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In South Africa canola (Brassica napus L.) is cultivated in rotation with wheat under winter rainfall in the Western 
Cape Province, primarily for seed to make oil. Expansion of the crop to the other 8 provinces is proposed to 
reduce shortages of locally produced plant oils. At the same time, canola can serve as a rotational crop for 
wheat in these summer rainfall provinces. In central Free State, information on evapotranspiration and various 
water use indicators for canola as influenced by sustained deficit irrigation and plant density is lacking. An 
experiment with a line source sprinkler irrigation system was therefore conducted, comprising of full irrigation 
as a control with 4 sustained deficit irrigation levels (mean reduction in irrigation depth per event of 67%, 
52%, 34% and 19%) and 5 plant densities (25, 50, 75, 100 and 125 plants·m−2). Mean seasonal maximum 
evapotranspiration amounted to 429 mm across plant densities. Plant density did not significantly influence 
seasonal evapotranspiration. Reducing the irrigation depth per event by more than 20% decreased seasonal 
evapotranspiration by a mean 3.5 mm per percentage increase in irrigation depth. A maximum biomass 
water productivity of 22 kg·ha−1·mm−1 was measured with full irrigation and a plant density of 75 plants·m−2. 
Seed water productivity amounted to a high of 11 kg·ha−1·mm−1 with full irrigation and a plant density of 
25 plants·m−2. A percentage reduction in irrigation depth and increase in plant density above 25 plants·m−2 
will reduce seed water productivity by 0.071 and 0.033 kg·ha−1·mm−1, respectively. Sustained deficit irrigation 
increased water use efficiency by a mean 0.5% per percentage reduction in irrigation depth per event.

Canola (Brassica napus L.) water use indicators as affected by sustained deficit 
irrigation and plant density in central Free State, South Africa
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INTRODUCTION

Canola (Brassica napus L.) is primarily cultivated to produce seed to make edible oil (Przybylski and 
Eskin, 2011). Canola oil is generally blended with oil from crops like soybean and sunflower. Canola, 
soybean, and sunflower oils are widely used in the food industry either in the pure or blended form, 
despite some diversity among their properties (Zhou et al., 2020). The food industry in South Africa 
is no exception with respect to the usage of these three edible plant oils (USDA, 2021). Compared to 
soybean and sunflower oils, the local production of canola oil is the least (DAFF, 2020).

The demand (approx. 720 000 tonnes annually) for edible plant oils in South Africa exceeds the 
production (approx. 325 000 t annually) thereof. As a result of this shortage, the South African Protein 
Research Foundation advocated the expansion of canola production, particularly in the summer 
rainfall region under irrigation (De Kock, 2018). This is because the rainfall during canola’s growth 
period from June to November is insufficient (< 100 mm; ARC-SCW, 2020) for dryland production 
of canola in semi-arid climates. Production of dryland canola in this region is only possible when 
water is stored in soil during a preceding fallow period from December to May when rainfall occurs 
more frequently (Beukes et al., 2004).

Currently, production of canola is largely restricted to the Western Cape Province, mainly under 
rainfed conditions (DAFF, 2019; Galal, 2021). In this province, 195 000 t of canola was produced 
on 100 000 ha in 2020/21, contributing 99% of South Africa’s canola production (Crop Estimates 
Committee, 2022). This dryland production is possible because of the winter rain during canola’s 
growth period. Canola also serves as a rotational crop for wheat, which is the major field crop 
produced in the province (Agenbag and De Kock, 2009; Hardy and Wallace, 2013). In this regard 
canola is an important crop for conservation agriculture in the Western Cape Province.

For the successful expansion of canola production to the summer rainfall provinces in South Africa, 
proper guidelines on agronomy practices like cultivar choice, planting date, planting density, optimal 
fertilization and irrigation are essential. Such information is very scanty for the aforementioned 
region, probably because canola production is a rarity. A general overview of agronomic practices 
is given by Hammond (2011), but these are usually site-specific due to being based on experience 
in the Western Cape (DAFF, 2020). As canola will probably be cultivated under irrigation in a semi-
arid climate, quantification of the crop’s water use will be vital to several role players in the farming 
industry. Farmers need such information for planning weekly and seasonal water budgets at farm level 
(Barnard et al., 2013; Barnard et al., 2021), i.e., irrigation scheduling decisions. In addition, farmers 
can benefit from knowledge regarding canola’s response to sustained deficit irrigation (SDI), as a 
strategy for reducing agricultural water use. SDI has been recognized as a popular deficit irrigation 
strategy (Fereres and Soriano, 2007). With this strategy water deficit increases progressively during 
the season, because of a reduced irrigation depth per event, which allows plants to adapt to water 
deficits in soils with high water storage capacities. On the other hand, water user associations require 
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this kind of information for balancing the supply and demand of 
water by all the farming enterprises at scheme level (Steduto et 
al., 2007; Barnard et al., 2015). Agricultural engineers may also 
benefit from this knowledge when designing irrigation systems  
(Reinders, 2011).

In South Africa, to our knowledge, very little research has been 
done on the evapotranspiration and response of canola to water 
deficits. The research done by Tesfamariam et al. (2010) and 
Dirwai et al. (2021) at Pretoria and Pietermaritzburg, respectively, 
are the exceptions. Even internationally, evapotranspiration data 
for cultivated canola under irrigation in a semi-arid climate are 
not abundant. Reported evapotranspiration values range between 
390 and 710 mm, (e.g., Tesfamariam et al., 2010; Kamkar et al., 
2011; Sadras and McDonald, 2012; Ismail, 2016; Abdelraouf  
et al., 2021). A similar argument can be made regarding the lack 
of benchmarks for several water use indicators that are used to 
assess on-farm irrigation decisions. This is aggravated by the lack 
of consensus regarding terms and equations used for various 
indicators (Fernández et al., 2020).

Despite that canola has a high plasticity, it is important that plant 
density matches SDI because of the complementary nature of 
the two factors (Angadi et al., 2003). Across a range of 175 to  
420 mm water application in central Free State, the highest seed 
(4 653 kg.ha−1) and stover (5 388 kg.ha−1) yield was realized 
at densities of 25 and 75 plants.m−2 (Seetseng et al., 2022). The 
influence of the two factors on one another is, to our knowledge, 
rarely investigated with respect to water use by canola. Either SDI 
or plant density was shown independently to influence water use 
indicators (Hergert et al., 2016; Abelraouf et al., 2021).

A need therefore exists in South Africa for in-situ values of 
evapotranspiration and various water use indicators when canola 
is cultivated under a semi-arid climate in a summer rainfall 
region. The objectives with this study were two-fold: to quantify 
the effects of sustained deficit irrigation and plant density 
combinations on (i) seasonal evapotranspiration and (ii) various 
water use indicators for canola.

MATERIALS AND METHODS

Description of experimental site

The study was conducted in 2016 on the experimental farm of the 
Department of Soil, Crop and Climate Sciences, University of the 
Free State. This farm is located (latitude = 29° 01’ 12” S, longitude 
= 26° 08’ 60” E, elevation = 1 354 m) about 15 km northwest of 
Bloemfontein. The soil of the experimental site was classified as 
a Bainsvlei soil form of the Amelia family (Soil Classification 
Working Group, 1991), which qualifies as a Plinthosol (Fey, 2010), 
although a few of the set criteria are not met (Van Huyssteen, 
2020). Some properties of the deep, apedal, eutrophic soil relevant 
to the study are given in Table 1. The soil has a high potential, with 
no apparent physical, chemical or biological constraints for canola 
production. Long-term climate data of Glen Agriculture Institute 
situated 30 km from the study site (adapted from Botha et al., 
2003) and climate data for the canola growing season, which was 
measured with an automatic weather station located 50 m from 
the study site (supplied by ARC-SCW, 2020), are presented in 
Table 2. The precipitation and reference evapotranspiration were 
slightly lower than the long-term values, while the opposite is true 
for maximum, minimum and average temperatures.

Table 1. Some morphological and chemical characteristics of the Bainsvlei Amalia soil at the experimental site

Characteristic Horizon*

Ap B1 B2 C

Depth (m) 0 – 0.35 0.35 – 1.18 1.18 – 1.40 1.40 – 3.00

Texture class Fine sand Fine sandy loam Fine sandy clay loam Fine sandy clay loam

Structure Apedal, massive Coarse, weak, prismatic Apedal, massive Course, strong, angular blocky

Color Red brown: (5YR4/4) Red brown: (5YR5/6) Brown: (10YR4/6) Yellow orange: (10YR6/4)

P (Bray 1) (mg·kg−1) 7.8 2.4 2.1 1.8

Ca (NH4OAc) (mg·kg−1) 112 68 422 564

Mg (NH4OAc) (mgc·kg−1) 98 60 298 318

K (NH4OAc) (mgc·kg−1) 70 27 106 164

pH (H2O) 6.2 6.5 5.9 5.7

*Ap = Orthic A, B1 = Red apedal B, B2 = Soft plinthic B; C = Weathered mudstone

Table 2. Long-term climate data during the growing season of canola at the study site (adapted from Botha et al. 2003) and climate data of the 
investigated growth season (supplied by ARC-ISCW, 2020)

Parameter June July Aug Sept Oct Season Annual

Precipitation (mm) Long-term 9 8.1 11.6 19.3 49 97 543

Growth season 23.3 0.6 4.9 0.4 27.9 57 –

Reference
evapotranspiration (ETo, mm)

Long-term 81.9 93.5 140.6 197.5 239.1 753 2 198

Growth season 81 89.9 120.9 153 173.6 618.4 –

Maximum temperature (°C) Long-term 17.9 17.8 20.6 24.4 25.4 21.2 24.8

Growth season 19.5 20.3 21.8 26.5 26.9 22.8 –

Minimum temperature (°C) Long-term −1.1 −1.6 0.9 5.2 9.2 2.5 7.5

Growth season 3.1 2.8 4.2 7.9 11.6 6.0 –

Average temperature (°C) Long-term 8.2 8.1 10.7 14.8 17.5 11.9 16.2

Growth season 11.3 11.6 13.0 17.2 19.3 14.5 –
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Agronomic practices

Before the onset of the experiment, the area was used for 
commercial wheat production. After the summer fallow period 
of 5 months, fertilizers were broadcast with a fertilizer caster at a 
rate of 170 kg N.ha−1 as limestone ammonium nitrate (28% N) and  
60 kg P.ha−1 as single superphosphate (10.5% P). These applications 
were estimated for the assumed 5 000 kg.ha−1 seed yield under 
no water shortage conditions using published (FERTASA, 2016) 
removal figures of 40 kg N and 7 kg P per 1 000 kg seed. The 
estimated amounts of 200 kg N.ha−1 and 35 kg P.ha−1 were down-
scaled to 170 kg.ha−1 for N mineralization and up-scaled to  
60 kg P.ha−1 for extractable P increase, respectively. Thereafter the 
area was ploughed to a depth of 0.25 m and then disk ploughed 
to smooth the soil surface. A rotavator was used to prepare a 
seedbed. The canola cultivar Outback was planted mid-June 
2011 with a modified Bramley wheat planter at a seeding rate of  
6.2 kg.ha−1 as recommended. Unfortunately, this cultivar became 
obsolete within a few years of completion of the experiment due 
to exceptional advances with canola hybrids.

Experimental design and treatments

The line source irrigation approach of Hanks (1976) was used 
(Fig. 1). Five non-randomized water application levels (full 
irrigation, SDI67%, SDI52%, SDI34% and SDI19%, hereafter referred 
to as W5, W4, W3, W2 and W1 respectively) were combined 
with five fully randomized plant densities (25, 50, 75, 100 and  
125 plants.m−2, hereafter referred to PD25, PD50, PD75, PD100 
and PD125, respectively). The resulting 25 treatment combinations 
were replicated 4 times as blocks.

The water application level decreased approximately linearly, 
in a perpendicular direction from the lateral on both sides, W5 
to W1. Bird 30H sprinklers (Rain Bird Cooperation, Azusa, 
California, USA) were installed on the lateral with 1.5 m rises  
(20 mm diameter) at 6 m intervals. The operating pressure was 
set at 350 kPa throughout the growing season. Irrigation was not 
always possible at wind speeds lower than the specified 3 m.s−1. 
Water applications were therefore measured with rain gauges 
installed just above the plant canopy. The perpendicular distances 
of the rain gauges from the lateral were 11.1, 9.0, 6.9, 4.8 and 2.7 m  
for the W1 to W5 treatments, respectively. Seasonal mean 
irrigation amounted to 118 mm for W1, 176 mm for W2, 238 mm 
for W3, 294 mm for W4 and 363 mm for W5, i.e., water application 
treatments with a mean reduction in irrigation depth per event of 
67%, 52%, 34%, 19% and 0%, respectively (SDI67%, SDI52%, SDI34%, 
SDI19% and full irrigation). This resulted in water application levels 
of 175 mm, 233 mm, 295 mm, 351 mm and 420 mm when the  
57 mm precipitation (Table 2) is added. Seasonal irrigation at 

W5 was estimated based on the assumption that a seed yield of  
5 000 kg ha−1 with a water use efficiency of 14 kg.ha−1.mm−1 is 
attainable (e.g., Taylor et al., 1991; Robertson and Kirkgaarde, 
2005). Based on volumetric water contents measured weekly 
with a calibrated neutron water meter (CPN 503 Hydroprobe) at 
300 mm intervals to 2.1 m depth, soil profiles of the W5 plots 
were refilled to upper drain limit (0.24 mm.mm−1) by weekly 
irrigations. The upper drain limit of the soil was determined in a 
previous study (Bennie et al., 1994). The amount of water irrigated 
each time was measured in the rain gauges as a check.

The experimental block consisted of 45 plant rows parallel to each 
side of the lateral. Plant rows started 0.3 m from the lateral and 
were spaced at 0.3 m widths. Three rows, with the installed rain 
gauge in the centre row, were used to represent a plot which was 
10.4 m long. The area of an individual plot was therefore 9.36 m2. 
Three weeks after germination, the seedlings were hand thinned 
to densities of 7.5, 15, 22.5, 30, and 37.5 plants.m−1 in the row, 
hence equivalent to 25, 50, 75, 100 and 125 plants.m−2 for the 
PD25, PD50, PD75, PD100 and PD125 treatments, respectively. 
According to literature, this plant density range covers the 
full spectrum usually recommended for diverse water supply 
conditions (e.g., Clarke and Simpson, 1978; Momoh and Zhou, 
2001; Gan et al., 2007). In the Western Cape Province, due to the 
introduction of modern canola hybrids, the recommended plant 
density was reduced from 80 to 50 plants.m−2 for production of 
dryland canola.

Data collection and processing

Seasonal (S) evapotranspiration (ET, mm) was calculated with 
Eq. 1, where P is precipitation (mm), I is irrigation (mm), D is 
drainage (mm), R is run-off (mm) and ∆W is the change in soil 
water content of the measured profile (mm).

ETS = PS + IS – DS – RS – ∆WS                          (1)

Precipitation and irrigation were measured with the installed 
rain gauges. The concept of crop-modified upper limit (CMUL) 
as described by Hattingh (1993) was used to calculate drainage. 
Weekly measured volumetric soil water content in the W1PD75 
experimental plots was never above CMUL values, indicating no 
drainage. The maximum application rate of the line source irrigation 
system (6.25 L.h−1) was lower than the soil’s final infiltration rate 
(13.2 L.h−1), as measured with a double ring infiltrometer by Bennie 
et al. (1994), implying that there was no runoff during irrigation. 
No signs of runoff were observed also after rainfall events. Runoff 
was therefore assumed to be zero. Gravimetric soil water content 
was measured in all plots at the start (first week of June) and the end 
of the growing season (last week of November).

Figure 1. Layout of the line source experiment showing water application levels (W5 to W1, not randomized) as main treatments and plant 
densities as sub-treatments (PD25 to PD125, fully randomized)
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Seasonal change in soil water (Eq. 1) was obtained from samples 
that were collected in triplicate from a plot at 0.3 m depth intervals 
to 1.5 m, using an Edelman auger. The samples were weighed 
immediately, before drying at 105°C to constant weight. After 
drying, the samples were weighed again to calculate gravimetric 
water content. The gravimetric soil water contents were converted 
to volumetric soil water contents using bulk densities (Hillel, 
1982), measured with the core method (Blake and Hartge 1986). 
For the conversions, bulk density values of 1 670, 1 650, 1 600,  
1 660 and 1 690 kg.m−3 were used for the 0–300, 600–900, 900– 
1 200 and 1 200–1 500 mm depth intervals, respectively.

Indicators of water use by canola that were calculated were crop 
water use efficiency (WUEC) and water productivity for either bio-
mass (WPBM) or seed (WPS) yield. According to Perry et al. (2009), 
WUEC is the ratio of the amount of water used by the crop to the 
total amount of water added through irrigation and precipitation. 
In this study WP is the ratio between either above-ground biomass 
or seed yield and evapotranspiration (Fernandez et al., 2020).

Harvesting was done by hand because the experimental farm is not 
equipped with a plot combine harvester. The seed and stover yield 
of canola in each plot were determined on an area of 6 m2. After 
racemation, plastic sheets were spread between the rows to collect 
shattered pods. The plants were cut just above the soil surface 
when most of the pods had matured. All of the plants and pods 
were put into plastic bags before being transferred to a glasshouse 
and dried to constant weight. Seeds were then separated from the 
pods by hand, and seed and stover were weighed separately. These 
weights were converted to kg.ha−1 before biomass yield (seed yield 
plus stover yield) and harvest index (seed yield/biomass yield) 
were calculated.

Two-way analyses of variance were done at a confidence level of 
95% with the NCSS statistical package, on seasonal evapotranspira-
tion, seed yield, above-ground biomass yield, harvest index, WUEC, 
WPBM and WPS, after testing residuals for normality and variance 
for homogeneity (Hintze, 1998). Table 3 provides the associated  

F values and coefficients of variation for the above-mentioned 
variables. Treatment means were compared where necessary with 
Tukey’s multiple comparison test by calculating honestly significant 
differences (HSD) at p = 0.05. The associated HSD values for the 
main (SDI, PD) or interacting (SDI x PD) effects are provided in 
the captions of Figs 2 to 7.

RESULTS AND DISCUSSION

Seasonal evapotranspiration

The seasonal ETs for each SDI and plant density treatment 
are summarized in Fig. 2. With a mean seasonal reference 
evapotranspiration (ETo) of about 620 mm, the mean seasonal ET 
over the various plant densities for the fully irrigated treatment 
amounted to 429 mm (standard deviation = 14 mm). Tesfamariam 
(2004) reported seasonal ET values of about 700 mm for canola 
produced on the highveld (Pretoria) of South Africa. From several 
field trials done in California, USA, George et al. (2018) reported 
maximum ET values of about 360 mm. For the High Plains of 
the USA, maximum seasonal ET amounted to 582 mm (Hergert 
et al., 2016), while in Albacete, Spain, López-Urrea et al. (2020) 
measured a seasonal ET of 472 and 602 mm during 2008 and 2012, 
respectively. Katuwal et al. (2020) reported seasonal ETs of 582 and 
459 mm during 2015 and 2016, respectively, as measured at New 
Mexico State University, USA.

In contrast to planting density, the SDI treatments influenced 
seasonal ET significantly (Fig. 2). Reducing the irrigation depth 
per event by 19%, through an SDI strategy, did not affect seasonal 
ET compared to where full irrigation was applied. This was possible 
because of the soil’s high water storage capacity (sandy loam 1.5 m 
deep = ± 170 mm, Bennie et al., 1994) given that rainfall was about 
50 mm, i.e., the mean change in soil moisture over the growing 
season for the SDI19% treatment amounted to −71 mm. Reducing 
the irrigation depth per event by more than 20% under these 
aforementioned conditions, will decrease the mean seasonal ET by 
3.5 mm per unit percentage increase, irrespective of plant density.

Figure 2. Box and whisker plot of seasonal evapotranspiration (mm) for canola as influenced by sustained deficit irrigation (SDI) and plant density 
(PD) (HSD t  ≤  0.05 SDI = 10.8)

Table 3. Calculated F values (p < 0.05) and coefficients of variation (CV) for seasonal evapotranspiration (ET), seed yield, above-ground biomass 
yield, harvest index, crop water use efficiency (WUEC ), and biomass (WPBM  ) and seed (WPS ) water productivity

Measured variable F value CV (%)

Seasonal ET W = 817 3.51

Seed yield W x PD = 16.26 8.23

Above-ground biomass yield W x PD = 3.77 8.53

Harvest index W x PD = 2.14 9.28

WUE  C W = 139 4.36

WPBM W x PD = 2.17 9.27

WPS W x PD = 7.77 9.10
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Yield and harvest index

The effects of SDI and plant density on seed yield are displayed in 
Fig. 3. Seed yield was highest (approx. 5 000 kg.ha−1) with 0% SDI 
at PD25 and lowest (approx. 500 kg.ha−1) with 67% SDI at PD125. 
Regardless of the SDI treatment, seed yield decreased from PD25 
to PD125. Compared to the current recommended plant density 
of 50 plants.m−2 for dryland canola in the Western Cape, a plant 
density of 25 plants.m−2 is apparently suitable for SDI canola in the 
Free State. This lower plant density can be attributed to the high 
plasticity of canola (Seetseng et al., 2022).

Figure 4 shows the effect of SDI and plant density on above-ground 
biomass yield. An SDI of 19% and 34% reduced mean above-
ground biomass yield by 23% and 39%, respectively, compared to 
full irrigation. The mean above-ground biomass yield stabilized 
just below 4 000 kg.ha−1 when the irrigation depth per event was 
reduced by more than 52%, through an SDI strategy, irrespective 
of plant density. The PD25, PD50 and PD75 did not significantly 
influence above-ground biomass yield for all the SDI treatments 
on average. Only at a PD100 and PD125 did mean above-ground 
biomass yield decrease by 16% and 25%, respectively, compared to 
the mean of PD25, PD50 and PD75.

Figure 5 depicts the harvest index as affected by SDI and plant 
density. The SDI67% treatment significantly reduced the mean 
harvest index, irrespective of plant density, compared to the 

other treatments. For PD75, PD100 and PD125, the mean harvest 
index was below 0.2 and for PD25 and PD50 it was 0.28 and 0.20, 
respectively. Less than 50% of maximum biomass was produced, 
irrespective of the plant density. Hence, the results of this study 
were in accordance with literature on deficit irrigation. According 
to Fereres and Soriano (2007), a maximum harvest index for 
maize (Farre and Faci, 2006), wheat (Ilbeyi et al., 2006) and 
sunflower (Soriano et al., 2002) should be realized when irrigation 
is sufficient to produce at least 60% of maximum biomass.

An important interaction of SDI and plant density on harvest index  
of canola only became evident when the irrigation depth per event 
was not reduced by 52% or less. No literature on this was found. In the 
case of PD25, the mean harvest index was more than 0.45, irrespec-
tive of SDI strategy. Hence, the harvest index was maintained close to 
a maximum value even when only 38% (SDI52%), 55% (SDI34%) and 
70% (SDI19%) of maximum biomass was produced, provided the plant 
density is low (PD25). When the plant density was increased to PD50 
the mean harvest index for the various SDI treatments, except for 
SDI19, decreased below 0.4. A further increase in plant density (i.e., 
PD75, PD100 and PD125) for SDI34%, SDI19% and SDIcontrol, did not 
significantly influence the harvest index, as the mean value stabilized 
at 0.35 with a standard deviation of 0.023. With these treatment com-
binations more than 60% of maximum biomass was produced. At 
SDI52% the mean harvest index for PD75, PD100 and PD125 was 0.28, 
while a mean 44% of maximum biomass was produced.

Figure 3. Mean (error bars give standard deviation) seed yield for canola as influenced by sustained deficit irrigation (SDI) and plant density (PD) 
(HSD t ≤  0.05 SDI x PD = 429)

Figure 4. Mean (error bars give standard deviation) above-ground biomass yield (kg·ha−1) for canola as influenced by sustained deficit irrigation 
(SDI) and plant density (PD) (HSD t  ≤  0.05 SDI x PD = 1 255)
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Water use indicators

The WUEC for canola is presented in Fig. 6. A value of 1 would 
indicate highly efficient use of irrigation-plus-precipitation in 
supplying canola evapotranspiration. As expected, plant density 
did not influence WUEC. An advantage of SDI is clearly shown in 
Fig. 6, as a unit percentage reduction in irrigation depth per event 
caused a mean increase in WUEC of 0.0053.

Canola’s WPBM and WPS as influenced by SDI and plant density 
are shown in Fig. 7. No clear visual trend regarding the response 
of WPBM to SDI and PD was observed. This is probably because of 
the plasticity properties associated with the production of canola 
(Seetseng et al., 2022). It seems however that for PD100 and 
PD125 the WPBM was lower compared to the other plant densities, 
irrespective of SDI. The highest mean WPBM for SDI67%, SDI52%, 
SDI34%, SDI19% and SDIcontrol was 18, 15, 17, 18 and 22 kg.ha−1.mm−1 
for PD75, PD50, PD75, PD75 and PD75, respectively (Fig. 7).

The highest WPs was obtained with no SDI at PD25, which 
amounted to a mean of 11 kg.ha−1.mm−1. Tesfamariam (2004), 
George et al. (2018), Faraji et al. (2009), Hergert et al. (2016) and 
Katuwal et al. (2020) reported maximum WPs values of around 5, 
16, 12, 7.5 and 4.4 kg.ha−1.mm−1, for canola produced in Pretoria 
(South Africa), California (USA), Gonbad (Iran), Scottsbluff and 
Alliance (High Plains, USA) and Clovis (U.S. Southern Great 
Plains), respectively. For all treatments a visual decreasing trend 
in WPs can be observed with an increase in plant density. The WPS 

at all plant densities also tended to decrease with an increase in 
the reduction of irrigation depth per event (Fig. 7). The authors 
acknowledge that these decreasing trends in WPS due to SDI 
and PD are apparently non-linear. However, due to the limited 
data points a multiple linear regression was done. WPS was taken 
as the dependent variable and SDI and PD as the independent 
variables, which explained a high (R2 = 0.87) proportion of 
variation in WPS. The regression (function), intercept and two 
independent variables (SDI and PD) were highly significant (at 
1%). The intercept amounted to 10.13 kg.ha−1.mm−1. For a unit 
increase in the percentage reduction of irrigation depth, through 
SDI, WPS decreased by a mean of 0.071 kg.ha−1.mm−1, while a 
unit increase in plant density will decrease WPS by a mean of 
0.033 kg.ha−1.mm−1. Katuwal et al. (2020) reported a mean WPS 
of 2.8, 4.7 and 2.2 kg.ha−1.mm−1 for treatments of no irrigation at 
the reproductive stage, no irrigation at the vegetative stage and 
dryland canola, respectively.

The water use indicators were established with an outdated 
cultivar that is no longer locally available and is likely inferior 
to current genetics in terms of the estimated indicators. Hence 
the water use indicators may deviate from those reported here if 
the study is repeated with new hybrids that usually have a higher 
harvest index when they are not subject to any stress (Steduto 
et al., 2012). Steduto et al. (2012) are of the opinion, however, 
that changes in fertilizer applications and atmospheric CO2 
concentrations have a larger influence on water use indicators 

Figure 5. Mean (error bars give standard deviation) harvest index for canola as influenced by sustained deficit irrigation (SDI) and plant density 
(PD) (HSD t  ≤  0.05 SDI x PD = 0.084)

Figure 6. Box and whisker plot crop water use efficiency (WUE C = ET / I+P) for canola as influenced by sustained deficit irrigation (SDI) and plant 
density (PD) (HSD t  ≤  0.05 SDI = 0.048)
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than plant breeding, aspects that have not yet been thoroughly 
investigated. But if water use indicators are indeed significantly 
influenced by improved canola hybrids, the implication is that the 
indicators should be regularly updated to optimize the cultivation 
of irrigated canola. A thorough study to quantify the influence 
of canola hybrids on water use indicators is therefore suggested.

CONCLUSION

The data derived from this study with an outdated cultivar could 
support informed decision making when canola production 
is expanded to the semi-arid summer rainfall areas of South 
Africa, especially under irrigation. Seasonal evapotranspiration 
was not significantly influenced by plant density. Reducing the 
irrigation depth per event by less than 20% through sustained 
deficit irrigation for this deep sandy loam soil did not significantly 
decrease seasonal evapotranspiration compared to fully irrigated 
plants. Decreasing irrigation depth per event further reduced 
seasonal evapotranspiration by 3.5 mm per unit percentage 
increase in the irrigation deficit.

Water use efficiency (evapotranspiration/rainfall-plus-irrigation) 
increased by a mean of 0.5% for a unit percentage reduction in 
irrigation depth per event. No sustained deficit irrigation and a 
plant density of 75 plants.m−2 provided the highest biomass water 
productivity (22 kg.ha−1.mm−1). Biomass water productivity did 
not differ much between the various sustained deficit irrigation 
treatments for plant densities of 50 and 75 plants.m−2 (15 to 18 
kg.ha−1.mm−1). Full irrigation and a plant density of 25 plants.m−2  
gave the highest seed water productivity (11 kg.ha−1.mm−1).  

A percentage reduction in irrigation depth and increase in 
plant density reduced seed water productivity by 0.071 and  
0.033 kg.ha−1.mm−1, respectively.
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