Study area, soil and climate 

i. Study area 
Shepparton East, Victoria. 

ii. Climate 
Temperate climate, winter dominant average annual rainfall of ~ 480 mm. Annual average reference crop 
evapotranspiration ~1190 mm (22-year mean). 
 
 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Spray irrigation using jet stream sprayers located midway between trees along the tree-line at about 0.3 m above the soil 
surface. 

ii. Rootstock 
D6 (Pyrus calleryana) 

iii. Cultivar/variety 
Williams Bon Chretien (Pyrus communis L.) 
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Method 

The experiment was conducted on a pear orchard with trees spaced at 2.7 x 5.5 m between rows (Goodwin et al. 
unpublished). Five irrigation treatments (0, 50, 100, 160 and 200% of grower irrigation practice were applied. The 
treatments were laid out in a randomized complete block design with four replications imposed after harvest in 2008. 
There were 12 rows of 20 trees per row buffered by at least 2 rows. Two trees at the centre in each plot were used for 
measurements. 
 
Pear water use (ETc= (Kcb +Ke)*ETo) was estimated using a basal crop coefficient (Kcb) and a soil where ETo was daily 
reference crop evapotranspiration by the Penman–Monteith method. Ke was 0.1 and Kcb = 1.15*ECC, where ECC was 
the effective canopy cover of 0.46. 
 
Yield-water function 

 

 
Fig. 17: Pear yield as a function of relative water use over three seasons in Shepparton East. The points marked ‘C’ in 

blue represent water application at 100% of grower irrigation practice. 
 
 
Crop coefficients 

Ke = 0.1 
Kcb = 1.15*ECC,  
ECC = 0.46 (effective canopy cover) 
 
 

 Pear - Goulburn Valley, Victoria 

Study area, soil and climate 

i. Study area  
Goulburn Valley, Victoria 
 
 
Method 

Same method in section “Fruit Trees, Apple - Goulburn Valley”. 
 
 
Yield-water function 

Table 15 shows ε’ and fmax values and Table 12 shows the regression equations used to estimate vegetation cover (f) for 
pear. The yield response function for pear is given in Eq. 32 and Eq. 33. 
 

 Y = 3.69*CWS - 1.84                  for CWS range 0.5 to 4.0 ML/ha Eq. 32 

 
 Y = 12.9                                       for CWS > 4.0 ML/ha Eq. 33 

where CWS is the crop water supply (irrigation + rainfall, ML/ha) and Y is the yield in dry weight (t/ha). 
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 Plum – FAO 66 

Plum growth occurs in three stages: Stage I - rapid exponential growth (cell division phase); Stage II - slow growth during 
pit hardening and embryo development (lag phase) and Stage III – rapid cell and fruit enlargement prior to harvest. Data 
from three studies used to fit curvilinear yield-water response functions (Fig. 18)  showed that about 10-20% reduction of 
applied water in DI would result in minimal or no yield loss. The DI strategies vary depending on the final product, dried or 
fresh fruit, among other phenological factors. 
 

 
Fig. 18: Relationships between relative yield and relative irrigation. Data correspond to regulated deficit irrigation 

experiments carried out with Japanese plum cvs. Fortune, Black-Gold and Black-Amber. The data from cvs. Black-Gold 
and Black-Amber were pooled together. All values are calculated relative to the fully-irrigated control plots. 

(‘Figure 3’, pg 353 in Steduto et al. 2012) 
 

 Plum - Goulburn Valley, Victoria 

Study area, soil and climate 

i. Study area –  
Goulburn Valley, Victoria 
 
 
Method 

Same method in section “Fruit Trees, Apple - Goulburn Valley”. 
 
 
Crop coefficients 

Table 15 shows ε’ and fmax values and Table 12 shows the regression equations used to estimate vegetation cover (f) for 
plum.  
 
 
3. Nuts 

 Almonds – FAO 66 
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Vegetative growth is very sensitive to water deficits and should be avoided if possible, especially on young trees. Several 
studies have shown that water stress imposed too early in the life of the orchard can reduce yields. 
 

 

Fig. 19: Relationships between relative yield and relative applied water for 14 deficit irrigation studies 
on almond with a wide variety of cultivars, locations, soils, rainfall, stress timing patterns, and 

evaporative demand (‘Figure 5’, pg 366 in Steduto et al. 2012) 
 
 

 Almonds – Kern County, California 

Study area, soil and climate 

i. Study area 
Northern Kern County, California 

 
ii. Soil 
Sandy loam (Typic Xeric Torriorthents) with a root zone depth of about 1 m 

 
iii. Climate 
Rainfall for the period 1992–1996 was 196, 143, 292, and 143 mm 
Average potential seasonal ETc was 1073 mm 
 

 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Micro sprinkler irrigation with one, 41.6 l/h circular, 3.5 m diameter spray pattern sprinkler located in the row midway 
between trees. 

 
ii. Cultivar 
‘Nonpareil‘ and ‘Carmel’ 

 
Method 

The experiment described in Goldhamer et al (2005) was conducted on an 18-year-old commercial almond orchard with a 
tree spacing of 7.62 by 7.62 m. The experiment was carried out between 1992 and 1996 and only the Nonpareil trees 
were monitored. The study site was divided into six blocks, with ten plots in each block. The plots were eight trees long 
and four rows wide. There were ten irrigation regimes (nine RDI regimes and a fully irrigated control) with six replicates in 
each one. The RDI regimes applied three different seasonal irrigation amounts (levels, A, B and C), 55, 70, and 85% of 
applied water required to meet potential seasonal ETc. The A stress pattern reserved a relatively large percentage of 
water for post-harvest irrigation. The B pattern applied most water to pre-harvest, while the C pattern was a sustained 
deficit irrigation applying water at a given percentage of full ETc over the entire season.  
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Irrigation scheduling was based on ETc using published Kc values and ETref from a weather station located about 15 km 
from the experimental site. Pattern A applied 53–57% (567–610 mm) of potential ETc from mid-March to early November, 
B applied 65–71% (695–762 mm), C applied 75–83% (800–892 mm) and the control treatment applied an average of 976 
mm from 1993 to 1995. Pattern A applied the least water to the preharvest period (70.2% of seasonal applied water) 
compared with 78.8 and 77.6% for B and C respectively. 
 
 
Yield-water function 

The study found that the yield decline was highest for the postharvest DI (B) and that the sustained DI (C) was the most 
advantageous DI strategy. Data extracted from ‘Table 2’ in Goldhamer et al (2005) was used to plot the relative yield-
water response function shown in Fig. 20 
 

 
Fig. 20: Relationship between relative kernel yield (kg/ha) and relative applied water for almonds in California 

 
Using data from ‘Tables 1 and 2’ in Goldhamer et al (2005), we optimised intra-seasonal Kyi values by applying the 
additive and multiplicative equations  Eq. 2 and Eq. 4. Appropriate initial values and their bounds need to be supplied in 
the optimization. However, these were not available for this exercise and so the initial Kyi values were calculated as (1-
Y/Ymax)/(1-CWS/CWSmax) for each irrigation period. The maximum yield and applied water were assumed to be those 
from the control experiment. A total of four optimizations were done namely, ’addF’, ‘addM’, ‘multF’ and ‘MultM’. ‘add*’ is 
the optimization using the additive model, ‘mult’- the multiplicative model and ‘F’ and ‘M’ represent ‘fortnightly’ and 
‘monthly’ Kyi values respectively. In addition, we calculated the total yield using these estimated Kyi values and compared 
to yields in ‘Table 2, Goldhamer et al (2005)’. We also compared seasonal Ky values computed using data in ‘Table 2, 
Goldhamer et al (2005)’ with those obtained by using the estimated Kyi values.  
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Fig. 21: Kernel yield for different irrigation regimes. _add* represents results obtained using additive model, _mult- 

multiplicative model and ‘F’ and ‘M’ represent ‘fortnightly’ and ‘monthly’ Kyi values. 
 

 
Fig. 22: Comparison between seasonal Ky values obtained using seasonal yield and applied water and seasonal yield and 
applied water computed using intra seasonal Kyi values. Different colors represent the four optimizations (_addF, _addM, 

_multF and MultM) 
 
 
 

 Almonds - Loxton, South Australia 

Study area, soil and climate 

i. Study area 
Loxton, South Australia.  
 
ii. Soil 
Loamy sand (0 to 30 & 30 to 50 cm), sandy loam (50 to 85 cm), sandy clay loam (85 to 170 cm). The total available water 
(TAW) were 107, 80, 139 and 169 mm/m and FC volumetric water content were 19.0, 17.0, 24.7, and 30.7% for the four 
layers respectively. The TAW in the deep root zone (120 cm) was 156 mm. TAW is the difference between the SWC at 
field capacity and at permanent wilting point. 
 
iii. Climate 
Semi-arid 
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Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type  
Sprinkler, at 5 m spacing and delivering about 5 mm/h. 
 
ii. Phenology 
Bud burst - 1/8/2008; end of flowering - 31/8/2008; pit hardening -3/10/2008, hull split -25/1//2009, harvest – 7/3/2009. 
 
iii. Rootstock 
Nemaguard 
 
 
Method 

Stevens et al., (2012) carried out an experiment in 2008/2009 on a 481-ha orchard which was divided into 10 ha blocks. 
The orchard was planted in 2000 with an inter-row spacing of 7 m and a within row spacing of 5 m. Nutrients were applied 
via fertigation and ground cover growth along the tree line was suppressed with herbicides throughout the year. The site 
was surrounded by irrigated crops. 
 
Reference crop evapotranspiration (ETref) was calculated from data obtained from Meteorology (BoM), Australia. Grass 
and alfalfa ETref were calculated following Allen et al. (1998) and Walter et al. (2000) methods. A 40 mm irrigation was 
applied when the estimated of crop water use reached 40 mm. The daily crop water use was estimated as the product of a 
monthly crop factor and evaporation (Class A pan). The monthly crop factors were, 0.3, 0.6, 0.9, 1.0, 1.0, 1.0, 0.8, 0.6 and 
0.5 for the months of August through to April respectively. 
 

 CWR= Kc * Ks * ETref Eq. 34 
where Kc and Ks are the crop coefficient and water stress coefficient respectively. 
 
The soil water content (SWC) was monitored with time domain reflectometry probes located up to 1m depth and a neutron 
moisture meter. Soil water retention curves and SWC at field capacity data were derived by combining pedotransfer 
functions, field data and published literature in order to calculate the soil water stress coefficient used to estimate CWR. 
The water content at field capacity (FC) was set at a matric suction of 8 kPa. 
 
The monthly averages from August 2008 to May 2009 of daily ETref, class A pan evaporation, wind speed, and minimum 
relative humidity and detailed information about the experiment can be found in Stevens et al., (2012). 
 
 
Crop coefficients 

Table 4: Kc, the Monthly Ks and Kc values for the period September 2008 to May 2009 obtained in Stevens et al., (2012), 
compared to Kc values from Allen and Pereira (2009) 

  Sep Oct Nov Dec Jan Feb Mar Apr May 

KcA&P 0.84 1.08 1.17 1.12 1.12 1.12 1.02 0.86 0.46 
Kc 0.93 1.11 1.24 1.30 1.16 1.21 >1.03* >0.61* >0.55* 
Ks 1.00 0.97 0.97 0.99 1.00 0.97 0.91 0.67 0.82 
KcA&P  - Kc values from Allen and Pereira (2009) 
*Values underestimated 

 
 
 

 Almonds – Lake Powell, Victoria, Australia 

Study area, soil and climate 

i. Study area 
Lake Powell, Victoria 

 
ii. Soil 
Fine sandy loam to a sandy loamy/loamy sand as depth increased. 
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Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Double line drip irrigation with 2.1 L/h emitters spaced at 0.7m and delivering 0.8mm/h. 

 
ii. Rootstock 
Nemaguard 

 
 

Method 

Monks et al (2017) studied the effect of sustained and regulated deficit irrigation (SDI and RDI) on almond yields. Their 
experiment was conducted on a commercial farm planted in 2004 with almond trees (‘Nonpareil’ and ‘Carmel’) with a 
spacing of 7.25m between rows and 4.65 within rows. The site consisted of six blocks with eight plots each having eight 
trees long and four rows wide of alternating Nonpareil and Carmel rows. The area of the experimental site was 5.2 ha. The 
experiment focused on the Nonpareil’ trees. 
 
The SDI and RDI regimes received three irrigation treatments each at 55, 70 and 85% of the control treatment irrigation 
which was 100% of crop water requirements (CWR). A wet treatment at 120% of CWR was also included in the 
experiment. CRW was estimated as the product of crop factor and Class A pan evaporation located on the site. 
Measurements were taken over three seasons and all RDI trees were irrigated at 100% in the post-harvest to leaf fall 
period. Soil moisture was monitored continuously using capacitance sensors and nutrient management was done 
according to industry practice.  
 
 
Yield-water function 

The study showed that irrigating at 85% CWR did not impact yields and that the 120% irrigation treatment did not increase 
yields compared to the control treatment. The yield-water response function using data extracted from ‘Table 1’ and 
‘Figure 2’ in Monks et al (2017) is given in Eq. 35 and Fig. 23. 
 

 Y = 0.000953 *CWS + 1.32                for CWS range 711.3 to 1002.3 mm              R² = 1 Eq. 35 

 
 Y = 2.28                                                for CWS > 1266 mm               Eq. 36 

 

 
Fig. 23: Relationship between kernel yields and total water applied (irrigation + effective rainfall) averaged over 3 seasons 
for almonds in Lake Powell Victoria. Data points are labeled by irrigation treatment and have been obtained from ‘Table 1’ 

and ‘Figure 2’ in Monks et al (2017). 
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Crop coefficients 

The ETref values for the three seasons were 1435, 1089 and 1324 respectively. The corresponding average CWS for the 
control treatments were 1121, 995 and 1122. Thus, Kc values can be calculated by Kc= CWS/ETref to give 0.78, 0.91 and 
0.85 for the three seasons respectively. 
 
 

 Walnuts - Sacramento Valley, California 

Study area, soil and climate 

i. Study area 
Upper Sacramento Valley of northern California 

 
ii. Soil 
Maywood loam with slightly more clay in the subsoil than in the surface soil. The soil has good drainage is good and 
moderate permeability and fertility.  

 
 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Sprinkler - one sprinkler per tree, running for 24 h every 3 days. 

 
ii. Phenology 
Stage 1- Nuts increase rapidly in size and weight after pollination 
Stage 2- 8-10 weeks after pollination, the shell hardens, and kernel growth becomes the primary process. Oil accumulates 
as the kernel matures.  Maximum total nut weight is attained at approximately 18 weeks after pollination.  Nuts are finally 
harvested once the outer husks dehisce. 

 
iii. Rootstock 
Paradox and Northern California Black (NCB)  

 
iv. Cultivar 
Chandler walnut tree 

 

Method 

Buchner et al (2008) conducted an experiment from 2002 to 2005 in a well-managed, commercial orchard planted in 1994 
in alternating rows at a spacing of 5.5m x 9.1m. Nutrition, weed control, and pest management were done following 
standard commercial practices. and pruning was done using a hedging machine. Three irrigation treatments were applied: 
i) low water stress, where trees were well-watered, ii) mild water stress, a regulated deficit irrigation RDI, and iii) moderate 
water stress (RDI). The experiment was done according to a randomized complete block design with four replicates per 
treatment. Water was applied at 1.27, 1.02, and 0.76 mm/hr in the low, mild, and moderate treatments, respectively. Dry 
in-shell yield was measured on six trees per plot. Some samples were air dried until no additional water loss was 
measured and the wet to dry weight ratios were multiplied by whole tree wet weights to calculate in-shell dry weight for 
each tree.  
 
 
Yield-water function 

The study concluded that Chandler walnuts did not do well under RDI for either rootstock and that moisture stress  
reduced nut load and in some cases reduced kernel quality which are both important to the farmer. Paradox had higher 
yields than NCB.  The data in Table 5, extracted from Buchner et al (2008), shows the yield under the three treatments for 
the years 2002 to 2005. 
 
Table 5: Yield and water applied to walnut trees in for well-watered (Low), mild and moderate water stress treatments for 

Paradox and NCB rootstocks in Sacramento Valley, California (Buchner et al 2008). 
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Year Treatment 

Water 
applied 
(ML/ha) Yield (t/ha) 

   Paradox NCB 
2002 Low 11.08 5.355 3.507 
2003 Low 11.27 7.041 3.311 
2004 Low 10.88 5.652 3.323 
2005 Low 9.68 6.041 5.14 
2002 Mild 7.88 4.936 3.748 
2003 Mild 6.58 6.215 3.461 
2004 Mild 6.68 4.222 4.048 
2005 Mild 7.38 4.861 2.896 
2002 Moderate 6.48 4.562 2.289 
2003 Moderate 5.48 5.539 3.347 
2004 Moderate 5.88 3.436 2.643 
2005 Moderate 6.58 4.088 2.135 

 

 
 
4. Vegetables 

 Carrot – Western Australia 

Study area, soil and climate 

i. Study area 
Western Australia (WA) 

 
ii. Soil 
Carrots are usually grown on sandy soils of low water-holding capacity in WA. 
 

 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Generally, via overhead sprinklers and centre-pivots 

 

Method 

Crop factors for carrots were derived from experiments on coarse yellow Karrakatta sands at Medina 
Research Station (DPIRD, 2019). The carrots were irrigated twice per day and yields determined for two nitrogen 
treatments, 240 (moderate vigour) and 320kg N/ha (high vigour). Carrot crop water requirements (CWR) increased from 
about 80% of pan evaporation (Epan), 35 days after sowing in late spring/summer, to 130% Epan) near maturity for the 
moderately vigorous crop and150% Epan for the high vigour crop. 
 
 
Yield-water function 

The 240kg N/ha treatment produced greater than 70t/ha root yields. 
The average carrot yield in Victoria published in Ashcroft and Top (2007) was about 37t/ha for an average water use of 
4ML/ha. 
 
 
Crop coefficients 

Table 6: Pan evaporation crop factors for a moderately vigorous carrot crop growing in summer in yellow sands on the 
Swan Coastal Plain, root diameter based on crop density of 75 plants/m2, (from DPIRD, 2019) 

Crop interval  
(days after sowing) 

Root crown  
diameter (mm) 

Crop  
factor 

0-24 <1 <0.8 
25–34 <1 0.85 
35-48 1_7 1.15 
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49-61 7_18 1.25 
62-83 18-28 1.35 
84 to harvest >28 1.4 

 

 

Fig. 24: Crop factors producing optimum yields at two nitrogen levels for carrots watered twice per day (from DPIRD, 
2019). 

 

 Potato – FAO 66 

Crop coefficients 

FAO-66 reports that potato water productivity ranges from 4 to 11 kg/m3 of fresh tuber which contains about 75% moisture 
and 1.3 to 2.8 kg/m3 as dry matter. Under field conditions, CWR is about 350 to 650 mm during the growing period 
depending on climate and cultivar. 
 

Table 7: Crop stage Ky values from FAO I&D No. 33 and International 
Atomic Energy Agency (IAEA) investigations (FAO, 2002) at various stages of crop development (Steduto et al, 2012). 

 
Tr-0000 Tr-0111 Tr-1011 Tr-1101 Tr-1110 

FAO IAEA FAO IAEA FAO IAEA FAO IAEA FAO IAEA 
1.10  0.60 0.40  0.33 0.70 0.46 0.20  
Tr-0000=water deficit occurring during the whole season. 
Tr-0111=water deficit occurring during initial crop stage 
Tr-1011=water deficit occurring during crop development 
Tr-1101=water deficit occurring during midseason 
Tr-1110=water deficit occurring during late season 

 
 
 
5. Perennial Pasture and Lucerne 

 Perennial pasture – Kyabram, Victoria (1) 

Study area, soil and climate 

i. Study area –  
Kyabram, Victoria 
 
ii. Soil 
Lemnos loam, has a shallow topsoil and a dense subsoil that restricts water infiltration and root growth 
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Method 

Blaikie and Martin (1987) conducted an experiment in Kyabram, Goulburn valley to investigate the responses of well-
fertilized pure swards of perennial ryegrass, white clover and paspalum to soil water supply, growing on Lemnos loam. 
Lemnos loam has a shallow topsoil and a dense subsoil that restricts water infiltration and root growth. Effects of water 
shortages on productivity were assessed by comparing photosynthesis of swards watered daily with swards that were not 
watered after the initial irrigation. Variables measured were leaf elongation, leaf water potential, canopy conductance and 
soil water extraction. Harvesting for dry matter (DM) was done every 3-4 weeks. 
 
Yield-water function 

Their results showed that: 
• The first response due to soil water deficit was a decline in the rate of elongation of new leaves when the water 

deficit, Class A pan evaporation less rainfall (E-R), exceeded 30 mm for white clover and 80 mm for paspalum, 
with ryegrass in between. 

• After 70-75 mm E-R, photosynthesis of ryegrass and white clover was reduced by about 20 and 50% 
respectively. Photosynthesis of paspalum was affected after 80 mm E-R. In  Fig. 25 (from Blaikie and Martin, 
1987), photosynthesis was reduced by about 35% after about 130-140 mm E-R. 

 
  

 
Fig. 25: Photosynthesis of dry swards as a percentage of well-watered swards during an irrigation cycle 

 
 
 

 Perennial pasture – Kyabram, Victoria (2) 

Study area, soil and climate 

i. Study area –  
Kyabram, Victoria 
 
ii. Soil 
Lemnos loam and Type1h  
 
 
Method 

Turnbull et al (1985) conducted experiments in Kyabram (GMID) from 1968 to 1973 on mixed summer irrigated pasture 
sown in 1964. The pasture mixtures included white clover with either i) ryegrass, ii) ryegrass and cocksfoot, or iii) phalaris 
X. Their growth characteristics under varying amounts of applied irrigation water were observed by taking measurements 
of irrigation water applied and pasture yield. The pasture required a minimum of 5.5 ML while the maximum application 
was 8.5 ML. With irrigation intervals of 7-14 days, irrigation was applied when E-R was 87 or 131 mm on two soil types – 
Lemnos loam and Type1h.  
 
Yield-water function 

The rate of pasture production was about 1.27 tonnes DM/ML, the slope of graph in Fig. 26 (Turnbull et al, 1985). A 
multiple linear regression fitted to the experimental data was given as: 



 

 

 

53 Crop yield response to water  

 

 

 

 
 DMY = 2 + 1.27*ML + 0.75*A + 2.13*B + 2.8*C + 4.24*D + 2.13*E Eq. 37 

 
with standard errors 0.14,.36, 0.36, 0.39, 0.41, 0.45 for the six variables respectively. 
DMY – dry matter yield (tonne/ha) 
ML – irrigation water applied (ML/ha). 
 
The dummy variables, representing variation in yields between years and the influence of climatic variables, were: 
 1 for cocksfoot pasture, otherwise 0 
 1 for phalaris pasture, otherwise 0 
 1 for 1970-71 
 1 for 1971-72 
 1 for 1972-73 
 
According to an experiment by Martin (1974), a linear relationship between yield and application rates up to 10ML/ha was 
observed. Further, a model simulation by Martin (1978) showed an application rate of 9.5ML/ha corresponding to an 
irrigation interval of 7 days in summer, irrigating at E-R of 65 mm. Therefore, the extrapolation from 8.5 to 10ML/ha in Fig. 
26 was found to be reasonable. A summary of the yield response functions for the years 1970-1973 derived from the 
above information is given in Table 8. 
 

 
Fig. 26: Relationship between pasture yield and water use for the years 1970-71 

 
 
Table 8: Yield response functions for perennial pasture for the years 1970-1973. CWS is the water use in ML (valid range 

5.5 -10 ML) and Y is yield in t/ha. 1970-71 and 1972-73 were considered near normal seasons regarding rainfall, 
temperature and evaporation.  

 

 Ryegrass Phalaris X Cocksfoot 

1970-71 Y = 1.27*CWS + 4.8 Y = 1.27*CWS + 6.93 Y = 1.27*CWS + 5.55 
1971-72 Y = 1.27*CWS + 6.24 Y = 1.27*CWS + 8.37 Y = 1.27*CWS + 6.99 
1972-73 Y = 1.27*CWS + 4.13 Y = 1.27*CWS + 6.26 Y = 1.27*CWS + 4.88 
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 Perennial pasture – Camden, New South Wales 

Study area, soil and climate 

i. Study area –  
Mayfarm at Camden, New South Wales 
 
ii. Soil 
Alluvial soil (brown Dermosol), with a clay loam top layer of 0.3m, overlying a light clay subsoil that gradually changes in 
texture to a medium clay with good moisture penetration. Before the start of the study, fine roots were observed to a depth 
of 1.8m. Hydraulic conductivity of the lower soil layers was low (<0.1–2.5 mm/h) compared to the upper soil layers. 
 
iii. Climate 
Long-term average annual rainfall for Camden is 828 mm 
 
 
Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Sprinklers with an output of 70 L/h, placed at the corner of the central 2x2m area in each plot with a 95% distribution 
uniformity. 
 
ii. Cultivar 
The cultivars studied are given in Table 9. 
 
 
Method 

Neal et al (2009) conducted a study from September 2003 to December 2006 in a fully randomised complete block design 
with 3 replicates. The plot size was 5 x 5m with plant and soil measurements taken from the central 2 x 2m area. There 
were 15 perennial species and 3 irrigation treatments namely:  
I1 - maintaining, optimal soil water status  
I2 - 66% of water applied to I1 
I3 - 33% of water applied to I1 
 
Weather data (rainfall, temperature, humidity, wind speed, radiation) were recorded at hourly intervals from an automatic 
weather station located on site and was used to calculate the reference evapotranspiration (ETref) using the modified 
Penman-Monteith equation (Allen et al. 1998). Long-term records were obtained for Camden airport. 
 
The first sowing was in late August 2003 and plots were hand-sewn at a rate (Table 9) expected to achieve a plant 
population that would maximize yield. Herbicides were used to control weeds where necessary. Some plots were re-sown 
or over-sown to improve plant density. Fertilizer management included monitoring and analysis of plant tissue and soil 
nutrients to determine the adequacy of fertilizer application and ensuring that nutrients did not limit growth. Defoliation was 
based on best management practice or by allowing sufficient time for the plant to replenish plant reserves but before onset 
of senescence. 
 
Soil water measurements were taken using a neutron moisture meter up to 2m depth. SWC was estimated for the 0–
0.65m soil depth for irrigation scheduling. The irrigation refill point was 25–35mm below field capacity in the top 0.65m of 
soil and was so chosen to ensure that adequate water for shallow-rooted species such as perennial ryegrass and white 
clover. When the refill point of 1 of the I1-plots was reached, irrigation was scheduled to return all I1 plots back to field 
capacity. Irrigations for treatments I2 and I3 were scheduled on the same date as the I1 treatments and received 
66% and 33%, respectively, of the average amount of water applied to I1 plots, less any rainfall received since the last 
irrigation. 
 
Harvesting was done using a rotary hand mower at the appropriate defoliation height in the 2 x 2m area of each plot. 
Weeds which could not be controlled by herbicides were removed by hand before defoliation. The fresh herbage was 
weighed, and a 250–300 g subsample was weighed, dried at 60 degC for 48 h, and then re-weighed to determine DM 
yield. Yields were calculated on a seasonal basis and annually. 
 
 
 
 

Table 9: Sowing rate of germinable seed and defoliation height for two periods for the forage species evaluated 
 

 Species Cultivar Sowing rate* Defoliation height 
    (kg/ha) (mm)** (mm)*** 

Perennial ryegrass (Lolium perenne L.) Bronsyn AR1 20 60 60 
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Temperate 
grasses  

Cocksfoot (Dactylis glomerata L.) Kara 8 60 80 
Phalaris (Phalaris aquatica L.) Holdfast 8 80 100 
Prairie grass (Bromus catharticus M. Vahl) Matua 40 60 100 
Tall fescue (Festuca arundinacea Schreb.) Quantum MaxP 25 60 60 

Tropical 
grasses 

Kikuyu (Pennisetum clandestinum) Whittet 3 70 70 
Paspalum (Paspalum dilatatum Poir.) Common 24 70 70 

Legumes  
  

Lucerne (Medicago sativa L.) L90 15 100 80 
White clover (Trifolium repens L.) Kopu ll 4 60 60 
Red clover (Trifolium pratense L.) Astred 7 80 80 
Birdsfoot trefoil (Lotus corniculatus L.) Goldie 10 80 80 
Strawberry clover (Trifolium fragiferum L.) Prolific 4 60 60 
Sulla  (Hedysarum coronarium L.) Aokan 8/20 12 12 

*Sowing rate of germinable seed. **April–August. ***September–March. 
 
 
 
Yield-water function 

Table 10: Relative decrease in yield in I2 and I3 treatments relative to I1. 

 1-Y/Ymax 

  I2 (66% CWR)    I3  (33% CWR) 
Chicory 0.24 0.39 
Cocksfoot 0.20 0.35 
fescue 0.26 0.67 
Kikuyu 0.23 0.33 
Lucerne 0.09 0.22 
Paspalum 0.34 0.45 
Perennial ryegrass 0.29 0.48 
Phalaris 0.32 0.34 
Prairie grass 0.36 0.47 
Red clover 0.47 0.53 
Tall fescue 0.05 0.17 
White clover 0.65 0.75 

 
 
 
 

 Lucerne – Tatura, Victoria 

Study area, soil and climate 

i. Study area 
Tatura, Victoria 
 
ii. Soil 
Red-brown earth or red sodosol locally known as a Goulburn clay loam (Rogers et al, 2016) 
 
iii. Climate 
Long term average rainfall is 488 mm 
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Crop management – irrigation type, phenology, rootstock, cultivar  

i. Irrigation type 
Border-check (or flood irrigation) and sub-surface drip (SSD)  
 
 
Method 

An experiment was conducted on 12 x 70 m plots for the period 2009-2014 to determine the effects of limiting water use 
on dry matter (DM) production of Lucerne, Medicago sativa L. (Rogers et al, 2016). The irrigation treatments involved i) full 
irrigation, ii) partial irrigation in a given season, or iii) no irrigation in some years. The first irrigation date varied depending 
on rainfall but for most years, it occurred in September. The last irrigation for the fully watered treatments generally 
occurred in late March. All other crop management strategies were in accordance with best management practices. 
 
Weather variables were measured on site and the data was used to calculate ETref using the Penman-Monteith method 
(Allen et al. 1998). Water use was estimated using the FAO-56 dual crop coefficient approach of (Allen et al. 1998), with a 
basal crop coefficient, Kcb=1.15, which is suitable for northern Victoria (Greenwood et al. 2009). 
 
For border-check irrigation, water was applied at an interval of 75–90mm E-R (Class A pan evaporation, E, less 
rainfall, R) and were watered for 4–6 h, with 5–15% of the applied volume as runoff. For SSD, tubes were buried at 
200mm depth with a tape spacing of 1m, emitters every 0.5 m at a water application rate of 2 mm/h. The SSD water 
application maintained the soil water deficit in the top 1.2m between 30 and 50 mm for the first 2 years and between 40 
and 60mm thereafter. Soil water content was measured weekly to 1.2m depth during the irrigation season using a neutron 
probe. 
 
Lucerne was harvested by cutting three swathes (1.25 x 6 m) to 60mm. This was done when there were new shoots at the 
base of the crown that were less than the cutting height of 60mm. The DM accumulation was determined after drying a 1 
kg subsample at 1008C for 48 h. Lucerne yield and water use were summed from July to June the following year to obtain 
annual figures.  
 
The irrigation treatments were: 
• Full irrigation at an interval of 75–90mm evaporation less rainfall (E–R) (Full), 
• Fully irrigated until a harvest in late December–January in Years 2, 3 and 4 (Dry A 2,3&4) or in Years 1, 2, 3 and 4 

(DryA 
• 1,2,3&4), and then no irrigation until the following irrigation season, 
• Fully irrigated until a harvest in November in Years 2, 3 and 4, and then no irrigation until the following irrigation 

season 
• (Dry SuA 2,3&4), 
• Dryland for 1 year, in Year 4 (Dry 4), 
• Dryland for 2 years in either Years 1 and 4 (Dry 1&4) or Years 2 and 3 (Dry 2&3) 
• Dryland for 3 years, in Years 2, 3 and 4 (Dry 2,3&4), 
• Full irrigation, using a sub-surface drip system, aiming to keep the soil water deficit between 30 and 50mm (SSD). 
 
 
Yield-water function 

A linear relationship between annual DM production (Y) and annual water use in the range 3.5 to 14.7 ML/ha over the 5 
years is given by: 
 

 Y = -1.347 ± 0.511 + (1.239 ± 0.00045) * CWS                                      R2=0:8, n=180 Eq. 38 
 

 CWS = I + R - ROirr - ROrain - ΔSW Eq. 39 
where I is irrigation water, R is rainfall, ROirr is irrigation runoff, ROrain is rainfall runoff and ΔSW is change in soil water 
content. 
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Fig. 27: Relationships of dry matter removed to total water use for lucerne grown under a range of irrigation treatments 

over 5 years. Total water use includes irrigation inputs, effective rainfall (rainfall less any runoff from rain) and change in 
soil water content (0–2.5mdepth). The solid regression line is a single line for the 5 years whereas the dotted/dashed 

regression lines are individual lines for each of the 5 years (Fig 2 in Rogers et al 2016). 
 
 
 
 

Table 11: Lucerne yield and water use for different defcit irrigation treatments. 

 Total water use (ML ha–1) Yield (tDMha–1) 

Year 1 2 3 4 5 Average 1 2 3 4 5 Average 

Full  14.4 12.2 12.9 12.9 11 12.68 14.8 13.4 15.4 11.8 9.8 13.04 
Dry A23&4 14.7 10.8 11.2 9.8 11 11.5 14.8 13.6 13.9 10.4 12 12.94 
Dry A123&4 12.1 10.5 10.8 9.5 10.5 10.68 12 13.3 13.6 9.8 12.2 12.18 
Dry SuA23&4 14.6 10.3 7.8 6.1 10.9 9.94 15.1 13.7 9.3 6.2 13.5 11.56 
Dry 4 14.3 11.9 12.5 3.9 11 10.72 15.3 13.4 15.8 1.7 12.3 11.7 
Dry 1&4A 6.6 11.7 12.6 3.6 11.2 9.14 5 14.4 17.2 1.4 13.8 10.36 
Dry 2&3 14.6 9.7 6.2 12.1 11 10.72 15.2 12.3 6 14.7 13.8 12.4 
Dry 23&4 14.3 9.6 6 3.5 10.7 8.82 15.5 12.7 5.2 1.7 14.8 9.98 
SSD  14 11.5 13.7 14.4 13.8 13.48 14.4 13.4 17.7 14.8 14.3 14.92 

 
 
Crop coefficients 

Kcb=1.15 
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APPENDIX B - Supplementary tables 
Table 12 shows the regression equations for horticultural crops studied in the Goulburn Valley for the 2008/09 season. 
The study concluded that NDVI data derived from satellite imagery can be used to estimate vegetation cover for perennial 
horticultural crops to aid in quantifying yield and water use.  
 
Table 12: Linear relationships (f = a+b*NDVI) with standard erros in brackets for major horticultural crops in the Goulburn 

Valley for the 2008/09 season (from O’Connell, 2011). 
Crop a b R2 Number of 

observations  
Apple 0.382 (0.145)* 0.283 (0.250) 0.04 23 
Peach/nectarine -0.180 (0.196) 1.185 (0.335) *** 0.45 15 
Pear 0.112 (0.308) 0.589 (0.538) 0.15 10 
Plum -0.204 (0.480) 1.354 (0.763) 0.31 8 
Wine grape -0.220 (0.223) 1.347 (0.635)* 0.50 12 
All crops -0.069 (0.059) 1.027 (0.107) *** 0.58 70 
Standard errors of the regression coefficients are shown in parenthesis, * P<0.05, *** P<0.001 

 

 

Table 13: Kc, Kcb and Ke, mean, and upper and lower 95% confidence limits of dKcb  
in almond, grape and citrus crops grown in the Sunraysia Irrigation 

Region. 
    dKcb  
Crop  Kc  Kcb  Ke Mean Lower 

limit 
Upper 

limit 
Number of 

observations 
Almond  Kcb + 0.22  Kcb + 0.11  0.22 0.22 0.11 0.33 366 
Grape  Kcb + 0.18  Kcb – 0.05  0.46 0.18 - 0.05 0.40 16846 
Citrus  Kcb + 0.15  Kcb – 0.03  0.36 0.15 - 0.03 0.32 4522 

 
 

Table 14: Mean values of Kc and dKcb during the 2008/09 season in the Goulburn Valley 

    Nov Jan Feb Mar Apr 
Kc Apricot 0.59 0.63 0.56 0.72 0.61 

 Apple 0.62 0.69 0.64 0.80 0.69 
 Peach/nectarine 0.59 0.67 0.59 0.76 0.65 
 Pear 0.64 0.71 0.66 0.81 0.70 

dKcb Apricot 0.12 0.12 0.07 0.22 0.14 
 Apple 0.11 0.12 0.08 0.23 0.15 
 Peach/nectarine 0.08 0.13 0.03 0.19 0.13 

  Pear 0.12 0.13 0.08 0.23 0.15 
 
 
Table 15 shows results from O’Connell (2011) study. Mean values were obtained from all the data and maximum values 
corresponded to the 95th percentile. Average and maximum yields can be calculated with the assumption that growth is 
not limited by water stress, nutrient shortage, practices such as fruit thinning or extreme weather conditions. 
Understanding the difference between average and maximum yield can lead to improvements in production by identifying 
factors contributing to these differences e.g. nutrient stress, pests and diseases etc. 
 

Table 15: Mid-season maximum fractional radiation interception (fmax) and effective radiation use efficiency (ε’) of 
horticultural crops in Goulburn Valley (from O’Connell, 2011) 

  Maximum fractional 
radiation interception  

(fmax) 

Effective radiation use 
efficiency (ε’) 

Crop Number 
of sites 

Mean Standard 
deviation 

ε’mean Standard 
error 

ε’max 

Apple 49 0.50 0.13 0.314 0.022 0.80 
Apricot 14 0.59 0.11 0.355 0.035 0.72 
Pear 61 0.44 0.13 0.317 0.025 0.92 
Peach/nectarine 55 0.59 0.12 0.284 0.014 0.53 
Plum 13 0.61 0.10 0.175 0.027 0.41 
Wine grape 25 0.27 0.06 0.315 0.029 0.62 
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APPENDIX C - Workshop summary report 
A workshop was held on 11 December in Attwood (DJPR) attended by representatives from DJPR, MDBA, GMW, 
DELWP, SA and NSW. The aim of the workshop was to present findings of the literature review by DJPR on yield-water 
response functions for crops in the Lower Murray according to the MDBA-DJPR contract. 

Faith Githui (DJPR) presented crop yield response functions, their various forms (seasonal and intra-seasonal, additive 
and multiplicative, linear/piecewise linear and quadratic equations) and limitations. Uncertainties in yield-water functions 
due to factors such as soil, climate and agronomic practices were highlighted as well as the challenges in obtaining 
maximum yield and crop water requirements. 

Ian Goodwin (DJPR) presented on deficit irrigation, the impact of water stress on crops and the factors that this impact 
depends on such as species, cultivar, rootstock, root density and distribution, phenology and soil properties. He discussed 
the effect of irrigation type and wetting patterns (Fig. 28). He presented a summarized table (Table 16) of yield response 
to water shortages from the deficit irrigation studies described in this report. 

 

 

Fig. 28: Factors affecting the impact of water stress on crops 

 

Table 16: Summary table - yield response to water deficits 

Grape, fruit and nut crops 
Crop Season long deficit Early season (Nov-Dec) Mid-season (Jan-Feb) Late season (Mar-Apr) 

1-Y/Ymax 1-
CWS/CWR 

1-Y/Ymax 1-
CWS/CWR 

1-Y/Ymax 1-
CWS/CWR 

1-Y/Ymax 1-
CWS/CWR 

Wine 
grape 

  0.02 0.13 0.11 0.20   

0.48 0.52       

Table 
grape# 

0.37 0.65       

Apple 0.05 

0.23 

0.14 

0.30 

      

0.06 

0.22 

0.28 

0.06 

0.20 

0.28 
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Olive 0.23 0.26       

    -0.04 0.25   

Pear   -0.10 

-0.20 

0.27 

0.33 

    

      -0.09 

0.03 

0.09* 

0.51* 

Peach   0.00 0.28     

      0.11 

0.08 

0.46* 

0.59* 

Almond 0.04 

0.09 

0.13 

0.15 

0.30 

0.45 

  0.12 

0.12 

0.16 

0.24 

0.36 

0.49 

0.07 

0.16 

0.29 

0.15 

0.36 

0.48 

    0.03 0.10   

Walnut 0.07 

0.32 

0.22 

0.43 

      

*CWS and CWR for late season period 
#Grimes and Williams (1990) 
 

Vegetable 
Crop Season long deficit Early season (Nov-Dec) Mid-season (Jan-Feb) Late season (Mar-Apr) 

 1-Y/Ymax 1-CWS/CWR 1-Y/Ymax 1-CWS/CWR 1-Y/Ymax 1-CWS/CWR 1-Y/Ymax 1-CWS/CWR 

Potato Ky = 1.1 Ky = 0.6 Ky = 0.7 Ky = 0.2 

 

Lucerne and pastures 
Crop Season long deficit Early season (Nov-Dec) Mid-season (Jan-Feb) Late season (Mar-Apr) 

 1-Y/Ymax 1-
CWS/CWR 

1-Y/Ymax 1-
CWS/CWR 

1-Y/Ymax 1-
CWS/CWR 

1-Y/Ymax 1-
CWS/CWR 

Lucerne   0.11 0.22 0.07 0.16   

0.09 

0.22 

0.33 

0.66 

      

Cocksfoot 0.20 

0.35 

0.33 

0.66 

      

Per 
ryegrass 

0.29 

0.48 

0.33 

0.66 

      

Tall fescue 0.05 

0.17 

0.33 

0.66 
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White 
clover 

0.65 

0.75 

0.33 

0.66 

      

 

Alistair Korn presented the Source Murray model (SMM), the spatial and temporal scale of the model inputs and the 
FAO56 crop model used in SMM. 

Penny Clark presented the outcomes of the Victorian workshop held in June 2019 to identify the potential impact of 
shortfall on Victorian irrigators. The workshop, which included experts in farm management economics, policy makers and 
water corporation staff, considered two scenarios i) a week-long event with only 50% of irrigation demand met and ii) a 
month-long event with only 50% of irrigation demand met. 

 

Issues raised/discussed: 

1. Not much research has been done to provide crop yield-water data for use in SMM. SMM requires yield response 
factors on a monthly basis. 

2. Some published yield-water response functions are not in a form that can be used in SMM e.g. quadratic equations, 
equations without maximum yield and CWR. 

3. Yield is not an appropriate indicator of economic returns as farmers optimize for quality, size etc. for profitability. 
4. RDI research has generally been conducted for other purposes such as controlling vegetative growth etc and not for 

water shortfalls e.g. a shortfall may occur only once in a season but translating RDI results to these scenarios is 
difficult. 

5. Water deficits are applied on a block basis while the Source Murray model considers a much larger area comprised of 
many blocks. They do not differentiate between crops such as wine, table or dried grapes 

6. Factors such as soil, climate and irrigation system determine the impact of a shortfall on yield leading to variability in 
yield response functions. 

7. It was proposed that an experiment on almonds and grapes be designed and set up to determine impacts of shortfalls 
on yield and economic returns. 

8. It was suggested that anecdotal evidence could be used to complement other quantitative data in this report. 
9. Crops to be considered moving forward are grapes (wine and table), almonds and maybe citrus. These are the crops 

that, combined, occupy a greater area compared to other crops initially required by MDBA in the contract. 
10. Provide a table showing Ky (Kyi) monthly values for these crops 
 

 

The workshop was followed by a further discussion (by phone) on the way forward. Issues discussed were: 

1. It was reiterated that yield is a poor indicator of the needs of MDBA. 
2. The report introduction should include a description of how permanent horticulture works currently, the effect of 

different irrigation types, the difficulty in comparing results from different studies e.g. a shortfall may cause different 
yield impacts for different farmers due to a combination of factors. Include a diagram to show all the factors affecting 
crop growth/yield, can this be generalized? 

3. Include in the report the outcome of the workshop 
4. Explain in more details why RDI research is done and the challenges of translating that information to a shortfall 

during, say, a heat spell. Generally, RDI has been done for other purposes than impacts of shortfall on yield 
5. A discussion on how farmers manage their crops e.g. for quality, size, highlighting that there are different approaches 

to maximizing profit depending on contract. What constitutes premium grade? 
6. Complexity of crop management, is it for colour, sugar, fruit size etc, profit versus yield? 
7. Variability in crop response from water deficits 
8. How does short term water stress impact on longer term crop physiology? 
9. What can be used for yield analysis? (numbers presented from the Victorian workshop, are they realistic?) 
10. What experiments (well designed) can be set up to assess impact on yield and quality etc for profits, and collect data 

that is publishable. These can be set up next summer season.  
11. Interviewing farmers to obtain some information to complement published data. e.g. farmers whose pumps have 

broken down at some point during the season and what were the impacts. Can this be done by University students, 
and what is the cost? 

12. Grey literature on vegetables (SARDI, Rob Stevens, NSW), almonds and grapes 
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Workshop outcome 

1. It was agreed that only grapes (wine and table) and almonds be considered and that a table showing Ky monthly 
values for these crops be provided. 

We have provided yield response factors (Ky) in Table 1 for a block of months for the dominant crops (almonds and 
grapevines) from the literature review in APPENDIX A. In 2019, almonds and grapevines occupied 32 and 22% area 
respectively in the Lower Murray region in Victoria (SunRISE Mapping & Research, 2019).  

2. It was proposed that an experiment be designed to determine impacts of shortfalls on yield and economic returns. 
Details of an experimental design to quantify the effects of water shortfalls on crop yield are provided in APPENDIX D. 

3. It was suggested that anecdotal evidence could be used to complement other quantitative data in this report.  
The anecdotal evidence did not provide any information on yield-response functions. The qualitative information in these 
reports was already captured from the literature reviewed in this report. 
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APPENDIX D - Experiment design 
  

Project title: The effects of irrigation shortfalls on almond and grape productivity  
Treatments: 

• 5 x 3 factorial experiment (3 – 4 replicates in a RCB design) consisting of 5 water deficit level treatments 
(nominally 20, 40, 60, 80 and 100% of grower standard practice applied for a 10 day period) x 3 water deficit 
timing treatments (during heat events in Jan, Feb and Mar) 

• Deficit level imposed by reducing the application rate (treatment may vary depending on emitter discharge rate 
and lateral number) 

• Deficit timing imposed according to weather forecast 

• Plot size should be 3 rows x 5 trees (vines) with measurements taken on the central 3 trees/vines 

• Experiments conducted over a 2-year period at two separate locations 

• Suitable orchard/vineyard to be determined 

o Preferably site used by AgVic for other experiments 

o Use staff at Mildura AgVic to manage the experimental sites and take observations 

o Mature trees/vines 

o Drip irrigated 

Measurements: 

• Almond fresh/dry weight of kernel, shell and husk at approximately two-week intervals during the season, before 
and after treatment application and at commercial harvest 

• Almond nut number at commercial harvest 

• Grape berry fresh/dry weight at approximately two-week intervals during the season, before and after treatment 
application and at commercial harvest 

• Grape bunch number, fresh weight, berry soluble solids concentration and berry titratable acidity at commercial 
harvest 

• Canopy temperature and NDVI (thermal and multispectral cameras mounted on unmanned aerial vehicle 
measured before, during and after treatment application 

• Leaf water potential, conductance and photosynthesis measured before, during and after treatment application 

• Leaf chlorophyll (using SPAD meter) measurements immediately after treatments  

• Canopy light interception measured before and during treatment application 

• Subsequent season almond spur number (and spur death), flower number and fruit set (on tagged spurs) 

• Subsequent season grape vine bunch number, flower bud number per bunch and fruit set 

Deliverables: 

• Field day following treatment application 

• Description of experiments and updates on Horticulture Industry Network website  

• Articles in magazines 

• Scientific papers 
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