Paddy Water Environ (2011) 9:25-32
DOI 10.1007/s10333-011-0257-3

ARTICLE

Nutrient uptake and water use efficiency as affected by modified
rice cultivation methods with reduced irrigation

Limei Zhao - Lianghuan Wu - Meiyan Wu -
Yongshan Li

Received: 17 August 2010/ Revised: 13 January 2011/ Accepted: 14 January 2011/Published online: 18 February 2011

© Springer-Verlag 2011

Abstract A field experiment was conducted in 2005 to
investigate the effects of modified rice cultivation methods
on: water use efficiency, the uptake of nutrients (N, P and K)
by plants, and their distribution within plants and their
internal use efficiency. The treatments were modified
methods of irrigation, transplanting, weeding, and nutrient
management, comparing the System of Rice Intensification
(SRI) with standard rice-growing methods including tradi-
tional flooding (TF). Results showed that the uptake of N, P,
and K by rice plants during their growth stages was greater
with SRI management compared to TF, except during the
tillering stage. At maturity stage, SRI plants had taken up
more nutrients in their different major organs (leaves, stems,
and sheaths; panicle axis; and seeds), and they translocated
greater amount of nutrients to the grain. Under SRI, the ratio
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of N, P, and K in seed grain to total plant N, P, and K was
4.97, 2.00, and 3.01% higher, respectively, than with TF.
Moreover, under SRI management, internal use efficiency of
the three macronutrients (N, P, and K) was increased by
21.89, 19.34, and 16.96%, respectively, compared to rice
plants under TF management. These measurements calibrate
the crop’s physiological response to differences in cultural
practices, including the maintenance of aerobic versus
anaerobic environment in the root zones. With SRI, irriga-
tion water applications were reduced by 25.6% compared to
TF. Also, total water use efficiency and irrigation water use
efficiency was increased with SRI by 54.2 and 90.0%,
respectively. Thus, SRI offered significantly greater water
saving while at the same time producing more grain yield, in
these trials 11.5% more compared to TF.

Keywords System of rice intensification - Nutrient
uptake - Internal use efficiency - Water use efficiency

Introduction

Rice is the world’s most important food crop and a major
food grain for more than a third of the world’s population
(Prasertsak and Fukai 1997). China’s 31.7 million ha of
rice fields, which account for about 20% of the world’s rice
area, produce about 35% of its total rice (FAO 2001). Rice
production consumes large quantities of irrigation water,
up to about 90% of the total water for all crops (Bhuiyan
1992). However, fresh water for irrigation is becoming
scarce because of increasing competition from urban,
industrial, and environmental demands (Guerra et al. 1998;
Bouman and Tuong 2001; Tuong and Bouman 2003).
Water resource limitations threaten the sustainability of
irrigated rice systems in many countries. Rice offers great
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potential to save irrigation water because its physiological
water requirement (4500 m® water ha~") is much less than
what is currently considered to be needed (Guerra et al.
1998; Si 2000). Furthermore, irrigation constraints cru-
cially affect whether the rice sector can expand overall
production enough to meet continually growing demand,
since about 75% of the world’s rice production comes from
irrigated lowland rice fields (Maclean et al. 2002; Nguyen
and Ferrero 2006). Water-saving rice cultivation methods
that can offer greater water productivity are urgently nee-
ded to keep up with future food demands, while they are at
the same time important for ensuring rice production sys-
tems’ future viability.

A water-saving rice cultivation method known as the
System of Rice Intensification (SRI) has been introduced
into China from Madagascar. With SRI, rice productivity is
reportedly increased by simultaneously modifying several
agronomic and water management practices in rice culti-
vation (Stoop et al. 2002). Its changes in standard man-
agement practices include: transplanting very young
seedlings at the 2-3 leaf stage; having just one seedling per
hill with wider spacing in a square pattern rather than in
rows; maintaining non-flooded soil conditions during the
vegetative stage and very shallow irrigation after flower-
ing; soil-aerating mechanical hand weeding; and applica-
tion of large quantities of organic manure (Uphoff et al.
2002.

SRI alters the environment for growing rice with no
standing water during the vegetative growth period, and
only a thin layer of water on the field (1-2 cm) from
panicle initiation until 10-15 days before harvest. These
practices are likely to influence nutrient availability and
forms, such as promoting populations of aerobic phos-
phorus-solubilizing microbes and providing more nitrogen
in nitrate (NO3) form rather than as ammonium (NH,)
when soil is kept aerobic rather than reduced (Kronzucker
et al. 1999; Krouk et al. 2010). However, there is little
research information about the effects of SRI practices on
the nutrient uptake by rice plants and on their nutrient use
efficiency. This study undertook to evaluate the effects of
different rice cultivation methods on the uptake of N, P,
and K and on use efficiency, with water management as a
key variable and making evaluations of water use
efficiency.

Materials and methods
Site description
Field experiments were conducted in 2005 on the farm of

Zhejiang University, Huajia Chi campus, in Hangzhou
(30°16' N, 120°12’ E). The elevation is 4.3 m, and paddy
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Fig. 1 Monthly average temperature, rainfall, and sunshine hours at
experiment site

soil at the experimental site (clay loamy typic-hapli-stagnic
anthrosol) has a pH of 6.5; organic matter of 11.2 g kg™ ";
available N of 71.9 mg kg™'; Olsen-P of 45.0 mg kg™ ";
and available K of 64.0 mg kg~'. Data on temperature,
rainfall and sunshine hours are shown in Fig. 1.

Experimental design, fertilization,
and cultural practices

The experiment was a randomized complete block design
with two treatments and three replications. The two main
treatments were traditional flooding (TF) with standard
crop management, and the SRI. All plots (5.5 x 4.2 m)
were surrounded by consolidated bunds, lined with plastic
sheets installed to a depth of 0.3 m to prevent seepage
between plots. Land preparation for both TF and SRI was
standard wet tillage and harrowing. The rice variety plan-
ted was Bing 98110, a japonica rice variety widely grown
in the Yangtze River delta.

For the SRI treatments, 15-day-old seedlings were
transplanted singly with spacing of 25 x 30 cm; and for
TF, 30-day-old seedlings spaced 25 x 17 cm were trans-
planted, one per hill (an SRI practice). Plant populations
m~* were 13.3 and 23.5, respectively, the TF plots having
76.7% more plants. Transplanting was done on May 19,
with harvesting on October 19.

Both treatments received 92 kg N ha™ " as urea, 54 kg
P,Os ha™' as calcium phosphate, and 67.5 kg K,O ha™"' as
potassium chloride, applied as basal fertilization incorpo-
rated one day before transplanting. At tillering and booting
stage, both treatments received 23 kg N ha™'. Thus, the
effects of differences in soil fertilization (SRI favors
organic fertilization) were not evaluated in these trials.

TF plots were continuously flooded with 2-10 cm water
depth except at the end of the growth cycle when plots
were drained 7 days before harvest. SRI plots were kept
saturated the first week after transplanting; thereafter, their
soil was maintained in a moist condition without standing
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water covering the field until 15 days after panicle initia-
tion; then a thin layer (2 cm) of water was maintained
thereafter. Each main plot was irrigated separately, with
water supplied every 3-7 days, depending on ambient
temperature affecting evapotranspiration. Irrigation water
was provided from a tap to a depth of 2 cm each time, as
measured by a plastic ruler inserted into the plot. In SRI,
manual weeding was done three times during the growing
season, so the effects of the soil-aerating practice of
mechanical weeding, recommended with SRI, were not
evaluated either.

Sampling and nutrient analysis

Five randomly selected rice hills were sampled in each plot
at tillering stage (June 19), jointing stage (July 25), booting
stage (August 15), grain-filling stage (September 23), and
post-harvest (October 17). The plants sampled on October
17 were separated into leaves, stems and sheaths, panicle
axis, and grains. At maturity, grain yield was calculated as
the mean from two 5 m? samples per plot. Such sampling is
a common practice for estimating yields, e.g., Kato et al.
(2009); Li et al. (2009), and should not have introduced any
significant bias in comparing the two sets of treatments on
an area basis.

The amount of aboveground biomass after the samples
had been dried at 70°C was recorded as dry weight. The
samples were then ground to pass through a 250-mesh
sieve. The N in plant samples was determined by Kjeldahl
method; P by colorimetric vanadate molybdenum yellow
method; and K was determined using flame photometry
after plant samples had been digested in hot H,SO,, using
salicylic acid and H,O, as additives. The uptake of N, P,
and K was calculated by multiplying the concentration of
each nutrient by the dry weight expressed in mg plant™".
Internal nutrient efficiency (INE) (Peng et al. 2006) as
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kg kg™" of N, P, and K was calculated by dividing grain
yield by the total nutrient uptake.

Statistical analysis

Data were analyzed statistically by analysis of variance
(ANOVA) method using Data Processing System (DPS)
software. Average values were compared using the least
significant difference (LSD) test at the 5% level (Tang and
Feng 2002).

Results
Nutrient uptake by rice plants

SRI treatments significantly affected the uptake of N, P, and
K by rice plants during their growth (Figs. 2a, 3a, 4a). Under
TF, the respective uptakes of macronutrients ranged, from
tillering to harvesting, from 39.14 to 628.29 mg N plant ™',
16.29 to 293.19 mg P plant™', and 42.17 to 679.60mg K

plant™'. At the same time, with SRI practices macronutrient
uptake ranged from 25.49 to 1105.08 mg N plant ™', 9.64 to
526.65 mg P plant™', and 29.26 to 1245.52 mg K plant ™'
during the successive stages of growth.

SRI methods significantly increased total N, P, and K
uptake by individual plants at the different growth stages
(except at tillering stage) compared to TF. The amount of
N, P, and K uptake by individual plants during the grain-
filling stage (September 23) to maturity stage (October 17)
was considerably higher under SRI management than with
TF, being greater by 12.0, 16.9, and 2.5%, respectively.

On an area basis, however, reflecting differences in plant
population, there was little difference in total above-ground
plant N, P, and K between the SRI and TF treatments
(Figs. 2b, 3b, 4b). Under SRI management, above-ground
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Fig. 2 N uptake by rice at different growth stages per plant and on area basis under traditional flooding versus SRI management
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Fig. 3 P uptake by rice at different growth stages per plant and on area basis under traditional flooding versus SRI management
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Fig. 4 K uptake by rice at different stages per plant and on area basis under traditional flooding versus SRI management

plant P and K tended to be lower than TF before the grain-
filling stage, but then higher than TF once grain filling
commenced. Above-ground plant N on an area basis tended
to be lower for SRI than TF, although by the post-harvest
stage, this amounts of N taken up had become equal.

Nutrient uptake and distribution in different organs

Uptake of N, P, and K by the leaves, stems and sheaths,
panicle axis, and seed was higher under SRI than TF as seen
in Figs. 5, 6 and 7. The ratios of N, P, and K in the leaves to
total plant N, P, and K uptake were 6.72, 7.27, and 12.24%,
respectively lower with SRI than TF. On the other hand, the
ratios of N, P, and K in the stems and sheaths, panicle axis,
and grain to total N, P and K uptake increased with SRI
compared to TF (Figs. 5, 6, 7). With SRI management, the
ratios of N, P, and K in the grain were 4.97, 2.00, and 3.0%,
respectively, higher than with TF.

@ Springer

Grain yield and yield components

In these trials, total grains per panicle and percentage of
filled-grains under SRI were slightly less than TF, but the
difference was not significant (Table 1). There was no
significant difference in 1000-grain weight under both
treatments. Compared with TF, grain yield and effective
panicles under SRI increased significantly by 11.5 and
20.3%, respectively.

Effects of SRI on water application
and water use efficiency

During the rice-growing season, the total water consump-
tion for SRI was 1297.7 mm, much less than that with TF,
1774.2 mm (Table 2). The irrigation water use in SRI was
reduced by 25.6% compared to TF.
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Table 1 Grain yield and yield components under SRI and traditional flooding (TF) (n = 3)
Treat- ment Effective panicles (x10* ha™") Total grains panicle™" Filled grains (%) 1000-grain weight (g) Yield (t ha™")
SRI 2159 a 1754 a 79.5 a 242 a 6,610.0 a
TF 1795 b 180.2 a 819 a 238 a 5,849.2 b

Data followed by the same letters are not significantly different at P < 0.05 level of significance

SRI System of Rice Intensification, 7F traditional flooded rice cultivation
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Table 2 Water consumption and water use efficiency under different
cultivation systems

Treatment Irrigation Rainfall Total WUE IWUE
(mm) (mm) (mm)

TF 1175.2 599 1774.2 0.330b 0.498 b

SRI 698.7 599 1297.7 0.509 a 0.946 a

Values followed by the same letter in a column are not significantly
different at the 5% level by LSD

Overall water use efficiency (WUE) was calculated as
grain yield per unit of total water consumption, while
irrigation water use efficiency (IWUE) represents the grain
yield per unit of irrigation water consumed. With SRI, it
was seen that both WUE and IWUE were higher, by 54.2
and 90.0%, respectively, compared to TF. SRI manage-
ment thus reduced water consumption while increasing
WUE and IWUE significantly compared to TF.

Effects of SRI on nutrient use efficiency

Internal nutrient efficiency for the macronutrients N, P, and
K was also calculated. This was found to be significantly
greater under SRI, by 21.9, 19.3, and 17.0%, respectively,
compared to TF (Table 3).

Discussion

In these experiments, SRI practices increased rice plants’
nutrient uptake for N, P, and K and also improved the ratio
of nutrients going into the grain. Above-ground nutrient
accumulation on an area basis was slightly higher with SRI
management than with TF, even though plant density was
considerably lower with SRI than TF, in these trials with
449% fewer plants. Since the TF treatments in these trials
were done also with single plants, like SRI, but more
closely spaced, we note that possibly more or less differ-
ence would be observed with TF planting when done in
clumps.

The internal use efficiency of N, P, and K was signifi-
cantly increased in SRI-grown plants, by 21.89, 19.34, and

Table 3 Internal nutrient efficiency (INE) of N, P, and K under
different cultivation systems

Treatment Internal nutrient efficiency (INE, kg kg™ ")

N P K
TF 40.75 b 87.32b 37.67b
SRI 49.67 a 104.21 a 44.06 a

Values followed by the same letter in a column are not significantly
different at the 5% level by LSD

@ Springer

16.96%, respectively. Our results showed SRI methods to
be more conducive for nutrient uptake by rice plants and
also to promote the translocation of nutrients from leaves to
the grain. Because the root is the main organ for nutrient
uptake, the greater biomass of roots and their higher
physiological activity under SRI practices (Xu et al. 2003;
Satyanarayana 2005; Rupela et al. 2006) would beneficial
for nutrient uptake. Rupela et al. (2006) found root mass,
root density, and root volume to be all significantly higher
with SRI cultivation than in flooded rice, as reported in
Iswandi et al. (2011).

More nutrient uptake by rice with SRI management
could be due in part to the transplantation of younger
seedlings, which is seen to contribute to more prolific root
growth. Mishra and Salokhe (2008) found that younger
seedlings performed better than older seedlings when
transplanted into either flooded or non-flooded soils, with
greater uptake of nitrogen and manganese than older
seedlings.

Continuously submergence of paddy fields significantly
decreases rhizosphere soil redox potential and simulta-
neously enhances the concentration of extractable (free)
Fe**, which is potentially toxic to rice plants, due to
inhibiting root growth and impairing nutrient uptake
(Olaleye et al. 2001; Sahrawat 2000; Yang et al. 2004). SRI
plants have larger and longer-lived root systems because
intermittent irrigation improves oxygen supply to root
systems with associated advantages for nutrient uptake
(Stoop et al. 2002).

Another explanation for increased nutrient uptake and
translocation to grain, with more internal use efficiency of
N, P, and K could be that SRI practices create a more
beneficial soil environment for rice growing and nutrient
uptake with optimization of air and water in the soil, these
two elements being inversely correlated. Alternate wetting
and drying throughout the crop cycle rather than continu-
ously flooded condition may affect nutrient forms and
availability as well as biological processes in the soil. Yang
et al. (2005) reported that alternative wetting and drying
soil increased microbial biomass compared with flooded
conditions. Bonkowski (2004) has indicated that under
more aerobic soil conditions, there will be larger popula-
tions of soil fauna that contribute to biological processes
for supplying N needs of plants. Furthermore, it has been
seen that higher microbial biomass C and N was obtained
under SRI management than with TF (Rupela et al. 2006;
Zhao et al. 2010).

SRI has been studied often since 2000 in different areas
of China, evaluating the effects of plant density, rice
variety, and forms and amounts of fertilizer (chemical and
organic). Most often, this research has reported significant
yield-increasing effects of SRI management with reduc-
tions in irrigation water (Chen et al. 2006; Liang et al.
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2004; Lin et al. 2005, 2006; Long et al. 2005; Tao and
Ma 2003; Wang et al. 2003; Xu et al. 2003; Yu et al. 2003,
2005; Yuan 2001; Zhong et al. 2003; Zhu 2006).

Moreover, we have been conducting our own field
experiments on SRI for 3 years (2004-2006) and all of the
trials showed that total water use efficiency and irrigation
water use efficiency were significantly greater due to
higher yields with a lesser amount of irrigation water than
is required with the traditional flooded system (Zhao et al.
2009, 2010). SRI has shown consistent water-saving effect
with higher grain yield.

However, it should be noted that SRI fields had to be
irrigated more frequently than TF fields in our study,
probably due to higher temperatures and evaporation dur-
ing the rice-growing season. Applying water more care-
fully in smaller amounts does require more management
effort, and this may discourage some farmers from taking
up the alternative methods. On the other hand, as the value
and cost of water and nutrients increases, earlier calcula-
tions will change over time. Further, the reward of higher
yield and greater factor productivities in general with SRI
will make the alternative methods increasingly attractive,
particularly for the small, resource-constrained farmers.

Conclusion

Our results showed that under SRI management compared
to TF, more nutrients (N, P, and K) are taken up by rice
plants during their growth with more nutrient translocation
to the grains. Further, SRI with reduced irrigation water
requirements significantly increased the internal use effi-
ciency of nutrients (N, P, and K) and the plants’ water use
efficiency. Due to the increasing fertilizer costs that
farmers face, along with the irrigation water shortages that
are increasingly occurring, and given the growing pollu-
tion/environmental problems that are foreseeable in future
decades, it makes sense to conduct more research on SRI
practices, with different rice varieties and different rice-
growing seasons.

Moreover, appropriate water management should be
studied systematically, to know what schedule of water
applications and what amounts of water will give best results
under what soil and climatic conditions, together with other
SRI practices. Such studies should, examine also the rela-
tionships among root systems, nutrient uptake, and yield.
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