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Abstract: Two-year (2012—2013 and 2013—2014 ) field experiments were conducted to determine the appropriate
supplemental irrigation amount of winter oilseed rape ( Brassica napus L. ) at stem elongation stage with the ridge and furrow
rain harvesting cultivation. Four treatments, including T, , T,, T, (with supplemental irrigation amounts of 0, 60, 120 mm
under ridge and furrow rain harvesting cultivation, respectively) and CK (with supplemental irrigation amount of 120 mm
under flat planting cultivation) were set up to evaluate the effects of different supplemental irrigation amounts on soil
moisture content at 0 ~30 cm and 30 ~ 100 c¢m soil depths, aboveground dry matter, taproot growth parameters, lateral root
density, yield components and water use efficiency ( WUE) of winter oilseed rape. The results showed that soil moisture
contents at 0 ~ 30 cm soil depth of T, and T, at different periods were obviously higher than those of T, and CK.
Aboveground dry matter at flowering stage and pod stage, taproot diameter and dry weight, lateral root density at 0 ~ 10 cm
and 10 ~20 cm soil depths at pod stage of T, and T, were significantly higher than those of T, and CK, and no significant
differences were found between T, and T;. Compared with T, and CK, seed yields of T, and T; in two years were increased
by 50.99% , 58.15% and 53.89% , 61.19% , respectively, and WUE of T, and T; in two years were improved by
37.28% , 25.98% and 92.77% , 76.90% , respectively. T, achieved the highest yield in both years, the average yield,
crop evapotranspiration ( ET) and WUE of which were 3 235 kg/hm”, 368 mm, 0.89 kg/m’, respectively. While the
highest WUE with average value of 0. 96 kg/m® was determined in T, , with average yield of 3 089 kg/hm® and average ET
of 322 mm. Therefore, compared with T, T, could save irrigation amount by 60 mm, increase WUE by 8.97% , and the
yield was just reduced by 4. 74% . From the perspective of saving water and increasing yield, T, was recommended as an
appropriate irrigation schedule and cultivation pattern for winter oilseed rape at stem elongation stage.
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water use efficiency

improved with local extensive plant and irrigation

0 Introduction

Water scarcity has always been the most critical
restriction to the sustainable development of agriculture
in arid and semiarid areas of Northwest China. In
recent years, phenomena of climate warmer and
persistent drought were happened in most regions of
northern China, and precipitation was decreased
significantly. Average annual precipitation in Northwest
China was reduced by 5% '

of Shaanxi

The Guanzhong region

Province was an important irrigated

agricultural area in China, however, crop yield was not
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methods, which caused a serious waste of water
resources. In recent years, the amount of water
resources allocated to agriculture in this region was
2.52 billion m’ per year, and the degree of water
shortage was 25.8% in moderate drought year”'.
Therefore, it is of practical significance to sustainable
development of local agriculture and improve the
utilization efficiency of precipitation and irrigation,
reduce irrigation amount and enlarge irrigation area.

The ridge and furrow rain harvesting ( RFRH )
cultivation technique through building ditches in the
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field, mulching ridges with plastic film and planting
crops in the furrows, could collect rainwater falling
onto the ridges to flow along the slope and then
infiltrate into the furrow soils. Many researches showed
that RFRH cultivation technique could obviously

improve crop yield and water wuse efficiency

(WUE )% effectively regulate soil water deficit,
reduce invalid soil evaporation, increase soil water

content'®™”" and surface runoff collecting efficiency,
reduce soil and water erosion® | and it could also
effectively improve the crop absorption and utilization

[9-10]
’

efficiency of  nutrients increase soil

temperature[“] , activate soil nutrients''! suppress

the occurrence of soil salinization'"*’ | optimize the crop
demand for light, improve the chlorophyll content and
photosynthetic efficiency of crops ™*'. So far, domestic
and international researchers mainly focused on the

effects of RFRH planting pattern on  wheat'"/

[16] [17] 18] [19]

maize" ', potato' ', bromm corn millet'™® | oat

and alfalfat®’.

about the effects of appropriate supplemental irrigation

However, few studies were reported

at critical growth stages under RFRH planting pattern
on crop yield and WUE, especially the crop of winter
oilseed rape under RFRH planting pattern.

In order to determine the appropriate supplemental
irrigation amount and provide theoretical basis for
reasonable irrigation of winter oilseed rape under
RFRH planting pattern, based on two-year field
of different

irrigation amounts applied at stem elongation stage on

experiment, the effects supplemental

soil water content, aboveground dry matter, root
characteristics, seed yield and WUE of winter oilseed
rape under RFRH planting pattern were analyzed and

compared.
1 Materials and methods

1.1 Experimental site

Two-year (2012 — 2013 and 2013 - 2014) field
experiments were conducted in the Key Laboratory of
Agricultural Soil and Water Engineering in Arid and
Semiarid Areas of the Ministry of Education (34°18'N,
108°24" E, and altitude 521 m ), Northwest A&F
China.

annual sunshine duration of study area is about 2 163. 8 h,

University, Yangling, Shaanxi, The mean

with mean annual frost-free period of more than 210 d.

The soil of the experimental field is medium loam with

field capacity of 24.0% and dry bulk density of
1.40 g/cm’. The ground water table is deeper than 8 m,
and its upward supplementary amount can be
neglected. The basic physical and chemical properties
of the top soil layer (0 ~20 cm) at the start of 2012 —
2013 experiment were: organic matter content of
13. 36 g/kg, total nitrogen (N) content of 0. 96 g/kg,
nitrate N content of 73.01 mg/kg, rapidly available
phosphorus content of 24. 07 mg/kg, rapidly available
potassium content of 135. 73 mg/kg, and pH value of
8.13; and the basic physical and chemical properties
of the top soil layer (0 ~20 cm) at the start of 2013 —
2014 experiment were: organic matter content of
12. 87 g/kg, total nitrogen (N) content of 0. 98 g/kg,
nitrate N content of 72.54 mg/kg, rapidly available
phosphorus content of 24. 26 mg/kg, rapidly available
potassium content of 135.32 mg/kg and pH value of
8. 14.
1.2 Experimental materials and design

The plastic film used was 80 c¢m width and
0. 008 mm thickness. The variety of winter oilseed rape
was ‘ Shaanyou No. 107’

College of Agriculture in Northwest A&F University.

, which was provided by

Fertilizers were urea (N mass fraction was more than
46% ), calcium superphosphate ( P, Q5 mass fraction
was more than 16% ) , potassium sulphate ( K,O mass
fraction was more than 51% ), and borax (B mass
fraction was more than 11.5% ).

Supplemental irrigation was applied at stem
elongation stage ( March 1). Four treatments were
arranged in a completely randomized design with three
replicates: supplemental irrigation amounts of 0 mm
(T,), 60 mm (T,) and 120 mm (T,) under RFRH
cultivation and supplemental irrigation amount of
120 mm under flat planting cultivation ( CK). There
were totally twelve plots with area of 13.5 m’ (4 m x
3.5 m) and 1 m buffer area was set between plots.
Plastic film was mulched on ridges of 50 ecm width and
20 cm height, and winter oilseed rape was planted in
furrows of 50 e¢m width. Supplemental irrigation was
applied in the furrows under RFRH planting pattern
and flat planting pattern was not mulched by plastic
film. Schematic diagrams of the RFRH and flat
planting patterns were presented in Fig.1. Basal

fertilizers of N, P,0,, K,O and B at rates of 100 kg/hm’
90 kg/hm*, 120 kg/hm’ and 15 kg/hm* were applied
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before sowing, and additional N of 80 kg/hm’ was
applied before supplemental irrigation. Seeds were
manually sown in each plot with row spacing of 50 cm
and on-row plant spacing of 13 ¢m on September 15
and 12 in 2012 and 2013, respectively. Seedlings were
thinned artificially at the third-leaf stage ( September
30 and 27 in 2012 and 2013, respectively), and the
plant density was determined as 120 000 plants/hm’.
30 mm of irrigation water was applied to each plot due
to a severe drought after sowing in September 2013 to
ensure seedling emergence. Other field managements
were consistent with the local high-yield field. All
plants were harvested on May 20, 2013 and May 22,
2014.

Plastic film

/ / / /

™ N N ™\
/2 / Y N - j

VA AV A A P S
50 cm 50 cm 50 cm

(a) Ridge and furrow rain harcesting planting pattern

/ / /

/
™ N N N
4 4 d 4

7\ 7T
50 em 50 ecm 50 ¢cm

(b) Flat planting pattern
Fig.1 Sketches of ridge and furrow rain harvesting
cultivation and flat plantings
1.3 Measurements and methods
Soil water content of 0 ~ 200 cm depth was
determined before sowing and after harvesting in
different treatments on the basis of oven-dried method.
Soil water content to a depth of 100 em was also
measured every 15 d from the day of supplemental
irrigation.  The soil was sampled at 10 cm intervals in
depth between adjacent plants within the furrows under
RFRH planting pattern and the rows under flat planting
pattern.
Soil water storage was calculated as
W = 10yho (1)
where W is soil water storage (mm) ; 7y is soil dry bulk
density (g/cm’); h is soil thickness (em); 6 is
gravimetric water content (% ).
Evapotranspiration was calculated as
ET =P + 1 —AW (2)

where ET is (mm); P is

evapotranspiration

precipitation (mm) ; [ is irrigation amount (mm) ; AW
is variation of soil water storage before sowing and after
harvesting (mm).

Irrigation, precipitation and water use efficiency

were calculated as

Ly = Y/ (101) (3)
Py, = Y/(10P) (4)
W, = Y/(10ET) (5)

where 1,,, is irrigation water use efficiency (kg/m’);
P, is precipitation water use efficiency ( kg/m’);
W, is water use efficiency (kg/m’); Y is seed yield
of winter oilseed rape (kg/hm”).

Aboveground dry matter; five representative plants
were sampled per plot at stem elongation stage ( before
supplemental irrigation, 166 DAS in 2013, 169 DAS
in 2014, DAS denoted days after sowing ), initial
flowering stage (192 DAS in 2013, 194 DAS in
2014 ) , full-bloom stage (206 DAS in 2013, 209 DAS
in 2014) and pod stage (237 DAS in 2013, 242 DAS
in 2014 ) to determine shoot dry matter. The plants
were separated into stem, leaf and pod, and the dry
weight of each part was measured on the basis of oven-
dried method. The aboveground dry matter was the
sum of dry weights of each part.

Taproot characteristics and lateral root distribution of
winter oilseed rape were measured at stem elongation
stage and pod stage. Five representative whole root
systems were dug out per plot and the lateral roots were
removed with scissors. The length and diameter of
taproot were measured using rulers and calipers,
respectively. Lateral roots in depths of 0 ~ 10 cm,
10 ~20 ¢m and 20 ~ 30 cm were sampled between
adjacent plants using soil cores (7 cm diameter ).
Roots in the cores were separated from the soil on a
thin mesh with tap water. The taproots and lateral roots
were dried in an oven at 70°C to constant weight, and
then weighed.

Yield was measured from 1 m’ selected area in each
plot in advance, and the rapeseed plants in this area
were harvested separately to measure seed yield after
dried and shelled. Ten plants in the 1 m” area were
randomly selected to measure branch and pod numbers
per plant, seed numbers per pod, and 1000-seed
weight.

1.4 Data analysis
Experimental data were handled by Excel 2010.
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2.1 Rainfall and temperature during growth
periods of winter oilseed rape

Monthly total rainfall and monthly mean temperature
during the growth periods of winter oilseed rape in
2012 - 2013, 2013 - 2014 and 2006 - 2011 were
shown in Fig. 2. Mean temperature in January for 2013
and 2014 (0. 1°C and 1. 1°C') were significantly higher
than mean temperature in January of 2006 — 2011
( —1.8%C). Total rainfall during the growing periods
was 119.6 mm and 335.8 mm for 2012 - 2013 and
2013 —2014, and mean rainfall during the growing
period of 2006 —2011 was 371. 6 mm. Rainfall during
critical growth stages (from March to April) of winter
oilseed rape for 2012 — 2013 was 156.4 mm, which
was lower than that for 2013 —2014. Therefore, 2012 -
2013 belonged to dry year.
2.2 Dynamics of soil water content under RFRH

planting pattern

Dynamics of soil water contents in 0 ~ 30 em and
30 ~ 100 cm soil layers after supplemental irrigation at
stem elongation stage of winter oilseed rape under
different treatments were shown in Fig. 3. It can be

77 -

=T, ©T, +T; +CK

)

0 15 30 45 60 15
Days fater supplemental irrigation/d

(a) 0~30 cm in 2012-2013

/

Soil water content/%
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Soil water content/%

0 15 30 45 &) 75
Days fater supplemental irrigation/d
(€} 30~100 ¢cm in 2012-2013

Month

Month
Fig.2 Monthly total rainfall and mean temperature during

winter oilseed rape growth seasons at experimental site

known that the effect of rainfall and irrigation on soil
water content was more significant in 0 ~ 30 cm soil
layer than that in 30 ~ 100 ¢m soil layer. The variation
trends of soil water contents in 0 ~30 c¢cm and 30 ~
100 em soil layers from 15 d to 75 d after supplemental
irrigation  were obviously different in two growing
seasons because of the differences of rainfall amount
and its distribution in two seasons. Soil water contents
in 0 ~30 em and 30 ~ 100 em soil layers under RFRH
planting pattern before supplemental irrigation were
obviously higher than that in CK, and mean soil water
contents in 0 ~30 cm and 30 ~ 100 cm soil layers under
RFRH planting pattern before supplemental irrigation
across the two seasons were 11. 33% and 6. 61%
higher than that in CK.

Soil water contents in 0 ~30 e¢m in T,, T, and CK
were sharply increased after 15 d of supplemental
irrigation. Soil water content in 0 ~ 30 cm soil layer
presented a downward trend from 15 d to 75 d after
supplemental irrigation in 2012 - 2013 due to drought.

Soil water contents in 0 ~30 cm soil layer in T, and T,

22
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=

Soil water content/%
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Fig.3 Dynamics of soil moisture content at different soil layers after supplemental irrigation
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from 30 d to 45 d after supplemental irrigation, which
was full-bloom stage and winter oilseed rape grew
vigorously, were 9.52% ~ 10.14% and 15.87% ~
16.89% higher than that in T,, and 8.67% ~
10.40% and 15.33% ~ 16.80% higher than that in
CK. Winter oilseed rape was mature and senescent,
and the soil water content had little effect on winter
oilseed rape. Soil water contents in 0 ~30 cm soil layer
in T, and T, at 75 d after supplemental irrigation were
8.04% and 12.50% higher than that in T,, and
12.04% and 16.67% higher than that in CK. Soil
water content in 0 ~30 cm soil layer from 15 d to 75 d
after supplemental irrigation in 2013 - 2014 presented
a fluctuated trend due to much rainfall. Soil water
content in 0 ~30 c¢m soil layer from 30 d to 60 d after
supplemental irrigation under each treatment was
increased sharply because of rich rainfall during this
period. Soil water contents in 0 ~30 c¢m soil layer in T,
and T, from 30 d to 45 d after supplemental irrigation
were 6.06% ~ 11.56% and 10.91% ~ 17.00%
higher than that in T,, and 7.36% ~ 9.33% and
12.27% ~14.67% higher than that in CK. Soil water
content in 0 ~ 30 cm soil layer at 75 d after
supplemental irrigation was almost the same among
treatments, and soil water contents in T, and T, were
increased by 0.52% and 2.06% compared with T,,
and 3. 17% and 4.76% compared with CK.

Soil water content in 30 ~ 100 c¢cm soil layer after
supplemental irrigation had small variation amplitude.
Soil water content in 30 ~ 100 cm soil layer at 15 d
after supplemental irrigation obtained the maximum
increasing amplitude in CK, with increase of 8. 62%
and 8.28% in two seasons, respectively. Soil water
content in 30 ~ 100 cm soil layer in 2012 — 2013 had
similar trend with soil water content in 0 ~30 c¢m soil
layer, which presented a downward trend over time.
Soil water content in 30 ~ 100 e¢m soil layer in 2013 -
2014 presented a fluctuated trend over time, but the
soil water content of CK had different variation trend in
30 ~ 100 cm and O ~ 30 cm soil layers. Soil water
content in 30 ~ 100 em soil layer from 30 d to 60 d after
supplemental irrigation in CK was rapidly increased
with the sharp increase of rainfall amount, and soil

water content in 30 ~ 100 c¢m soil layer at 50 d after

supplemental irrigation in CK was higher than those in
RFRH treatments. Soil water content in 30 ~ 100 cm
soil layer at 75 d after supplemental irrigation in CK
was 3.98% ~ 6.09% higher than those in RFRH
treatments.

RFRH

increased soil water content in 0 ~ 30 em soil layer,

Based on above analysis, treatments
and prevented the infiltration of water to deep soil layer
after heavy rain or irrigation, thus the water use
efficiency of winter oilseed rape was improved.
Supplemental irrigation at stem elongation stage was
beneficial to RFRH treatments to improve soil water
content in surface layers, however, heavy rain or
irrigation mainly increased soil water content in deep
layer in flat planting treatments, and it was
unbeneficial to winter oilseed rape to make use of water
efficiently.

2.3 Effects of supplemental irrigation under
RFRH planting pattern on aboveground dry
matter of winter oilseed rape

Aboveground dry matter of winter oilseed rape was

significantly affected by different treatments (Tab. 1).

The aboveground dry matter under RFRH planting

treatments (T,, T, and T,) at stem elongation stage

( before supplemental irrigation ) was increased by

22.97% and 20.44% compared with CK in two

RFRH planting

pattern could significantly increase the aboveground dry

seasons, respectively. Therefore,

matter of winter oilseed rape. After supplemental
irrigation, the aboveground dry matters at initial
flowering stage, full-bloom stage and pod stage in T,
and T, (no significant differences were found between
the two treatments) were significantly higher than those
in T, and CK (no significant differences were found
between the two treatments). Average aboveground dry
matters at pod stage in the two seasons in T, and T,
were 24.42% and 35.45% higher than that in T,
and 29. 78% and 41.30% higher than that in CK. It
was obvious that application of  appropriate
supplemental irrigation at stem elongation stage could
significantly increase the accumulation of aboveground
dry matter of winter oilseed rape, however, the

enhancement would not be significantly promoted when

excessive supplemental irrigation was applied.
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Tab.1 Aboveground dry biomass of winter oilseed rape under different treatments

kg/hm’

Aboveground dry matter

Growing seasons Treatments
Stem elongation stage Initial flowering stage Full-bloom stage Pod stage
T, 1284 2215" 3533b 7072°
T, 1302° 2 869° 4 980* 9271%
2012 -2013 o
Ty 1269° 3016° 5672° 10 301°
CK 1045 2437 3859 7 286"
T, 1 568" 3040 5104 10 216"
T, 1605° 3518° 6 528" 12 238°
2013 -2014
T, 1582¢ 3769* 7177% 13 116°
CK 1316" 3162° 4 872" 9287

Note: different letters within a column indicated significant differences among treatments within a season at P <0.05. The same as below.

Obvious differences in aboveground dry matter of
winter oilseed rape were found between the two seasons
due to the differences of rainfall during the two
seasons. The aboveground dry matters of winter oilseed
rape from initial flowering stage to pod stage in 2013 —
2014 were obviously higher than that in 2012 - 2013
because more precipitation was occurred in 2013 -
2014. The mean aboveground dry matter at pod stage
in 2013 - 2014 was 32.20% higher than that in
2012 -2013.

2.4 Effects of supplemental
RFRH

characteristics and lateral root distribution of

irrigation under

planting pattern on taproot
winter oilseed rape
2.4.1 Taproot characteristics

Well-developed root system was good for winter

oilseed rape to absorb water and nutrients, it could also
increase the lodging-resistance capability of winter
oilseed rape, and lowered the probability of yield
reduction due to lodging of winter oilseed rape. The
depth of taproot dug down to the soil and taproot dry
weight was significantly correlated with the lodging-
2121 The effects of different
treatments on taproot characteristics of winter oilseed
rape reached the significance level of P <0.05 (Tab.2).

Taproot lengths in T,, T, and T, at stem elongation

resistance coefficient

stage ( before supplemental irrigation) in two seasons
were significantly lower than that in CK at P <0.05
level, but the taproot diameters at top, top-5 cm and
top-10 em and taproot dry weight in T,, T, and T, were
significantly higher than that in CK at P < 0.05

level.

Tab.2 Taproot growth parameters of winter oilseed rape under different treatments

Stem elongation stage Pod stage
Growing Treat- Taproot diameter/ mm Taproot Taproot diameter/mm Taproot
LCASONS . Taproot . Taproot .
seasons ments dry weight/ dry weight/
length/ cm _ length/ cm _
Top Top-5cem  Top-10em g-plant D) Top Top-5 em  Top-10 cm (g-plant by
T, 2.1 13.6" 7.3 3.2¢ 4.0° 20.7* 14.1° 9.5 4.5 5.1°
b a a a a b a a a a
2012 =2013 T, 11.7 13.1 7.0 2.9 3.8 18.1 15.3 11.4 5.7 6.3
Ty 12.3 12.9¢ 7.7° 3.0* 4.1¢ 17.9" 15.9* 11.8* 6.1* 6.7°
CK 14.9° 10.3" 5.2 L6" 3.0° 21.3° 13.5" 9.3 4.0° 4.5
T, 12.5" 12. 8 6.1° 3.0° 3.6 20.3° 14.9 10.3 5.1 5.3
b a a a a b a a a a
2013 =2014 T, 12.8 12.5 6.7 2.8 3.4 16.9 16.3 11.6 6.4 6.4
Ty 13.0" 12.9% 6.5% 2.7 3.9% 17.6" 16.5% 12.9% 6.7° 6.9"
CK 15.72 9.7" 5.0 L5 2.3 20. 8* 14.2" 9.4 4.6" 5.0

Taproot lengths at pod stage in T, and T, were
significantly lower than those in T, and CK in two seasons
(P<0.05), and the taproot diameters at top, top-5 cm
and top-10 ¢cm and taproot dry weights in T, and T, were
significantly higher than those in T, and CK (P <0.05).

No significant differences were found among the taproot

characteristics in T, and T,, and T, and CK in two
seasons (P >0.05). It was obvious that application of
appropriate supplemental irrigation at stem elongation
stage could significantly increase taproot diameter and dry
weight, but the taproot length was decreased a little. And

excessive supplemental irrigation would not further
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improve the taproot characteristics of winter oilseed rape.
2.4.2

Different treatments significantly affected lateral root

Lateral root distribution

density of winter oilseed rape in 0 ~ 10 cm, 10 ~20 cm
and 20 ~ 30 cm soil layers at P <0.05 level (Fig. 4,
different letters indicated significant differences among
treatments within a season at P <0. 05 level, the same as

below ).

The maximum lateral root density at stem

Lateral root density/(g-m™)

150 200

0 50 100 250 300 350

g
= o
=]
53
2
&
a
(a) Stem elongation stage (166 DAS) in 2012-2013
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I T T T T T T 1
=1 —-a
—_ )
g
L
£8
ge 7, AT
% BT ElcK
2

-

(&) Stem elongation stage (169 DAS) in 20122013

elongation and pod stage in two seasons were all observed
in 0 ~10 em soil layer, and the lateral root density was
sharply decreased with increase of soil depth. The lateral
root density at stem elongation and pod stage across the
seasons in 0 ~ 10 ¢cm soil layer accounted for 63.75% ~
71.07% and 71.14% ~75.90% of the total lateral root

density in 0 ~30 cm soil layer, respectively.

Lateral root density/(g-m™)
50 100 150 200 250 300 350

L=}
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1020
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E
24 a o o
32 D O, T
7 BT, ElcK

20~30
!-;-U

(d) Pod stage (242 DAS) in 20122013

Fig.4 Distribution of lateral root density of winter oilseed rape under different treatments

Lateral root densities in 0 ~10 ¢m and 10 ~20 ¢m soil
layers in T,, T, and T, at stem elongation stage (before
supplemental irrigation ) were significantly higher than
those in CK (P <0.035), and lateral root density in 20 ~
30 e¢m soil layer was significantly lower than that in CK
(P<0.05). It was clear that high soil water content
under RFRH planting could significantly increase the
lateral root density in O ~ 10 em and 10 ~ 20 em soil
layers.

Lateral root densities in 0 ~10 em and 10 ~20 c¢m soil
layers in T, and T, at pod stage were significantly higher
than those in T, and CK (P <0.05), and no significant
differences were found between T, and T, and between
T, and CK. In 2012 -2013, lateral root densities in 20 ~
30 cm soil layer in T, and CK were significantly higher
than that in T, (P <0.05), and it was significantly higher
in T, than that in T,. In 2013 - 2014, lateral root
densities in 20 ~ 30 cm soil layer in T, and CK were
significantly higher than those in T, and T, (P <
0.05) , however, no significant differences were found

between T, and T,. This might be caused by the

differences of rainfall amount in two seasons.
2.5 Effects of supplemental irrigation under
RFRH planting pattern on yield and water
use efficiency of winter oilseed rape

2.5.1 Yield and yield components
Different treatments significantly affected seed yield
and yield components of winter oilseed rape (P <
0.05) (Fig.5). Tt can be seen that branch numbers
per plant, pod numbers per plant, seed numbers per
square meter, and seed yields in T, and T, were all
significantly higher than those in T, and CK in two
seasons (P <0.05), except for seed numbers per pod
and 1000-seed weight in 2013 - 2014, with no
significant differences between T, and T, , and between
T, and CK. Average seed yields across the two seasons
in T, and T, were increased by 50.99% and 58. 15%
compared with that in T,, and increased by 53. 89%
and 61. 19% compared with that in CK, respectively.
It was obvious that application of appropriate
supplemental irrigation at stem elongation stage of

winter oilseed rape under RFRH planting could
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increase branch numbers, pod numbers, seed numbers
and 1000-seed weight, and significantly increase seed
yield (P <0.05). However, the effect of excessive
supplemental irrigation on improving seed yield was not
significant.

Yield and yield components in 2013 - 2014 were
obviously higher than those in 2012 — 2013, because
more precipitation was occurred during the growth
period of winter oilseed rape in 2013 — 2014. Seed
yield in 2013 - 2014 was increased by 28.98%
compared with that in 2012 —2013. Seed numbers per
pod and 1000-seed weight did not differ significantly
among T, , T, and T, in 2013 - 2014, but they were all
significantly higher than those in CK (P <0.05).
2.5.2 Evapotranspiration and water use efficiency

Evapotranspiration ( ET ), irrigation water use
efficiency (IUE ), precipitation utilization efficiency
(PUE) and water use efficiency ( WUE) of winter
oilseed rape under different treatments were shown in
Tab. 3. It can be seen that ET in T,, T, and T,
treatments were significantly higher than that in CK
(P<0.05), and ET in T, was significantly higher
than those in T, and T,. Compared with CK, average
ET across the two seasons in T,, T, and T, were
reduced by 27.72%, 20.17% and 8.91%,
respectively.

IUE in T, and T, were significantly higher than that
in CK in two seasons (P <0.05), and IUE in T, was
significantly higher than in T, (P <0.05). Average
IUE across the two seasons in T, and T, were improved

by 182.40% and 61.65% compared with that in CK.

PUE in T, and T, were significantly higher than those
in T, and CK in two seasons (P <0.05), with no
significant differences between T, and T, and between
T, and CK. Average PUE across the two seasons in T,
and T, were improved by 58.04% and 66.87%
compared with that in T,, and improved by 54. 61%
and 63.25% compared with that in CK, respectively.

Tab.3 Crop evapotranspiration ( ET), irrigation water
use efficiency (IUE) , precipitation utilization efficiency
(PUE) and water use efficiency (WUE) of winter

oilseed rape under different treatments

Growing ET/ IUE/ PUE/ WUE/
Treatments
seasons mm  (kg'm™) (kgem™) ( kgem™?)
T, 232¢ 137" o0.71"
T ¢ a a a
2012 —2013 T2 274 4.57 2.29 1. 00
I, 319" 2.44" 2. 448 0.92%
CK 341° 1.47¢ 1.47" 0.52°¢
T, 352¢ 0.73" 0. 70"
T c a a a
2013 —2014 2 371 3.82 1.02 0.93
T, 417" 2.36" 1. 06" 0.85%
CK 467° 1.50° 0.67" 0. 48¢

WUE were significantly higher in T, and T, than
those in T, and CK in two seasons (P <0.05), and it
was significantly higher in T, than that in CK (P <
0.05). Average WUE across the two seasons in T, and
T, were improved by 37.28% and 25.98% compared
with that in T,, and improved by 92.77%
76.90% compared with that in CK. Average WUE

across the two seasons in T, was improved by 40. 42%

and

compared with that in CK.

Across the two seasons, compared with T, , average
ET in T, was reduced by 45. 5 mm, and average IWUE
and WUE were increased by 74.70% and 8.97% ,
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Fig.5 Effects of supplement irrigation under ridge and furrow rain harvesting cultivation on yield and yield

components of winter oilseed rape
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respectively. Therefore, RFRH planting pattern could
decrease ET of winter oilseed rape, improve PUE and
WUE. Application of supplemental irrigation at stem
elongation stage (T, and T, ) significantly improved
seed yield and WUE, though the ET was also increased

to some extent.
3 Discussion

3.1 Effects of supplemental irrigation under
RFRH planting pattern onroot system of
winter oilseed rape

Root is an important organ for crops to absorb water
and nutrients and synthesize physiologically active
functions of which are

substances, the closely

associated with root growth conditions and its
distribution in the soil. The crops adapt to the changes
of environment is often by changing configuration and
spatial distribution of root system'>!. The absorption of
nutrients for crops and the formation of final yield were

affected by the
characteristics and physiological property'*’. RFRH

combination of morphological

planting technology changed the growth micro-
topography of field crops, and consequently changed
the spatial framework of roots in the soil®’. HE et
al. """ found that RFRH cultivation obviously improved
the soil water content in the planting furrows, thus
causing the underground biomass in 0 ~ 10 ¢m surface
soil layer significantly higher than that with flat
planting cultivation, however, the underground
biomasses in 10 ~ 20 ¢m and 20 ~ 30 cm soil layers
were significantly lower than that with flat planting
cultivation, and the differences of soil water content
and underground biomass between RFRH and flat
planting cultivations were reduced with the increase of
soil depth. LI et al. '™ discovered that the root dry
weight, root length, root superficial area and root
volume of oats were decreased with the increase of soil
depth, and the root dry weights in 0 ~ 10 ¢m, 10 ~
20 em and 20 ~ 30 em in RFRH planting cultivation
accounted for 61% , 25% and 14% of the total root
dry weight in 0 ~30 c¢m soil layer, respectively. In the
present study, after supplemental irrigation at stem
elongation stage, lateral root density of winter oilseed
rape at pod stage was decreased with the increase of
soil depth, and the lateral root densities in 0 ~10 em,

10 ~20 cm and 20 ~ 30 cm soil layers accounted for

71.14% ~75.90% , 16.34% ~19.49% and 4.63% ~

9.65% of the total lateral root density in 0 ~30 c¢m soil

layer, respectively. Lateral root densities in 0 ~ 10 em

and 10 ~20 cm soil layers, taproot dry weight, taproot
diameter were all significantly higher in T, and T, than
those in T, and CK, and no significant differences of
all indices were found between T, and T;. It was shown
as T, > T, between the lateral root density in 20 ~

30 cm soil layer in the two seasons, however, that in

T, was significantly higher than T, in 2012 - 2013

(drought year), and no significant differences were

found between T, and T; in 2013 —2014 (wet year).

This might be caused by the differences of rainfall

amount in the two seasons from the start of

supplemental irrigation to the pod stage.

3.2 Effects of supplemental irrigation under
RFRH planting pattern on soil water
content of winter oilseed rape

RFRH planting pattern allowed rainwater falling onto
the mulching ridges to flow into the furrows and made
water resources richen. Meanwhile, the ridges and
furrows in the field could reduce wind speed, inhibit
water evaporation, and enhance infiltration depth, and
increased soil  water

accumulated rainwater and

contentm] .

By means of simulating rainfall, REN et
al. "™ found that average soil water content in 0 ~
120 em soil layer in the planting furrows under RFRH
cultivation was significantly higher than that under flat
planting plots, and soil water content in surface soil
layer varied largely, however, soil water content below
100 em soil layer did not change obviously. HAN et
al. '™ found that RFRH planting pattern could
significantly increase soil water storage of winter wheat
in 0 ~20 ¢m and 20 ~ 100 em soil layers from sowing
stage to jointing stage, and from heading stage to filling
stage. KOU et al. " found that RFRH cultivation with
ridges mulched significantly increased soil water
content of alfalfa in 0 ~20 c¢m soil layer during early
stages ( from the mid April to early June), and it
significantly increased soil water content in 0 ~ 120 cm
soil layer during late stages (from the mid June to late
September ). In the present research, before the
application of supplemental irrigation, the average soil
water content in 0 ~ 30 cm soil layer across the two
seasons in planting furrows under RFRH cultivation

was significantly higher than that in CK, with average
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increase of 11.33% , and the average soil water

content in 30 ~ 100 ¢m soil layer was slightly higher

than that in CK, with average increase of 6.61%.

After supplemental irrigation, average soil water

content in 0 ~30 em soil layer for different treatments

all significantly varied in both seasons. Soil water
content in 0 ~30 cm soil layer in T, at different stages
were all significantly higher than those in other
treatments, and soil water content in 30 ~ 100 c¢m soil
layer in T, was obviously higher than those in T, and

CK, except for 75 d after supplemental irrigation in

2013 - 2014. Soil water contents in 30 ~ 100 cm soil

layer in T,, T, and T, did not vary obviously in both

seasons, but it varied largely in CK.

ZHANG et al. '* found that RFRH planting pattern
mainly increased soil water content of winter wheat in
0 ~40 cm soil layer, and supplemental irrigation at
returning green stage was beneficial to the increase of
soil water content in surface soil layer under RFRH
planting pattern. Irrigation and heavy rain mainly
increased soil water content in deep soil layer under
flat planting pattern, and it was not good for winter
wheat to make use of soil water. The present study
obtained the similar result. In the present research,
RFRH planting pattern significantly improved soil water
content in 0 ~ 30 c¢m soil layer, and CK remarkably
increased soil water content in 30 ~ 100 cm soil layer
after supplemental irrigation or heavy rain, which
indicated that RFRH planting pattern could effectively
promote the use of irrigation water or rain water for
winter oilseed rape.

3.3 Effects of supplemental irrigation under
RFRH planting pattern on seed yield and
water use efficiency of winter oilseed rape

RFRH

regulate soil water deficiency, improve water use
28]

cultivation technology could effectively
efficiency and increase crop yield. HAN et al.'
found that RFRH planting pattern could significantly
increase soil water storage, yield and WUE of winter
wheat. KOU et al. "™ observed that the average WUE
of alfalfa under RFRH treatments was 34. 91 kg/ (hm” -
mm ) , which was 2. 25 times of that under flat planting
treatments. ZHANG et al. '* discovered that yields of
winter wheat with supplemental irrigation amount of
0 mm, 37.5 mm and 75.0 mm under RFRH planting
pattern were increased by 2. 8% , 9.6% and 18.9%

compared with supplemental irrigation amount of
75. 0 mm under flat planting pattern, respectively, and
WUE were improved by 17.9% , 10.4% and 15.4% ,
respectively. In the present study, compared with CK,
average seed yields of winter oilseed rape in T, , T, and
T, treatments across the two seasons were increased by
1.92% , 53.89% and 61.19% , respectively, and
WUE were improved by 40.42% , 92.77% and
76.90% , respectively. Rainfall amount during the
critical stage of winter oilseed rape (March to April) in
2013 -2014 was 156. 4 mm more than that in 2012 -
2013, and adequate precipitation increased average

seed yield in 2013 —2014 by 28.98% compared with
that in 2012 —2013.

4 Conclusions

(1) Soil water contents in 0 ~30 cm soil layer of
treatments with supplemental irrigation amounts of
60mm (T,) and 120 mm ( T,) under RFRH

cultivation were obviously higher than those in
treatments with supplemental irrigation amount of 0 mm
(T,) and supplemental irrigation amount of 120 mm

( CK ). After

supplemental irrigation, aboveground dry matters in T,

under flat planting cultivation
and T, at initial flowering stage, full-bloom stage and
pod stage were significantly higher than those in T, and
CK. Taproot diameter and dry weight, and lateral root
density in 0 ~ 10 ¢m and 10 ~20 ¢m soil layers in T,
and T, at pod stage were markedly increased.

(2) RFRH planting pattern could significantly
improve seed yield and WUE of winter oilseed rape.
Average seed yields across the two seasons in T, and T,
were increased by 50.99% and 58.15% compared
with T,, and increased by 53.89% and 61.19%
compared with CK, respectively. Average WUE across
the two seasons in T, and T, were improved by
37.28% and 25.98% compared with that in T,, and
improved by 92.77% and 76. 90% compared with that
in CK, respectively.

(3) T, obtained the highest seed yield in two
seasons, however, no significant differences were
found between T, and T,. Average seed yield across
the two seasons in T, was increased by 4.74%
compared with that in T,. But compared with T,, T,
saved 60 mm of irrigation water and reduced ET by

45.5 mm, and increased the average WUE by 8. 97% .
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(4) By comprehensively considering water saving

and vyield increase, T, ( with supplemental irrigation

amount of 60 mm under RFRH cultivation ) was

recommended as an appropriate irrigation schedule and

cultivation pattern for winter oilseed rape at stem

elongation stage.
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Effects of Ridge and Furrow Rain Harvesting Cultivation with
Supplemental Irrigation on Root, Yield and Water Use
Efficiency of Winter Oilseed Rape ( Brassica napus L. )

Gu Xiaobo Li Yuannong Zhou Changming Du Yadan Ren Quanmao Wu Guojun
(Key Laboratory of Agricultural Soil and Water Engineering in Arid and Semiarid Areas, Minisiry of Education,
Northwest A&F University, Yangling, Shaanxi 712100, China)

Abstract; Two-year (2012—2013 and 2013—2014) field experiments were conducted to determine the
appropriate supplemental irrigation amount of winter oilseed rape ( Brassica napus L. ) at stem elongation
stage with the ridge and furrow rain harvesting cultivation. Four treatments, including T,, T,, T, (with
supplemental irrigation amounts of 0, 60, 120 mm under ridge and furrow rain harvesting cultivation,
respectively) and CK ( with supplemental irrigation amount of 120 mm under flat planting cultivation )
were set up to evaluate the effects of different supplemental irrigation amounts on soil moisture content at
0 ~30 ¢cm and 30 ~ 100 cm soil depths, aboveground dry matter, taproot growth parameters, lateral root
density, yield components and water use efficiency (WUE) of winter oilseed rape. The results showed
that soil moisture contents at 0 ~30 cm soil depth of T, and T, at different periods were obviously higher
than those of T, and CK. Aboveground dry matter at flowering stage and pod stage, taproot diameter and
dry weight, lateral root density at 0 ~ 10 em and 10 ~20 cm soil depths at pod stage of T, and T, were

significantly higher than those of T, and CK, and no significant differences were found between T, and
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T,. Compared with T, and CK, seed yields of T, and T, in two years were increased by 50.99% ,
58.15% and 53.89% , 61.19% , respectively, and WUE of T, and T, in two years were improved by
37.28% , 25.98% and 92.77% , 76.90% , respectively. T, achieved the highest yield in both years,

the average yield, crop evapotranspiration ( ET) and WUE of which were 3 235 kg/hm’, 368 mm,

0.89 kg/m’, respectively. While the highest WUE with average value of 0. 96 kg/m’ was determined in

T,, with average yield of 3 089 kg/hm” and average ET of 322 mm. Therefore, compared with T,, T,

could save irrigation amount by 60 mm, increase WUE by 8.97% , and the yield was just reduced by

4.74% . From the perspective of saving water and increasing yield, T, was recommended as an

appropriate irrigation schedule and cultivation pattern for winter oilseed rape at stem elongation stage.

Key words: winter oilseed rape; ridge and furrow rain harvesting; supplemental irrigation; root

characteristics ; yield; water use efficiency
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winter oilseed rape growth seasons at experimental site
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Dynamics of soil moisture content at different soil layers after supplemental irrigation
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Tab.2 Taproot growth parameters of winter oilseed rape under different treatments
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