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ABSTRACT

The effects of row spacing (RS) on soil water content (SMC), leaf relative water content (RWC), leaf water potential (Ψ),
and osmotic potential (π) in winter wheat were investigated in Northern China during 2006–2007 and 2007–2008. The
experiments consisted of four planting patterns resulting in the same plant density (2.04 × 106 plant ha-1), with RS of 7,
14, 24.5, and 49 cm. A significant negative correlation was observed between RS and yield (Y) during both years (P <
0.05). RWC and π correlated positively with Y, and SMC while Ψ had an opposite effect on wheat. SMC decreased with
increased RS, and RWC gradually decreased with the growth of crops. RWC and Ψ for RS 14, as well as π for RS 7 were
higher than those for RS 24.5 and 49. At the flowering stage, the hourly Ψ of the different RS treatments produced a
V-shaped curve trend in 1 day, and the coefficient of variation of RS 14 was relatively stable under different
precipitation conditions. The results of this study indicated that the yield of RS 14 was significantly higher than that of
RS 49 (P < 0.05), and an appropriate narrow RS was able to increase the yield of crops.

Key words: Triticum aestivum; soil moisture content; leaf relative water content; leaf water potential; leaf osmotic
potential; yield.

INTRODUCTION

Preserving fresh water sources plays a crucial
role in sustainable agriculture because water has one of
the greatest effects on crop yields and yield parameters.
The increasing demand for fresh water sources results in
the necessity of saving as much water as possible (Dogan
et al., 2006). The great challenge lies in increasing food
production with less water, particularly in countries with
limited water and land resources (Debaeke and
Aboudrare, 2004). Studies have shown that planting
potatoes (Solanum tuberosum L.) in a bed configuration
can improve water movement into the potato root zone
(Panda et al., 2003; Tarkalson et al., 2011). Bertram and
Pedersen (2004) have reported yield increase of soybean
in 0.19 m vs. 0.76 m rows in Wisconsin in a 3-year study.
Grain sorghum produced significantly higher yields in 45
cm row spacings (RS) than in 60 and 90 cm RSs using all
three planting methods (Bishnoi, 1990). The yield and
economic benefits are sufficient to support the production
of soybean in narrow rows and at seeding rates below the
current seeding rate recommendations (De Bruin and
Pedersen, 2008).

At higher rainfall rates, the proportion of rainfall
reaching the soil as stemflow decreases. The amount of
stemflow has also been found to be correlated with the
total leaf area (Bui and Box, 1992). Plant patterns have
obvious effects on the population structure and leaf area
index of winter wheat (Zhou et al., 2011a), so that it can

change the distribution of raindrops in the field. The
water relations of the plant play a vital role in the phloem
translocation of solutes from the source to sink organs
and partitioning of assimilates (Mohapatra et al., 2003).
The partitioning of solutes from the leaf depends on
adequate phloem turgor; low water potential under
drought conditions reduces the driving force for sap flow
into fruits. For most plants, the immediate response to
water deficit is the decline in the leaf water potential (Ψ),
which leads to stomatal closure and reduced
photosynthesis. Prolonged drought can limit plant growth
and biomass production, alter the allocation pattern of
biomass, and even cause plant death (Puri and Swamy,
2001; Rodiyati et al., 2005).

Reduced soil water availability leads to low
plant water potential. Consequently, among the first plant
responses to avoid excessive transpiration, the leaves lose
turgescence, the stomata close, and cell elongation is
halted (Souza et al., 2010). There is a negative
relationship between the net photosynthetic rate and
water stress expressed (Peri et al., 2011). Water stress
induces decrease in the shoot dry weight and relative
water content (RWC) (Martìınez et al., 2004). Inadequate
soil moisture leads to water deficits in leaf tissues, which
affects many physiological processes and ultimately
reduces the yield (Mahmood et al., 2012). Rainfall and
soil moisture mediate the effect of RSs on the soybean
yield, and the yield tends to increase with decreased RS
in years of average rainfall (Zhou et al., 2010).

This study aimed to investigate the effects of

The Journal of Animal & Plant Sciences, 23(5): 2013, Page: 1379-1384
ISSN: 1018-7081



Huang et al., J. Anim. Plant Sci. 23(4):2013

1380

RS-induced water stress by comparing water stress
tolerance strategies, and to select the most tolerant
planting pattern. For these purposes, the moisture
contents of leaves and soil were determined to provide
relevant information for the selection and management of
RS in the region.

MATERIALS AND METHODS

Site description: This research was conducted at the
experimental farm of Shandong Agricultural University,
Taian (36°09' N, 117°09' E) in northern China. The site is
representative of the main winter wheat-growing region
of Huanghuaihai Plain. Long-term (years 1971 to 2008)
average rainfall and temperature were 696.6 mm and
12.8 °C, respectively, whereas the rainfall was about 200
mm during the winter wheat growth season. The soil is
characterized as silt loam with an average soil organic
matter of 16.3 g kg-1, N of 92.98 mg kg-1, P of 34.77 mg
kg-1, K of 95.45 mg kg-1, and pH of 6.9.

Experimental design: The experiments were conducted
during the growing seasons from October to June during
2006–2007 and 2007–2008. As part of the continuous
winter wheat (Triticum aestivum)–summer soybean
[Glycine max (L.) Merr.] rotation experiment,
post-summer soybean plants were hand harvested and
their stubbles were removed. Winter wheat (cv.
Shannong 919) was hand planted according to the plant
density (4.08 × 106 plant ha-1) on October 6, 2006 and
October 10, 2007. The experiments consisted of four
planting patterns under irrigation and rainfed conditions.
RS × plant spacing was 7 × 7 cm (RS 7, a uniform grid
pattern), 14 × 3.5 cm (RS 14), 24.5 × 2 cm (RS 24.5), and
49 × 1 cm (RS 49).

Each experiment plot was 3 m × 3 m in size and
replicated thrice in randomized block designs. Concrete
slabs were inserted into a depth of 2.0 m and a width of
15 cm on four sides of each plot. Plastic films (0.1 mm
thick) were also placed along the concrete wall. Hence,
the lateral flow of soil water was prevented. Seedling
thinning was performed by hand 5 days after wheat
emergence to obtain the same final population density
(2.04 × 106 plant ha-1). The crops were harvested on June
5, 2007 and June 13, 2008. The yields were measured on
a 2 m2 per plot. The weather data were collected from the
Taian Agrometeorological Experimental Station located
500 m from the experimental site. Data on the long-term
monthly rainfall from October to June (from 1971 to
2008) are shown in Figure 1. During the winter wheat
growth season, the total rainfall values during 2006–2007
and 2007–2008 were 212.5 and 169.9 mm, respectively.

Soil moisture measurements: Neutron moisture meter
access tubes (one per treatment replicate) were installed
between rows at each location at a depth of 1.3 m prior to
sowing. The soil moisture content (SMC) was monitored

every 7–10 days throughout the winter wheat growing
season at 10 cm intervals from 20 cm to 120 cm depths
using a locally field-calibrated CNC503B (DR) Neutron
Moisture Probe (Super Energy Nuclear Technology Ltd.,
Beijing, China). The moisture content of the top 20 cm
soil profile was determined using a portable time domain
reflectometry CS620 system (Campbell Scientific
Australia Ptv. Ltd., Townsville).
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Fig. 1 The average monthly rainfall during
October–June (1971-2008).

Leaf water relation measurements: The leaf RWC was
measured every 10 days from jointing to maturity on
clear-sky days at 08:30 h. Sixteen leaves per treatment
were obtained from different individual plants. The
sampled leaves were fully expanded no. 6 leaves at the
jointing stage, and the flag leaf since the flag leaf stage
with normal physiological status. RWC was calculated by
the equation RWC (%) = (Fw – Dw) / (Tw – Dw) × 100
(Galmés et al., 2007; Aydi et al., 2008), where Fw is the
fresh weight, Dw is the dry weight, and Tw is the turgid
weight of the leaf samples. The leaves were excised,
weighed fresh, and placed in distilled water to rehydrate
in the dark at 4 °C to minimize respiration losses until
they reached a constant weight (full turgor, typically after
12 h). The leaf turgid weight was measured and the
leaves were dried at 80 °C for 48 h, after which the dry
weight was determined.

At the start of the experiment, the concomitant
Ψ and osmotic potential (π) were measured. Ψ was
measured using a PSYPRO Water Potential System
(Wescor, Inc., Logan, UT USA) with eight Model
C-52-SF sample chambers [7 (diameter) × 1.25 (depth)
mm], measuring three leaves for each treatment. Water
loss was minimized during the transfer of each leaf to the
sample chamber by enclosure in a black plastic bag
immediately after excision. Approximately 6
mm-diameter discs were cut from the leaves and sealed in
the sample chamber. The samples were equilibrated for
20 min before the readings were recorded. During the
flowering stage, Ψ was measured every hour from 07:00
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h to 18:00 h.
π was measured cryoscopically using a 5520

Vapor Pressure Osmometer (Wescor, Inc., Logan, UT
USA) with a sample holder. The discs were immediately
wrapped in a black plastic bag and frozen in an icebox
(-20 °C), and later thawed at the time of measurement in
the laboratory (Guenni et al., 2004).

Statistical analysis: All data were analyzed using the
SPSS 16.0 Statistical Software Package. The least
significant difference test was used. The effects were
considered significant in all statistical calculations if the
P values were ≤ 0.05 (Mishra et al., 2001).

RESULTS AND DISCUSSION

SMC: SMC decreased with the growing process (Figure
2). The fluctuation of SMC was evidently related to the
rainfall. In 2007, the high SMC average value at the
0–120 cm soil layer on 24 May might have been affected
by 104.7 mm of rainfall on May 20–23. For RS 7, 14,
24.5, and 49, the SMC averages were 25.4%, 24.3%,
24.6%, and 23.7%, respectively, in 2007, and SMC of RS
7 was significantly higher than that of RS 49. In 2008, the
SMC averages were 25.6%, 25.6%, 25.6%, and 27.0%,
respectively, and SMC of RS 49 was significantly higher
than those of the other treatments (P < 0.05). The
opposite changes were observed with RS 49 during 2007.
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Fig. 2 Soil moisture content during 2007 and 2008. The values are averages of measurements made at 10 cm
increments between 0 and 1.2 m depth. Error bars are standard error (±SE).

Leaf RWC: RS had a significant effect on the leaf RWC
of (Figure 3). RWC gradually decreased during the
cropping season for the six measurement dates, although
RWC slightly recovered under rainfall. There was an
overall trend of higher RWC values with narrow rows
during both growing seasons. The RWC averages of RS 7,

14, 24.5, and 49 were 87.47%, 88.48%, 86.23%, and
84.40% in 2007, and 91.44%, 91.85%, 89.88%, and
89.08% in 2008, respectively. RWC of the RS 14
treatment was significantly higher than those of the RS
24.5 and 49 treatments (P < 0.05).
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Fig. 3 Leaf relative water content of wheat under different row spacings. Error bars are standard error (±SE).
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Ψ: It was observed that RS had a significant effect on Ψ.
As expected, the changes in Ψ closely paralleled those of
RMC (Figures 3 and 4). The values of Ψ during both
growing seasons ranged from -0.82 MPa to -2.43 MPa
regardless the amount of rainfall (Figure 4). During 2007,
Ψ averages of RS 7, 14, 24.5, and 49 were -1.65, -1.84,

-1.61, and -1.32 MPa, respectively; the average of RS 49
was 27.9% higher than that of RS 14. During 2008, Ψ
averages were -1.14, -1.12, -1.23, and -1.23 MPa,
respectively; the averages of both RS 7 and 14 were 8.3%
higher than those of RS 24.5 and 49.
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Fig. 4 Effect of row spacing on the leaf water potentials of wheat plant. Error bars are standard error (±SE).

Ψ changed with the time of day (Figure 5). The hourly Ψ
of the different treatments produced a V-shaped curve
during the flowering stage (May 6, 2007 and 2008), and
the minimum of the curve appeared in midday (from
11:00 h to 13:00 h). The RS had obvious effects on Ψ.
During 2008, the order of Ψ averages in 1 day was RS 7
≈ 14 > 24.5 > 49, and the averages of both RS 7 and 24.5
were 4.6% higher than those of RS 24.5 and 49. However,

there was no obvious change regulation among the RS
treatments in 2007. The range of Ψ fluctuations of RS in
1 day was wider. The coefficients of variation (CVs) of
RS 7, 14, 24.5, and 49 were -19.0%, -13.8%, -19.3%, and
-25.1% in 2007, and -13.7%, -14.9%, -13.2%, and
-12.6% in 2008, respectively. The result showed that the
CV of the RS 14 treatment was relatively stable under
different climate conditions, especially during rainfall.
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Fig. 5 Daily variation of leaf water potential under different treatments. The data was measured on 6 May 2007
and 2008. Error bars are standard error (±SE).

π: The changes in π closely paralleled those of Ψ. There
was an overall trend of higher π values with narrow rows
in 2007. During both growing seasons, the CVs were
-16.3% and -18.1%, respectively, which might have been
affected by rainfall. During the experiment, the π values
of RS 7 were higher than those of RS 24.5 and 49 (Figure

6), and the percentages were 2.5% and 4.6% in 2007, as
well as 4.3% and 6.2% in 2008, respectively. The π
averages of RS 7, 14, 24.5, and 49 were -1.68, -1.78,
-1.72, and -1.76 MPa (in 2007), and -1.36, -1.35, -1.42
and -1.45 MPa (in 2008), respectively.



Huang et al., J. Anim. Plant Sci. 23(4):2013

1383

Day/Month
04/4 14/4 24/4 04/5 14/5 24/5

O
sm

oi
c 

po
te

nt
ia

l (
M

Pa
)

-2.4

-2.2

-2.0

-1.8

-1.6

-1.4

-1.2

-1.0

-.8
RS7
RS14
RS24.5
RS49

Day/Month
11/4 21/4 01/5 11/5 21/5 30/5

RS7
RS14
RS24.5
RS49

2007 2008

Fig. 6 Effect of row spacing on the leaf osmotic potential of wheat plant. Error bars are standard error (±SE).

Plant water relations with yield: During both years, the
yield averages of RS 7, 14, 24.5, and 49 were 7333, 7241,
7204, and 6391 kg ha-1 (data not shown), respectively,
and the yield of RS 14 was significantly higher than that
of RS 49 (P < 0.05). A significant negative correlation
was observed among Y and RS in both years (P < 0.05).
RWC and π correlated positively with Y in wheat,
whereas SMC and Ψ correlated negatively with Y,
especially in Ψ (Table 1). These results indicated that the
wide RS was adverse to the yield of crop.

Table 1. Correlation coefficients between row spacing
(RS), soil moisture content (SMC), leaf
relative water content (RWC), leaf water
potential (Ψ), leaf osmotic potential (π), and
yield (Y) of wheat in 2006–2008

SMC RWC Ψ π Y RS
SMC 1
RWC -0.343 1
Ψ 0.679 -0.867 1
Π 0.287 0.741 -0.508 1
Y -0.381 0.912 -0.937 0.773 1
RS 0.108 -0.918 0.801 -0.921 -0.954* 1
*, Correlation is significant at the 0.05 level.

The daily rainfall caused the fluctuation of SMC,
and the RS also affected SMC. SMC and soil storage
water decreased with increased evapotranspiration (ETa)
and soil evaporation (Es) after the reproductive stage; the
wide RS increased the ETa and Es. In this study, SMC
decreased with increased RS, and these results were
similar to that of summer soybean under rainfed
conditions (Zhou et al., 2010).

Water from leaves is usually viewed as
important information on living plants (Yu et al., 2000).
In this study, the RS obviously affected the leaf water
status. RWC gradually decreased with the crop growth.
During the cropping season, RWC and Ψ for RS 14 were
significantly higher than those for RS 24.5 and 49 (P <

0.05). In 1 day, the CV of RS 14 was relatively stable
under different precipitation conditions. The changes in π
closely paralleled those in Ψ. The π average of RS 7 was
higher than those of RS 24.5 and 49 during both growing
seasons.

Vegetative growth continues during the
reproductive stage and exacerbated the competition for
the limited production of photoassimilates. The
translocation of assimilates from the source leaf to the
grain in crop plant is exposed to factors, such as
impairment of water supply (Ohashi et al., 2000). The
results of this study indicated that the yield of RS 14 was
significantly higher than that of RS 49 (P < 0.05). SMC
and Ψ correlated negatively with Y in wheat, which was
inconsistent with the result of a soybean experiment
(Zhou et al., 2011b). These results indicated that wide
RSs were adverse to the crop yield, and that narrow RSs
enabled resistance to drought stress, leading to increased
crop yield.
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