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Abstract
Dryland winter rapeseed (Brassica napus L.) produced in the semi-arid regions of
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Turkey has variable yields. Supplemental irrigation alleviates the adverse effects
of soil moisture stress on yield during drought periods. To determine the influ-
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was conducted to determine the effects of supplemental irrigation on rapeseed
yield and yield components in a semi-arid environment. The field experiment
considered the influence of six irrigation quantities applied at three growth stages
(vegetative, flowering, and early ripening) on rapeseed yield and quality. Supple-
mental irrigation improved rapeseed yield compared with cultivation under rain-
fed conditions throughout the three experimental years. Although the greatest
seasonal evapotranspiration and rapeseed yields were observed with full irriga-
tion, the highest economic rate and most efficient irrigation rate were for the opti-
mum level to be applied at flowering. Protein content, oil content, and fatty acids
increased with irrigation and were highest for the full-irrigation treatment. Irri-
gation should be applied when 50% of available soil moisture has been consumed
in the effective root zone at the early flowering stage. This timing enhances the
water use efficiency and yield potential of rapeseed without reducing quality and

could be highly beneficial for semi-arid regions.

1 | INTRODUCTION

uncertain future, we need to understand the consequences
of and how to manage extreme climate conditions.

Water supplies are vital for agriculture and sustainable
food production. They should be clean, reliable, and avail-
able for various purposes. Today, more than a billion peo-
ple live in water-scarce regions, and as many as 3.5 billion
could experience water scarcity by the year 2025. Moreover,
current global warming and climate change have shifted
precipitation patterns and produced floods in some regions
and droughts in others (WRI, 2015). To prepare for an

Abbreviations: DOY, day of year; ET, evapotranspiration; IWUE,
irrigation water use efficiency; WUE, water use efficiency.

© 2020 The Authors. Agronomy Journal © 2020 American Society of Agronomy

Grains and industrial crops are the primary source of
human nutrition and play a complementary and balanc-
ing role in human diets. Rapeseed (Brassica napus L.) is
an important oil crop and is cultivated worldwide. It is
categorized among the industrial crops and is used for the
production of edible oil, biodiesel, and other oleochemical
industrial materials. Because it has low saturated fatty
acids (£7%) and high oleic acid (>60%), it has many bene-
ficial impacts on human health (CCC, 2017). According to
data from the Food and Agriculture Organization (FAO,
2017), rapeseed has been cultivated worldwide on 34.7 mil-
lion ha, with an annual production of 76 MG; it is the
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second most produced oilseed after soybean. However,
rapeseed production ranks first in many European coun-
tries such as France, Germany, and Poland. In Turkey,
rapeseed is cultivated on 37,000 ha, with an annual pro-
duction of approximately 125,000 Mg (Turkish Statistical
Institute, 2018).

One objective for agricultural irrigation is to produce
more yield with less water, obtaining maximum benefit
from each unit of water and thus increasing per capita
income. To this end, the first option is to increase water
efficiency in agriculture. The choice of water source, the
accuracy of the plant pattern in the basin, irrigation pro-
grams, and the irrigation methods directly affect the effi-
ciency of water used in agriculture. The second option is
to improve the efficiency of what is applied. Supplemen-
tal irrigation, especially during critical growth stages, can
improve crop yield, improve water productivity, and sta-
bilize yields when rainfall fails to provide sufficient mois-
ture for normal plant growth (Nangia, Oweis, Kemeze,
& Schnetzer, 2018). Although rapeseed is generally culti-
vated under rainfed conditions, the increasing occurrence
of extreme weather events necessitates that we expand our
knowledge (Bauder, 2019).

The main objective of this study was to determine the
effects of supplemental irrigation timing on yield, oil con-
tent, fatty acid composition, protein content, 1,000-seed
weight, and dry matter.

2 | MATERIALS AND METHODS

2.1 | Experimental site and treatments

A 3-yr field experiment was conducted in Tekirdag
province in northwestern Turkey during the 2009/2010,
2010/2011, and 2011/2012 growing seasons. The study site
was located at 41°02" N and 27°39’ E (148 m asl). The area
has a semi-arid climat that is a transition climate between
the Mediterranean climate and both the Black Sea and
more continental Balkans Peninsula climates. The long-
term (1939-2011) average temperature is 13.9 °C, sunshine
duration is 6.3 h d~!, wind speed is 2.7 m s7!, and rela-
tive humidity is 78%. Long-term yearly average precipita-
tion is 585 mm (TSMS, 2012). Some climatic factors, such
as maximum and minimum temperatures and rainfall for
experimental years recorded by an automatic weather sta-
tion (Model WS-STD 1/, Delta-T Devices), are graphed in
Figure 1.

The soil texture was 240, 460, and 30 g kg‘1 sand, silt,
and clay, respectively, and was classified as a clay loam.
The bulk density values varied between 1.48 and 1.69 g
cm~3. The available water holding capacity within 0.90 m
of the soil profile was about 160 mm. The water content at

Core Ideas

* Irrigation improved rapeseed yield and quality
in a semi-arid environment.

* Irrigation during the flowering period is sug-
gested with a higher WUE and net income.

* Line-source sprinkler irrigation is suggested for
field crops at small- to medium-scale farms.

field capacity and permanent wilting point in effective root
depth of rapeseed (0.90 m) were about 400 and 245 mm,
respectively. Infiltration rate of the experimental soils was
about 20 mm h~!, Irrigation water quality was classified as
C,S,, with electrical conductivity of 0.4 dS m™' according
to the principles of U.S. Salinity Laboratory (USDA, 1954).

A line-source sprinkler irrigation system was used to
irrigate ES Hydromel (Tat Seed Production Inc.) rapeseed
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FIGURE 1 Monthly averages of maximum and minimum tem-

peratures and rainfall for (a) Year 1, (b) Year 2, and (c) Year 3
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TABLE 1 Length of the growth periods by year
Growth stage
Germination and emergence Sowing

26 Oct. 2009
9 Oct. 2010
8 Oct. 2011

Growth event/start date

Vegetative growth Several plant leaves formed
24 Nov. 2009
5 Nov. 2010
7 Nov. 2011
First flowers seen
15 Apr. 2010
18 Apr. 2011
13 Apr. 2012
Pods formation completed
14 May 2010
11 May 2011
12 May 2012
Pods dried
28 May 2010
28 May 2011
25 May 2012
Totals Sowing
2009-2010 26 Oct. 2009
2010-2011 9 Oct. 2010
2011-2012 8 Oct. 2011

Flowering

Yield formation

Physiological maturity

cultivar, which was preferred due to its high germina-
tion rate, disease and insect resistance, and high oil con-
tent. Lateral pipelines were set up according to the prin-
ciples of Hanks, Keller, Rasmussen, and Wilson (1976). In
this layout, irrigation treatments included different irri-
gation quantities and crop development periods, which
together influence irrigation timing. Irrigation was applied
with a line source that decreased the rate of irrigation
as distance from the irrigation treatment increased. The
experimental design was a split-block replicated four times
based on Hanks, Sisson, Hurst, and Hubbard (1980). For
ANOVA, irrigation timing was considered the main plot,
and irrigation quantity was considered the subplot. The
total experimental area was about 1.0 ha (75 X 120 m).
Each plot covered an area of 15 m? (3 X 5 m), and harvest
was carried out on the harvest plot of 2 X 3 m to avoid
the horizontal movement of soil water from one plot to
another.

Rapeseed was planted at the end of October for 3 yr and
harvested on 14 July 2010 (day of year [DOY] 195), 10 July
2011 (DOY 191), and 5 July 2012 (DOY 187). The start and
end dates of each growth period in experimental years
are identified based on the Canola Council of Canada

Growth event/end date Stage length Day of planting
Plant has a few leaves

24 Nov. 2009 30 30
5 Nov. 2010 27 27
7 Nov. 2011 30 30
First flowers seen

15 Apr. 2010 141 171
18 Apr. 2011 164 191
13 Apr. 2012 158 188
Pods formation completed

14 May 2010 29 200
11 May 2011 23 214
12 May 2012 29 217
Pods dried

28 May 2010 14 214
28 May 2011 17 231
25 May 2012 13 230
Harvest

14 July 2010 47 261
10 July 2011 43 274
5 July 2012 41 271
Harvest

14 July 2010 261 261
10 July 2011 274 274
5 July 2012 271 271
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database and on phenological observations (Table 1).
Irrigation treatments were established for each main plot
(Figure 2) and were set up as (a) irrigation timing (I11, full
irrigation in all three growth periods; 100 irrigation during
the vegetative growth period; 0I0, irrigation during the
flowering period; 001, irrigation during the early ripening
period) and (b) six different irrigation quantities (100, 80,
60, 40, 20, and 0% of water requirement designated as I,
Igo, Iso, Lugs Iog, and Iy, respectively).

To maintain the amount of irrigation water needed for
treatments, a fully irrigated treatment (III-I;4,), designed
to receive 100% soil water depletion, was considered. At the
beginning of each growing period, soil moisture content at
90 cm root depth was at field capacity. The irrigation was
stopped when the amount of water accumulating in the rel-
evant container reached the amount of water applied by
irrigation. Containers were 10.5 cm in diameter and 22 cm
in height and were placed at varying heights, depending on
plant growth.

After irrigation, the depth of applied water was deter-
mined for each subtreatment by measuring the amount of
water accumulated in each container. The average amount
of water accumulated in each container refers to 100, 80,
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60, 40, 20, and 0% (L;o9, Igg, Iso, 140, Iog, and 1) of total irri-
gation water.

In the experimental layout, each plot contains a single
lateral line. There were eight impact sprinklers located on
single line, and each sprinkler was affected by the others.
In this experiment, an impact sprinkler (5035 G, NaanDan
Jain Irrigation Co.) was used. Flow rates of the sprinklers
vary between 2.5 and 2.8 m?® h™! at 3.0 atm operational
pressures.

2.2 | Water production functions

Although the amount of water applied was calculated for
90 cm effective root depth, plant water consumption rates

Layout of the line source sprinkler system and parcel detail

®) 71 0005 ET+ 1086
= (. - .

6 R2 = (.96%* 2010
:5 Sy, =0.116 tha = 2011
% (2012) £ 2012
> 4
= Y =0.0051 ET + 0.07
23 R2 = (0.93%*
Lo Sy =0.124 t ha!
£ 2 Y=0.0051 ET +0.1892 (2010)
= R? = 0.98**

' S, = 0.075 t ha"

0 (2011)

400 500 600 700 800 900 1000
Seasonal evapotranspiration (ET, mm)

(a) Total yield vs. seasonal applied water and (b) total yield vs. evapotranspiration for 2010, 2011, and 2012

were calculated according to water budget approach, tak-
ing 120 cm soil depth into account for deep percolation
(Rao, Regar, Tanwar, & Singh, 2013). The following equa-
tion was used for this purpose:

ET =I+P+C, — D= R £ AS (@))

where ET is evapotranspiration (mm), I is irrigation water
(mm), Pis effective rainfall (mm), C,, is capillary flow (con-
sidered to be zero because no groundwater was observed),
AS is change in the soil water storage in 120 cm depth of
soil profile (mm), DP is deep percolation (mm), and Ry is
the amount of runoff assumed to be zero (mm).

The irrigation water use efficiency (IWUE) and
water use efficiency (WUE), both on a yield basis, were
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TABLE 3 Yield and yield quality parameters of rapeseed for all treatments, 2009/2010
Mean values of fatty acids
1,000-seed Dry Protein 0il Oleicacid Linoleic Erucic
Yield  weight matter content  content C18:1 acid C18:2  acid C22:1
tha™! g %
4.84 4.39 90.0 23.0 38.0 62.0 21.0 0.2
4.43 4.28 90.0 23.0 38.0 62.0 21.0 0.1
4.35 4.34 90.0 23.0 37.0 62.0 21.0 0.2
4.22 4.06 90.0 23.0 36.0 61.0 21.0 0.3
3.70 3.91 91.0 23.0 37.0 62.0 22.0 0.2
3.98 3.58 90.0 20.0 37.0 63.0 21.0 0.2
3.82 3.70 90.0 20.0 38.0 63.0 21.0 0.5
3.54 3.73 91.0 19.0 38.0 63.0 21.0 0.5
3.65 3.72 91.0 19.0 39.0 61.0 21.0 0.1
3.39 3.63 90.0 19.0 38.0 63.0 21.0 0.2
4.56 3.88 90.0 29.0 40.0 64.0 21.0 0.1
4.01 3.67 90.0 28.0 39.0 63.0 22.0 0.0
4.02 3.90 91.0 28.0 39.0 64.0 22.0 0.1
3.77 3.65 91.0 29.0 39.0 64.0 22.0 0.0
3.31 3.68 90.0 29.0 39.0 63.0 22.0 0.1
4.54 3.89 91.0 21.0 42.0 63.0 22.0 0.1
4.16 4.01 91.0 22.0 41.0 63.0 21.0 0.1
3.66 4.03 92.0 22.0 41.0 63.0 22.0 0.1
3.33 3.67 92.0 21.0 39.0 63.0 21.0 0.1
3.24 3.62 91.0 22.0 39.0 63.0 22.0 0.1
411a”" 44a” 90.3 ns 22.2b" 37.6¢” 61.8b" 21.0ab" 0.2 ns
3.59b 3.6¢c 90.4 19.3d 38.3b 62.5ab 21.0b 0.2
3.80ab 3.9bc 90.6 26.8a 39.1ab 63.3a 22.0a 0.1
3.68b 3.9b 91.3 21.0c 40.1a 62.6a 22.0ab 0.1
448"  4.0a" 90.1b" 234a" 39.2a” 62.8a2" 21.8a° 0.2 ns
4.10ab 4.0a 90.1b 23.1ab 39.0a 62.8a 21.3ab 0.3
3.89b 4.0a 90.9ab 22.6b 38.9ab 62.9a 21.3b 0.2
3.74b 3.8ab 9l.1a 22.6b 38.3¢c 62.2bc 21.6ab 0.1
3.41b 3.7b 90.6ab 23.2ab 38.3bc 62.6ac 21.4ab 0.1
3.14c 3.7b 91.0a 19.0c 39.0a 62.0c 21.6ab 0.1
ns ns ns . ” . ns ns

Irrigation timing X
irrigation quantity

111, full irrigation in all three growth periods; 100, irrigation during the vegetative growth period; 010, irrigation during the flowering period; 00I, irrigation during

the early ripening period.

®Irrigation at 100, 80, 60, 40, 20, and 0% of water requirement designated as 1,09, Ig, Igo, Lyo» Lo, and Iy, respectively.
‘Different letters following numbers indicate significant difference. ns, nonsignificant.
*Significant at the .05 probability level.

**Significant at the .01 probability level.

calculated using Equations 2 and 3 (Sadras, Grassini, &

Steduto, 2011; Zhang, Wang, You, & Liu, 1999):

IWUE = (Y] — Y,) /I

WUE =Y;/ET

©)

3

where Y] is the yield (kg ha™!), Y, is the yield of the control
plots (kg ha™), I is the irrigation water (mm), and ET is
the evapotranspiration (mm). To determine the effect of
water stress during growing season on yield, the Stewart’s
model was used (Doorenbos & Kassam, 1979; Villalobos &
Fereres, 2016) (Equation 4):
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TABLE 4 Yield and yield quality parameters of rapeseed for all treatments, 2010/2011

Mean values of fatty acids
Irrigation  Irrigation 1,000-seed Dry Protein  Oil Oleicacid  Linoleic Erucic
timing’ quantity" Yield weight matter content content C18:1 acid C18:2 acid C22:1
t ha™! g %
II1 Ti0o 4.91 3.69 92.0 23.0 38.0 61.0 21.0 0.0
Igo 4.57 3.73 92.0 23.0 37.0 61.0 21.0 0.0
Tgo 4.46 3.69 92.0 24.0 38.0 61.0 22.0 0.0
P 3.99 3.72 92.0 24.0 39.0 61.0 22.0 0.0
I 3.85 3.70 93.0 23.0 38.0 62.0 22.0 0.1
100 Lo 4.16 3.55 90.0 22.0 38.0 61.0 22.0 0.1
Igo 3.73 3.56 89.0 21.0 38.0 61.0 21.0 0.0
Iso 3.56 3.61 91.0 21.0 38.0 61.0 21.0 0.1
L4 3.55 3.56 91.0 21.0 38.0 61.0 21.0 0.0
I 3.32 3.62 89.0 22.0 38.0 61.0 22.0 0.3
010 Tioo 47 3.59 91.0 25.0 39.0 61.0 21.0 0.1
Igo 3.61 3.63 92.0 25.0 38.0 62.0 22.0 0.0
Iso 3.57 3.61 93.0 25.0 39.0 61.0 21.0 0.1
2.55 3.60 93.0 25.0 37.0 61.0 21.0 0.1
I 2.36 3.58 92.0 25.0 38.0 62.0 22.0 0.1
001 oo 4.52 3.65 90.0 22.0 38.0 61.0 21.0 0.1
Igo 4.50 3.73 90.0 21.0 38.0 61.0 21.0 0.1
Iso 4.21 3.70 90.0 22.0 38.0 63.0 21.0 0.1
I 3.91 3.75 90.0 22.0 38.0 62.0 21.0 0.1
I 3.46 3.72 91.0 21.0 39.0 63.0 21.0 0.1
111 4192  3.70ns 90.2b" 23.0b" 37.9 ns 61.3b" 21.0 ns 0.0 ns
100 3.6lab 3.60 90.3b 21.4c 38.1 61.2b 22.0 0.1
0I0 3.36b 3.60 91.9ab 24.3a 38.3 61.5ab 21.0 0.1
001 4.00ab 3.70 92.8a 21.5¢ 38.3 62.1a 21.0 0.1
T 458"  3.7ns 90.8 ns 22.7ns 37.9b™ 61.1c” 21.3b° 0.2 ns
Igo 4.10ab 3.70 90.9 22.6 37.8b 61.3c 21.3b 0.1
Igo 3.95b 3.70 91.6 22.8 38.1b 61.6ab 21.4ab 0.2
I 3.50c 3.70 92.1 22.8 37.8b 6l.4c 21.4ab 0.1
I 3.24c 3.60 91.3 22.7 38.3ab 61.9ab 21.5ab 0.1
I 3.37c 3.70 91.0 21.8 39.0a 62.0a 22.0a 0.1
Irrigation timing X . ns . o . - ns ns

irrigation quantity

111, full irrigation in all three growth periods; 100, irrigation during the vegetative growth period; 010, irrigation during the flowering period; 00I, irrigation during

the early ripening period.

bIrrigation at 100, 80, 60, 40, 20, and 0% of water requirement designated as I;g, Iy, o, L4o, Lo, and I, respectively.
‘Different letters following numbers indicate significant difference. ns, nonsignificant.

*Significant at the .05 probability level.
**Significant at the .01 probability level.

Y.\ ET,
<1‘E> K, (1_ETm> @)
where Y, is actual harvested yield (tha™'), Yy, is maximum
harvested yield (t ha 1), ky is yield response factor, ET, is

actual evapotranspiration (mm), ET,, is maximum evap-
otranspiration (mm) corresponding to Y,,, 1 — (Y,/Yy,) is
relative yield decrease, and 1 — (ET,/ET,,) is relative ET
deficit.
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TABLE 5 Yield and yield quality parameters of rapeseed for all treatments, 2011/2012
Mean values of fatty acids
Irrigation Irrigation 1,000-seed Dry 0il Oleic acid Linoleic Erucic
timing’ quantityb Yield weight matter content C18:1 Acid C18:2 acid C22:1
tha™! g %
III . 4.77 41 92.0 39.0 64.0 22.0 0.1
Igo 4.50 4.1 92.0 37.0 64.0 22.0 0.1
Tso 412 4.2 92.0 38.0 64.0 21.0 0.1
Iy 3.81 4.1 92.0 38.0 63.0 22.0 0.1
I 3.65 4.2 93.0 38.0 64.0 21.0 0.1
0I0 Lo 437 4.0 90.0 38.0 64.0 21.0 01
Igo 3.87 3.9 89.0 37.0 63.0 21.0 0.1
Iso 3.79 3.9 91.0 37.0 64.0 22.0 0.1
Lo 3.57 3.9 91.0 38.0 63.0 22.0 0.1
I 2.88 4.0 89.0 38.0 63.0 21.0 0.1
00I Ti00 3.95 4.1 91.0 38.0 63.0 22.0 0.1
Igo 4.03 3.9 92.0 38.0 64.0 21.0 0.1
Ieo 3.84 4.0 93.0 39.0 63.0 22.0 0.1
Iy 3.85 4.0 93.0 39.0 63.0 22.0 0.1
I 3.62 4.3 92.0 39.0 63.0 22.0 0.1
1 4.07ns 4.1ns 90.0 37.9ab” 63.8n8 22.0ns 0.1ns
0I0 3.67 4.0 90.0 37.7b 63.4 21.0 0.1
00I 3.81 4.1 90.0 38.3a 63.1 22.0 0.1
Loo 436a " 4.1ns 91.0 38.0ns 63.6ab" 21.4ab" 0.1ns
Igo 4.13ab 4.0 90.2b" 37.4 63.4abc 21.3b 0.0
Teo 3.91bc 41 90.3b 38.1 64.0a 21.8ab 0.2
Iy 3.74cd 4.0 91.9ab 38.1 62.9¢c 21.8ab 0.1
I 3.38d 4.2 92.8a 38.3 63.7ab 21.8ab 0.1
I, 3.55d 39 90.8ns 38.0 63.0bc 22.0a 0.1
Irrigation timing X ns ns ‘ns ns ns

irrigation quantity

111, full irrigation in all three growth periods; 100, irrigation during the vegetative growth period; 010, irrigation during the flowering period; 00I, irrigation during

the early ripening period.
“Irrigation at 100, 80, 60, 40, 20, and 0% of water requirement designated as I, Iy,

, Iso, Lao, Ing, and Iy, respectively.

Different letters following numbers indicate significant difference. ns, nonsignificant.

*Significant at the .05 probability level.
**Significant at the .01 probability level.

2.3 | Yield and quality parameters

The harvest plot yield (t ha™') and the 1,000-grain weight
(g) were obtained separately from the experimental plots.
To determine dry matter content, vegetative parts of plant
were separated and dried at 65 °C in a forced-air oven
(Daun, Eskin, & Hickling, 2011). Seed crude oil content
(%) was determined with the aid of IUPAC method Item
122 (IUPAC, 1987). Total N content in the dry matter of
seed was analyzed by the Kjeldahl method, and the resul-
tant N content was multiplied by 6.25 to determine the
crude protein content (%) of the seeds (AOAC, 2000; Daun

et al., 2011). To determine the concentrations of fatty acids
(erucic acid, C22-1; oleic acid, C18-1n9; linoleic acid, C18-
2n6), the studied oil samples were transformed into methyl
esters of fatty acids by using BF3-methanol in accordance
with the Ce 2-66 method of AOCS (AOCS, 1993).

2.4 | Statistical and economic analysis

Experimental data were subjected to ANOVA with SPSS
18.0 (SPSS Inc.) and Excel (Microsoft) software. Significant
means were compared with the aid of Duncan’s multiple
range tests at p < .01 and p < .05 (Gomez & Gomez, 1984).
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the yield formation stage for 2009/2010, 2010/2011, and

The nearest treatment (I;oo) to the lateral line received
the greatest amount of water (100%), and the amount
applied decreased with distance from the lateral line
(Table 2). In 2010, the amount of irrigation water collected
in containers was approximately 100% for the full irriga-
tion (I;99) nearest to the lateral and 17% for the I, furthest
from the lateral. The same tendency was seen in 2011 and
2012. The differences in the amounts of irrigation water
are mostly attributed to long growing periods and differ-
ences in soil water storage and to differences in winter and
spring precipitation. These irrigation amounts were sim-
ilar to others (Dogan, Copur, Kahraman, Kirnak, & Gul-
dur, 2011; Istanbulluoglu, Arslan, Go¢gmen, Gezer, & Pasa,

GULTAS AND AHI
1 - ETZ/ETm
0.6 0.5 04 03 02 0. 0_ 0 2011/2012, respectively.
1-Ya/Ym = 0.93 (1-(ETa/ETm))
R*=0.90** 0.1
(2011) ’
1-Ya/'Ym = 0.74 (1-(ETa/ETm)) 02 —
R*=(.92** ’ L,
(2010) 2010 !
032
2011
1-Ya/'Ym = 1.01 (1(ETa/ETm)),
B2 w800 2012 0.4
(Common)
1-Ya/Ym = 1.30 (14(ETa/ETm))
R2=0.95%* 0.5
(2012)
0.6

FIGURE 4 Relative yield decrease to relative evapotranspira-
tion deficit, yield response factor (k) by years

The experimental results were analyzed with a split block
design, which is a variation of the time modification of the
split-plot design for the line source irrigation method based
on Hanks et al. (1980) and Sezen and Yazar (2006).

Net income of irrigation treatments, irrigation system
cost, investment cost, fixed cost, operating cost, repair
and maintenance costs, and irrigation labor costs were
calculated according to principles given in Letey, Dinar,
Woodring, and Oster (1990). Total costs and net income
were compared to determined which irrigation treatment
would be more economical.

3 | RESULTS AND DISCUSSION

3.1 | Irrigation water and
evapotranspiration

The total amounts of irrigation water applied in exper-
imental treatments, the seasonal water consumption of
rapeseed (ET, mm), the yield obtained from experimen-
tal plots, and the calculated IWUE and WUE values for
each year are provided in Table 2. These differences were
attributed to annual climatic differences. The amount of
irrigation water applied in full irrigation (III-I;oy) was
364 mm in Year 1, 362 mm in Year 2, and 250 mm in Year 3.
Seasonal cumulative rainfall was 583 mm in Year 1, 694 mm
in Year 2, and 369 mm in Year 3. In the last year of the
research, irrigation of 100 could not be conducted due to
climatic conditions. Total rainfall was 427, 312, and 246 mm
during the vegetative growth stage; 20, 49, and 10 mm dur-
ing the flowering stage; and 60, 102, and 20 mm during

2010).

The seasonal evapotranspiration values reached a maxi-
mum in the III-1100 treatments (Table 2). Nominal values
were 941 mm in Year 1, 923 mm in Year 2, and 730 mm
in Year 3. In the other treatments, evapotranspiration val-
ues varied with irrigation water quantity. In nonirrigated
treatments (I,), minimum evapotranspiration values were
699, 698, and 465 mm in Years 1, 2, and 3, respectively.
In all treatments, evapotranspiration values were slightly
greater than other rapeseed studies (400-700 mm) (Banue-
los, Bryla, & Cook, 2002; Bilibio, Carvalho, Hensel, &
Richter, 2011; Majnooni-Heris et al., 2012, 2014; Rahnema
& Bakhshandeh, 2006; Tesfamariam, 2004). This phe-
nomenon is thought to be due to climate conditions and
application differences. Istanbulluoglu et al. (2010) calcu-
lated evapotranspiration to be between 465 and 715 mm
the northwestern portion of Turkey, whereas Dogan et al.
(2011) reported that values ranged from 275 to 316 mm in
the southeastern portion of Turkey. The researchers con-
firm that there may be differences in evapotranspiration
results depending on local conditions.

In all years of the study, WUE values were calculated
between 0.44 and 0.77 kg m~3, respectively. Water use effi-
ciency values increased with decreasing irrigation water
quantities in 2012. The greater WUE of 2012 was due
to less total ET. Values of IWUE with full irrigation at
all growing periods (I1I-I;o,) were 0.47 kg m~ in 2010,
0.43 kg m~3 in 2011, and 0.48 kg m~3 in 2012. Buttar,
Thind, and Aujla (2006) reported WUE values of rapeseed
irrigation treatments of 0.14-0.31 kg m~3; Istanbulluoglu
et al. (2010) reported WUE values of 0.62-0.77 kg m—> and
IWUE values of 1.91-7.16 kg m~3. In other experiments,
WUE values ranged from 0.10 to 3.13 kg m~> (Banuelos
et al., 2002; Kar, Kumar, & Martha, 2007; Sinaki, Hera-
van, Rad, Noormohammadi, & Zarei, 2007), and IWUE val-
ues ranged from 1.48 to 4.11 kg m~ (Djaman et al., 2018;
Dogan et al., 2011, Majnooni-Heris, Nazemi, & Sadraddini,
2014).
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FIGURE 5

Throughout the growing season, there was a strong pos-
itive correlation between seasonal plant water consump-
tion and yield (Figure 3). In 2010, 2011, and 2012, higher
yields of 54, 46, and 34%, respectively, were obtained from
full irrigation (I11-1;) as compared to the control (nonirri-
gated) treatments. Linear relationships between water con-
sumption and yield were also reported in previous studies
(Banuelos et al., 2002; Bilibio et al., 2011; Dogan et al., 2011;
Shabani, Sepaskhah, & Kamgar-Haghighi, 2013).

Yield response factors, expressed as the ratio of relative
yield decrease [1 — (Y,/Yy)] to relative ET deficit [1 —
(ET,/ET,,)], calculated with the aid of maximum yield
(Ym), actual yield (Y,), ET,, and ET,, are plotted in Fig-
ure 4. The relative yield decrease increased linearly with
relative ET deficit (p < .01). According to the regression
equations, seasonal yield response factor, ky, was 0.74,
0.93, and 1.30 for Years 1, 2, and 3, respectively, and was
1.01 for all years. Istanbulluoglu et al. (2010) obtained
a seasonal ky value of 0.87 under the same conditions.
According to the yield response factor equations for total
growing period, it can be said that a 53% yield reduction
will be seen if a 50% water deficit occurred throughout the
entire growing season.

3.2 | Yield and yield quality parameters

Average yield and quality parameters obtained from each
treatment are provided in Tables 3, 4, and 5 for 2009/2010,
2010/2011, and 2011/2012, respectively. As seen in the
tables, in each of the three growing seasons, the great-
est yields (4.84, 4.91, and 4.77 t ha™!, respectively) were
obtained from III-I;4o, and the lowest yields were obtained
from nonirrigated control treatments. The interaction
between the irrigation timing and irrigation quantity on

Variation of total cost, total income, and net income for rapeseed cultivar based on irrigation timing treatments

total yield was not statistically significant in Years 1 and 3.
Differences in yields of irrigation treatments were found to
be significant at the .01 and .05 confidence level in Years 1
and 2, respectively (Tables 3 and 4). In general, III and I,
treatments were placed in the first group, and this treat-
ment could be recommended for high yields.

Statistical analysis revealed that some yield quality
parameters, such as protein content, oil content, and some
fatty acids, were affected by irrigation quantity, but treat-
ment had little or no effect on 1,000-seed weight, linoleic
acid, or erucic acid. The greatest 1,000-seed weights in
Years 1, 2, and 3 were 4.4, 3.7, and 4.1 g, respectively,
with the greatest value from III treatments. These values
were similar to others (Ahmadi & Bahrani, 2009; Bilibio
et al., 2011; Dogan et al., 2011; Moaveni, Ebrahimi, & Fara-
hani, 2010; Shabani et al., 2013). According to the ANOVA,
although differences in 1,000-seed weight of irrigation tim-
ing and quantity for Year 1 were significant, they were
insignificant for Years 2 and 3.

Dry matter contents varied between 90 and 92% in Year
1 and between 89 and 93% in the Years 2 and 3 (Tables 3-5).
Crude protein contents varied between 19 and 29% in Year
1 and between 21 and 25% in Year 2. In Year 2, protein con-
tents could not be determined due to equipment failure.
Shabani et al. (2013) conducted deficit irrigation research
that consisted of full irrigation (FI), 0.75 FI, and 0.50 FI in
Year 1 and F1, 0.65 FI, and 0.35 FI in Year 2 and reported
crude protein contents between 17.8 and 21.3%. Tahir, Alj,
Nadeem, Tanveer, and Sabir (2007) reported that, in Pak-
istan, protein contents varied from 20.02 to 20.48% among
irrigation levels, whereas in Iran protein was not affected
by time or the number of irrigations (Sinaki et al., 2007).
The greatest crude protein content was obtained from the
0I0 treatment, and the lowest crude protein content was
obtained from the control treatment in both years. These
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results show that irrigation applied during the flowering
period increased crude protein contents.

Oil content is an important quality parameter for rape-
seed. Previous studies reported that oil content in rapeseed
ranged from 35 to 50% (CCC, 2013; Istanbulluoglu et al.,
2010; Maleki & Mirsheraki, 2011; Onemli, 2014; Shabani
et al., 2013; Sinaki et al., 2007). In our study, oil contents
varied between 36 and 42% in 2010 and between 37 and 39%
in 2011 and 2012.

Oleic acid was the major fatty acid, and oleic contents
varied between 61 and 64% (Tables 3-5). Fatty acid com-
position of irrigated rapeseed was not previously reported.
The Canola Council of Canada (CCC, 2013) declared that
the oleic acid content of rapeseed should be 60-65%. Max-
imum values were observed when irrigation was applied
during the flowering and ripening periods. As with the
other yield parameters, irrigation applied during these
periods increased oleic acid contents. The effects of irri-
gation timing on linoleic acid contents were significant
only in the 2009/2010 growing season (p < .05). However,
the effects of irrigation quantities on linoleic acid contents
were significant in all 3 yr (p < .05). Erucic acid contents
varied between 0.1 and 0.5%. Erucic acid is an important
control parameter that must be contained in the seed. High
ratios of erucic acid can have negative effects on human
health; therefore, it is stated in the international standards
that the levels should not exceed 3%.

The annual total cost, total income, and net income
based on irrigation treatments are summarized in Figure 5.
The highest net income was $2,485 per hectare from the
0I0 treatment irrigated only in the flowering period. It was
$2,360 for the III treatment and $2,032 for the nonirrigated
treatment. The total costs varied depending on the annual
operating costs. The total cost in the III treatment was 20%
higher than the irrigated treatment during the flowering
period treatment (0I0) and 52% higher than the nonirri-
gated treatment, but the net income was highest in the 010
treatment. Net income was also relatively high in the non-
irrigated treatment, with only a 19% difference from the
highest net income, which is attributed to high total rain-
fall observed during the growing period compared with
long-term averages.

4 | CONCLUSION

Full irrigation had remarkable yields in all 3 yr of the study
and thus could be recommended for acieving high yields.
The highest IWUE and net income were obtained when
irrigation was applied during flowering. At this time, the
net income was $2,485 ha™! yr~!. Supplemental irriga-
tion was very beneficial during years with insufficient
precipitation.
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