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Abstract

Productivity and water use efficiency are important problems in sustainable agriculture, especially in high-demand
water resource crops such as maize (Zea mays L). The aims of this research were to study plant and row spac-
ing in maize, evaluating soil water content (SWC), yield and water use efficiency (WUE). A 3-year field experiment
(2011-2013) was carried out in the north of China. The summer maize experiment consisted of five types of row
spacing under the same planting density. The results showed that the SWC in 90-120 cm was higher than 0-30
cm, and soil water storage was a significant regression with advancing growth stage. A negative correlation was
observed among yield, WUE and row spacing. The average yield of RS50 and RS40 was by 9.6% higher than that
of RS70 and RS80, and the WUE of the RS40 and RS50 were significantly higher than RS60, RS70, and RS80.
The study also indicated that increased productivity and WUE of rainfed summer maize can be reached via row
spacing reduction and plant spacing widening under same planting density, and RS50 cm is regarded as the best
planting system selection for the plains of Northern China.
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Introduction

Plants compete among themselves for some re-
sources. The main competition factors can be identi-
fied as light, temperature, water, nutrients and weed
(Brant et al, 2009). One plant was sufficiently close
to another to influence its soil or atmospheric envi-
ronment and thereby decrease its rate of growth (De
Bruin and Pedersen, 2008). Many planting patterns
and agricultural practices have been used to make
full use of resources, and by adjusting the row spac-
ing can promote crop growth and improve efficiency
of resource use. Different row spacings changed the
local environment of individual plant. In Alabama,
USA, the sorghum grain yield of row spacing 45 cm
was significantly higher than that of row spacing 60
and 90 cm when the seeding rate was 20 grain per
meter (Bishnoi et al, 1990). Under the same summer
soybean plant population density, yields of narrow
row spacing were significantly higher than that of
wide row spacing (Zhou et al, 2015).

Global demand for agricultural products is ex-
pected to double in the coming decades (Godfray et
al, 2010). Maize is one of the staple food crops, and
China is currently the world’s second largest maize
producer (Meng et al, 2006). Summer maize in north
China is not irrigated during the growing season, and
water supply is an important factor to the yield. Zhou
et al (2010) indicated that enhanced productivity and
water use efficiency of rainfed summer soybean can
be achieved via row spacing reduction under same
planting density. For rainfed crops, relatively uniform
row spacing would made reasonable absorb mois-

ture inter-plant, minimize unproductive consumption
caused by the soil evapotranspiration (Debaeke and
Aboudrare, 2004). Water loss, due to evapotranspira-
tion, was also significantly greater in the row position
than in the interrow position (Timlin et al, 2001).

Many previous researches have focused on the
water use efficiency (WUE) under the condition of wa-
ter restrict, but only a few have studied the effects of
crop row spacing on yield and WUE (Bowers et al,
2000). The aim of this study was to explore the effects
of row spacing on soil evaporation, water-consump-
tion characteristics, grain yield and WUE for rainfed
summer maize in the North China Plain.

Materials and Methods

Experimental design and weather data collection

The study was conducted at Agronomy Experi-
mental Station, Shandong Agricultural University,
which located in Tai’an, China (36°09’N;117°09’E).
The soil type in this region was a silt loam with the
average soil organic matter of 16.3 g kg, N 1.3 g
kg™, P 35 mg kg, K95 mg kg™, and pH of 6.9. The
long-term yearly average (1971-2010) rainfall was
693.5 mm, and the average temperature was 13.1°C.
Data on monthly rainfall through the year are shown
in Figure 1. Precipitation during the summer maize
growing season was 572.5 mm in 2011, 337.1 mm in
2012, and 461.8 mm in 2013.

Experiments were established in 2011, 2012,
2013 and consisted of 5 planting patterns under the
same planting density (6.25 x 104 plant ha™); row
spacing (RS, cm) x plant spacing (cm) was 40 cm x
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Figure 1 - The monthly rainfall average in 1971-2010 and
monthly rainfall in 2011-2013.

40 cm (RS40), 50 cm x 32 cm (RS50), 60 cm x 27
cm (RS60), 70 cm x 23 cm (RS70), 80 cm x 20 cm
(RS80). Treatments were randomized plot design and
replicated three times. Non-irrigated summer maize
(cv Luyu14) was hand planted on June 18, 2011, June
17, 2012, June 19, 2013, and harvested on Septem-
ber 24, 2011, October 2, 2012, and October 2, 2013.
The experiment plot area was 4 m x 4 m. The growth
stage of VE, V6, RO, R2, R3, R4, and R5 were mea-

Sl depthiem)

sured in this experiment (Ritchie et al, 1996).

Soil water content (SWC, v/v) was measured ev-
ery 10 d using a neutron moisture meter (CNC503B,
Super Energy Nuclear Technology, Ltd, Beijing, Chi-
na) throughout the summer maize growing season at
10 cm intervals in the 0-120 cm soil profile.

Computation and statistical analyses

The evapotranspiration (ET) was calculated us-
ing the following equations (Zhang et al, 2011): ET=
AW + R - Sl — Q, where AW is change of soil water
stored (SWS, mm), R is rainfall (mm), Sl is deep per-
colation (mm), and Q is surface run-off (mm). SI was
estimated using the approach proposed by Gong and
Li (1995): SI = AW - FK, where FK is field capacity,
AW = Z(AQi x Zi), where AJi is change in soil volu-
metric water content (m® m=3) and Zi is depth of the
soil layer (mm). Q = (R - 0.2S)%(R + 0.8S), where S is
potential maximum retention after runoff begins (mm)
(Bosznay, 1989). S = (25400/CN) — 254, where: CN
is runoff curve number. The WUE formula is as fol-
lows (Neal et al, 2011): WUE = Y/ET, where Y is grain
yield (kg ha-") of summer maize, ET is total seasonal
evapotranspiration.

All graphs were prepared from means and drawn
using SigmaPlot 10.0 (SPSS Inc, Chicago, IL). All
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Figure 2 - Soil water content at 0-120 cm layer in 2011-2013. A, B, C, D are V6, RO, R2, R3 respectively; the bars are the SE.
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data were analyzed using SAS 9.2 (SAS Institute Inc,
Cary, USA). Multiple comparisons were conducted
for significant effects with the least significant differ-
ence test at P = 0.05.

Results

Change of SWC

The means of SWC (0-120 cm) were 34.0%
(2011), 27.3% (2012), and 29.8% (2013), respectively.
The SWC of 2011 was obviously higher than those of
2012 and 2013, and presented an irregular Z-shaped
curve within the 0-120 cm soil layer. The SWC in the
deeper layer (90-120 cm) was higher than upper layer
(0-30 cm); the SWC of 40-80 cm soil layer increased
with the increasing soil depth, but the fluctuation was
small (Figure 2).

The SWC had a large difference in the different
growth stages. At V6, the fluctuation of SWC in 2011
was smaller than those of 2012 and 2013 at 0-120
cm layer, and the SWC in 0-30 cm layer was 28.1%
(2011), 23.5% (2012), and 31.7% (2013), respectively.
At RO, the SWC in 0-30 cm layer was highest in 2011
and the value was 33.9%, but it was lowest in 2012
and the value was 17.8%. The SWC of 2012 was low-
er than those of other two years in 0-120 cm layer. At
R2, the SWC in 0-120 cm layer were 35.6% (2011),
26.1% (2012), 27.3% (2013), and were lower than RO.
The SWC of R3 was 6.3% (2011), 4.3% (2011) and
6.5% (2011) lower than those of R2, respectively. At
R2 and R3, the SWC of 2013 was lower than that of
2012 in 0-30 cm layer.

The SWC changed with different RSs. At V6 and
RO, the SWC in 90-120 cm layer of RS40 was lower
than those of other RS treatments in 2011, which
maybe attributed to more rainfall in the early growth
stage, and was growing quickly and had a higher
consumption under RS40. The SWC averages of
RS40, RS50, RS60, RS70, RS80 were 33.3%, 34.3%,
34.1%, 34.2%, and 34.2% (2011), 27.2%, 27.5%,
26.7%, 27.1%, and 28.0% (2012), 30.0%, 29.9%,
29.4%, 29.6%, and 30.0% (2013), respectively; the
means of three years were 30.1%, 30.6%, 30.0%,
30.3%, and 30.7%, respectively

VE W8 R} Rz R3 FRS
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Change of SWS

In 0-120 cm, the SWS of 2011, 2012, and2013
were 393.9, 304.1, and 334.4 mm, and it may be re-
late to rainfall; the SWS of VE, V6, RO, R2, R3, and
R5 were 286.2, 388.3, 376.5, 356.4, 335.8, and 321.7
mm, respectively; relative low SWS values were ob-
served at VE and R5. In the middle and late summer
maize growth seasons (R0O-R5) maintained relative
high SWS values attribute to more rainfall. A simi-
lar trend was observed in 2012 and 2013. The SWS
reached to a peak at V6 and decreased gradually
which related to less rainfall and intense water con-
sumption (Figure 3).

A correlation analysis showed that there was a
significant regression trend between SWS and GS,
and the equation can be denoted as y (SWS, mm)
= -11.682x2 (GS) + 72.971x + 241.03, with an R2
= 0.4798 (P = 0.0090). The means of RS40, RS50,
RS60, RS70, RS80 (2011-2013) were 339.8, 346.7,
340.5, 344.4, and 349.2 mm, respectively. There was
no significant regression between RS and SWS, the
SWS of RS40 was 2.7% lower than that of RS80, and
RS50 and RS80 were higher than those of the other
RSs.

ET, yield, and WUE

ET versus grain yield was plotted for all treat-
ment conditions (Figure 4). The ET in 2011, 2012,
and 2013 were 465.0, 310.1, and 489.7 mm, respec-
tively; the ET of 2012 was lower than those of 2011
and 2013. In 2011, the results indicated that yields
were increased with increased ET; yield and ET were
significantly positive correlated, and the correlation
coefficient (R2) was 0.4113 (P = 0.0100). In 2012 and
2013, yield and ET were not significantly correlated,
and the R2 were 0.1490 (P = 0.2706) and 0.0707 (P
= 0.3381). Those results showed that rainfed summer
maize was different from irrigated winter wheat due to
rainfall, light intensity, temperature and other environ-
mental factors, and high water consumption may not
promoting yield. The yields of RS40 (2011) and RS50
(2012) were higher than those of other RS treatments,
but ETs were low (Figure 4).

The results show that the order of average WUE
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Figure 3 - Effects of row spacing on soil water storage. The bars are the SE.
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Figure 4 - Regression of evapotranspiration vs. grain yield for the rainfed summer maize in 2011-2013.

was 2012 > 2011 > 20183. The WUE of 2012 was the
highest although least amount of rainfall, which indi-
cated that WUE was related to rainfall of the current
season (Table 1). In 2011-2013, the WUE of RS40,
RS50, RS60, RS70, and RS80 were 24.2, 24.8, 23.2,
22.0, and 21.6 kg ha' mm™, respectively. In 2011,
RS40 was significantly higher than RS50, RS60,
RS70 and RS80; in 2012, RS50 was significantly
higher than RS40, RS60, RS70 and RS80, whereas
RS70 was significantly lower than those of RS40 and
RS50 (P < 0.05). In 2013, there was no significant dif-
ference for WUE between RS (P > 0.05).

The means of three years results showed that the
order of yield was RS50 > RS40 > RS60 > RS70 >
RS80, and the average yield of RS50 and RS40 was
9.6% higher than that of RS70 and RS80. In 2011, the
grain yield of RS40 was significantly higher than that
of RS80; in 2012, RS50 was significantly higher than
those of RS60, RS70, and RS80; in 2013, RS50 was
significantly higher than those of RS40, RS70, RS80
(P < 0.05).

Soil water relations with yield

The study over 3 years showed that a significant
negative correlation was observed between RS and
yield, and the correlation coefficient (r) was -0.9020
(P < 0.05); a significant positive correlation was ob-
served between ET and SWC, and the r was 0.9017
(P < 0.05). The result indicated that the increased
SWC would improve crop transpiration and soil evap-
oration, increased ET. There was a positive correla-
tion between ET, SWC and RS, and the r was 0.7169
and 0.5067, respectively; the ET and SWC increased

with the increasing of RS. A negative correlation was
observed between ET and yield, and high ET did not
increase the yield of summer maize. The results indi-
cated that the natural rainfall was not consistent with
crop water demand, and relative low water resource
utilization was observed under rainfed condition (Ta-
ble 2).

Discussion

The SWC of summer maize was greatly influenced
by rainfall. For SWC, 2011 was evidently higher than
that of 2012 and 2013, and the deeper layer (90-120
cm) was higher compared to upper layer (0-30 cm).
The density and depth of root penetration are greatly
affect by the soil profile water status and the factor
can aslo limit crops full use of available soil water
(Angadi and Entz, 2002; Zuo et al, 2006). An upward
capillary flux and hydraulic gradient would appear in
the deeper soil layers of the crop root zone (Bandyo-
padhyay et al, 2005; Li et al, 2010).

The changes of the SWC curve of different growth
stages had related reports (Wang et al, 2014). In 0-30
cm soil layer, the high SWC at V6 in 2013 growing
season may attribute to 399.8 mm of rainfall in July,
and the high SWC at R2 and R3 in 2012 growing sea-
son might have been affected with 115.0 mm of rain-
fall in August and September. In the three years, the
SWC average of RS50 and RS80 was higher than that
of other treatments, this result indicate that changes
of row spacing of summer maize effected extracting
water in soil. There was a descending trend with the

Table 1 - Effects of row spacing on the water use efficiency (WUE) of summer maize in 2011-2013.

Row spacing (cm) 2011 2012 2013

Yield WUE Yield WUE Yield WUE

(kg ha) (kg ha mm™) (kg ha) (kg ha mm™) (kg ha) (kg ha mm™)

40 10415 a* 240a 9948 ab 316b 8352 b 16.9
50 9288 ab 19.4b 10779 a 36.0a 9443 a 19.0
60 9569 ab 20.7b 9660 b 30.6 bc 8693 ab 18.4
70 9551 ab 20.2b 9035 b 28.8¢ 8238 b 16.9
80 9152 b 19.3b 9011 b 29.3 bc 8099 b 16.2
LSD (0.05) 941 2.04 993 2.78 1586 2.95

* Values followed by the same letter in a column are not significantly different according to LSD
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Table 2 - Correlation coefficients between row spacing
(RS), yield, evapotranspiration (ET), and soil water con-
tent (SWC) of summer maize in 2011-2013.

RS Yield ET SWC
RS 1.0000 -0.9020*  0.7169 0.5067
Yield 1.0000  -0.4392 -0.2621
ET 1.0000 0.9017*
sSwC 1.0000

* r values presented at P < 0.05.

advance of the GS, which may be relative to less rain-
fall in September and more water consumption in the
middle and late periods of GS.

In 2011, the overall yield trend indicated that yields
were increased with increased ET. The result is simi-
lar to previous findings (Schneider and Howell, 1997;
Huang et al, 2004). But significant correlation was
not found in 2012 and 2013, which time and amount
of rainfall was difficult to completely consistent with
crop water requirement under the rainfed condition.

The WUE of RS40 and RS50 were significantly
higher than RS60, RS70 and RS80, which attributed
to greater early-season light interception for narrow
row spacing and accelerated crop growth. Relative
narrow row was the important factor to increase light
interception when the key period of yield formation,
and this was the crucial factor to make a high yield
(Andrade et al, 2002). It was negative correlation be-
tween WUE and RS and positive correlation between
WUE and yield, which were alike to the research of
soybean study (Ethredge et al, 1989).

Conclusion

The study 3 years has shown that high yields and
WUE of summer maize can be gained by reducing
row spacing under the same planting density in the
plains of northern China. The conclusion of the study
was that RS50 may be an optimum planting pattern
to improve WUE and yield of summer maize under
rainfed conditions.
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