 Springer 2006

Plant and Soil (2006) 280:41–47
DOI 10.1007/s11104-004-7652-0

From ﬂooded to aerobic conditions in rice cultivation: Consequences
for zinc uptake
Xiaopeng Gao1,2, Chunqin Zou1, Xiaoyun Fan1, Fusuo Zhang1,3 & Ellis Hoﬄand2
1

Key Laboratory of Plant–Soil Interactions, MOE; Key Laboratory of Plant Nutrition, MOA; Department
of Plant Nutrition, China Agricultural University, Beijing, 100094, Peoples Republic of China. 2Department
of Soil Quality, Wageningen University, P.O. Box 8005, 6700 EC Wageningen, The Netherlands.
3
Corresponding author*
Received 13 August 2004; Accepted in revised form 15 December 2004

Key words: aerobic, ﬂooded, lowland, rice, zinc, Zn-harvest index

Abstract
Scarcity of water causes a shift from ﬂooded to aerobic conditions for rice production in zinc deﬁcient
areas in Northern China. This shift alters soil conditions that aﬀect zinc availability to the crop. This
paper concerns the eﬀect of aerobic compared to ﬂooded conditions on crop biomass production, grain
yield and zinc content. A ﬁeld experiment was done with six rice genotypes (Oryza sativa L.) grown on
a calcareous soil, both with (23 kg Zn ha)1) and without Zn fertilization. Sampling was conducted at tillering and physiological mature stage. Zn concentration in the shoots was signiﬁcantly lower at both
stages in plants grown in the aerobic ﬁeld. At maturity, Zn uptake, biomass production, grain yield and
Zn-harvest index [grain Zn/(shoot + grain Zn)] were lower under aerobic cultivation. Rice genotypes
including aerobic rice and lowland rice diﬀer in degree of response to low Zn supply. A twofold diﬀerence was found among aerobic genotypes in grain yield and Zn uptake. Also Zn-harvest index varied
signiﬁcantly. Zn application aﬀected neither grain yield nor grain Zn content, although it signiﬁcantly
improved biomass production in both systems in most genotypes. These results demonstrate that introduction of aerobic rice systems on calcareous soils may increase Zn deﬁciency problems.

Introduction
Zn deﬁciency in cereal plants is a well-known
problem that causes reduced agricultural productivity all over the world (Cakmak et al., 1999;
Fageria et al., 2002). In addition, it causes widespread Zn deﬁciency in humans, especially in
developing countries where diets are cereal-based
and poor in animal and ﬁsh products (Cakmak
et al., 1999; Frossard et al., 2000).
Because of water constrains, rice production
in China is now undergoing important changes
from traditional high water-consuming lowland
* FAX No: +86-106273-1016.
E-mail: zhangfs@cau.edu.cn

(paddy) rice cultivation to a promising new cultivation method of ‘‘aerobic rice’’. Aerobic rice is
grown as a dry ﬁeld crop in irrigated but nonﬂooded and non-puddled fertile soils (Bouman
et al., 2002). In China, breeders have produced
aerobic rice varieties with an estimated yield
potential of 6–7 t ha)1 which are now being pioneered by farmers on some 190,000 ha in Northern China where water is increasingly getting
scarce and where water scarcity makes lowland
rice uneconomic (Wang et al., 2002).
Many of the soils under ﬂooded rice cultivation
in North China are Zn-deﬁcient (DTPA-extractable Zn < 1.0 mg kg)1; Sims and Johnson, 1991).
The major causes are high pH, high carbonate
content and low redox potential (Marschner,
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1993; Mandal et al., 2000). Fe oxidation by rootreleased oxygen causes a reduction of the rhizosphere pH and limited release of Zn from highly
insoluble fractions (Kirk and Bajita, 1995). Many
factors that determine Zn bioavailability are
expected to change after a shift to aerobic cultivation. Bulk soil pH may either increase or decrease
depending on the original soil pH (Liu, 1996).
Redox potential will increase (Gao et al., 2002),
causing Fe oxidation, with concomitant acidiﬁcation, precipitation of Fe(OH)3 and adsorption of
Zn on these oxides. Increased nitriﬁcation may
þ
cause plants to take up NO
3 instead of NH4
(Sanchez, 1976; Voesenek and Veen, 1994), which
also causes the rhizosphere pH to decrease.
Organic matter, onto which Zn can be adsorbed,
will be oxidized. Furthermore, reduction of the
water content of the soil may restrict Zn transport
towards the plant root (Yoshida, 1981). The consequence of all these changes for Zn bioavailability
is hard to predict.
The shift from ﬂooded to aerobic conditions
sets the problem of Zn deﬁciency in rice in a new
perspective. Considerable eﬀort has been attributed to identifying Zn-eﬃcient genotypes to
improve productivity on Zn-deﬁcient soils. Many
studies have shown that there is considerable variation in tolerance to Zn deﬁciency in the lowland
rice germplasm (Sakal, 1977; Sakal et al., 1989;
Singh et al., 1981). The mechanism, by which a
genotype thrives well in Zn-deﬁcient soil whereas
others fail, is not well understood. The change of
water management from ﬂooded to aerobic conditions will raise new scientiﬁc questions on this
subject. Few papers report on Zn eﬃciency and
the mechanisms that are involved in Zn eﬃciency
for lowland rice (Dobermann and Fairhurst, 2000;
Sakal et al., 1989). Yet, studies regarding the variation in Zn eﬃciency within and among aerobic
rice varieties are not available.
In order to evaluate the consequences of this
shift in cultivation system we compared Zn

eﬃciency of rice genotypes under aerobic and
ﬂooded cultivations. We used one lowland and
ﬁve aerobic genotypes to assess genotype variation in the response to this shift.

Materials and methods
A ﬁeld experiment was conducted in 2003 at an
experimental station of China Agricultural University in Dongbeiwang, a northern suburb of
Beijing. The soil is a calcareous alluvial soil (calcareous Cambisoil, ISSS, ISRIC, and FAO,
1998). Previous crops on this site showed Zn deﬁciency, but due to Zn application in the previous
year Zn availability is above critical levels (Sims
and Johnson, 1991; Table 1). This ﬁeld was used
in the previous 3 years for research on water use
eﬃciency and nitrogen use eﬃciency of rice on
both aerobic and ﬂooded ﬁelds. The ﬂooded ﬁeld
in this experiment had been under ﬂooded conditions and aerobic ﬁeld under aerobic conditions
in the earlier years (2000–2002). Some soil properties are given in Table 1.
The experiment was designed as a randomized
complete block with a split-plot arrangement and
four blocks under both aerobic and ﬂooded cultivation, with four replicates. Main plots were Zn
fertilizer rates (0 and 23 kg ha)1 Zn as ZnSO4,
3 days prior to sowing) and subplots were diﬀerent rice genotypes (Oryza sativa L.). The area of
each subplot was 6 m2 (3 · 2 m). Flooded and
aerobic areas were separated by 6 m-wide protection rows, on which aerobic rice was sown.
All rice genotypes (Oryza sativa L.) were
known to have similar growth duration. Zn concentration of the seeds in mg kg)1 was: 15.3,
18.6, 26.9, 26.5, 17.0, 20.2, for Qiuguang,
Han297, Han277, Han72, 89B271-17hun (89B)
and K150, respectively. Genotype Qiuguang is
a japonica lowland genotype, widely used in
Northern China. The other genotypes are

Table 1. Physical and chemical properties of the soil

1

Depth
(cm)

Texture

Bulk density
(g cm)3)

pH (H2O)

CEC
(cmol kg)1)

OM1
(g kg)1)

Total N
(g kg)1)

Olsen-P
(mg kg)1)

NH4OAc-K
(mg kg)1)

DTPA-Zn
(mg kg)1)

0–30

Loam

1.33

8.0

11.1

21.4

1.17

34.6

145

2.0

OM = organic matter.
All analyses were done before fertilizer application.
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Statistical analysis of the data was performed
using the SAS analytical software (SAS, 1990).
Analysis of variance (ANOVA) was employed
and LSD (P < 0.05) was used to test the diﬀerence among treatments.

Results
Tillering stage
Cultivation
eﬀects. Cultivation
signiﬁcantly
aﬀected shoot dry weight and shoot Zn concentration, but did not aﬀect shoot Zn content
(Table 2, Figure 1). Shoot Zn concentrations
were lower under aerobic than under ﬂooded
conditions (Figure 1). This eﬀect of cultivation
was similar for both Zn rates (Table 2) and for
all genotypes except Han297. In aerobic ﬁelds,
shoot Zn concentration without Zn application
in three genotypes (Qiuguang, K150 and
Han297) was below the suﬃciency level for adequate growth (20 mg kg)1), but well above the
level below which Zn is deﬁcient (10 mg kg–1;
Table 2. Results of three factor ANOVA (P-values) for shoot
dry weight, shoot Zn concentration and shoot Zn content at
tillering stage
Sources

DF Shoot dry Shoot Zn
Shoot Zn
weight
concentration content

Cultivation (C)
Zn rate (Zn)
Genotype (G)
C * Zn
C*G
Zn * G
C * Zn * G

1
1
5
1
5
5
5

40
Shoot Zn concentration
(mg kg-1)

aerobic varieties. Han297 is a widely used genotype. Han277, 89B and Han297 had shown relatively high Zn eﬃciency in preliminary
experiments, whereas K150 and Han72 had
shown a low Zn eﬃciency.
Seeds were sown in rows 20 cm apart on May
12 at a rate of 150 kg ha)1. Nitrogen was applied
as urea (225 kg N ha)1), of which 40% was
applied at sowing, 30% at tillering stage and
30% at booting stage. Thirty nine kg P ha)1 as
NH4H2PO4 and 75 kg K ha)1 as KCl were
applied as base fertilizers at sowing. The plots
were kept free of weeds by an application of preemergence herbicide and hand weeding after crop
establishment.
Two water treatments as aerobic and ﬂooded
cultivation were imposed. For aerobic cultivation, the irrigation was commenced at sowing
and at visual symptoms of drought stress. Four
sprinkler irrigations were applied: on May 12,
May 21, July 15 and August 13. The ﬁelds that
were used for rice cultivation under ﬂooded conditions were submerged from June 16 (35 days
after sowing (DAS)) until September 25 (130
DAS) with water delivered using ﬂexible hoses
connected to a deep groundwater well. Prior to
submergence, these ﬁelds received the same irrigation as the aerobic ﬁelds.
The crop was sampled twice because plant Zn
deﬁciency symptoms usually show early in crop
development. The ﬁrst sampling was at the tillering stage (July 5, 53 DAS); the other at the physiological maturing stage when the grains become
hard and have about 20% moisture in them
(October 15, 156 DAS, Yoshida, 1981). At the
tillering stage, two 50 cm segments of a row were
sampled. Shoot samples from these two segments
were bulked. At maturing stage, 1.5 m2
(2.5 · 0.6) in the center of each plot was harvested to determine grain and straw yield. Samples were washed brieﬂy in 0.1% HCl followed
by tap water and deionized water. Total dry
matter and grain weight were then determined
by oven drying the sampled plants at 80C for
72 h.
After grinding, the oven dried sub-samples of
straw and whole grains were digested in acid
mixture (HNO3 + HClO4) (Jackson, 1973). Zn
in plant digests was analyzed using an atomic
absorption spectrophotometer (Pye Unicam SP 9
800, Cambridge, UK).

Aerobic
Flooded bc

30

cd
20

0.0001
0.0001
0.0001
0.0918
0.1939
0.9655
0.0689

e

0.0001
0.0001
0.0030
0.9892
0.8247
0.4057
0.4854

0.4067
0.0001
0.0001
0.6122
0.8709
0.3575
0.8382

a

ab
bc
de

cde

cd

e

cde
de

10

↑ sufficient

↓ deficient

0
Qiuguang K150

Han72
89B Han277
Rice genotypes

Han297

Figure 1. Cultivation eﬀect on shoot Zn concentration of
plants without Zn application at tillering stage. Means with
the same letter are not signiﬁcantly diﬀerent (P < 0.05).
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Dobermann and Fairhurst, 2000). Zn application
resulted in an increase in shoot Zn concentration
to levels above suﬃciency level for all genotypes
(data not shown).
Genotype and Zn application signiﬁcantly
aﬀected shoot dry weight, shoot Zn concentration
and shoot Zn content (Table 2). Shoot dry weight
of the genotypes Qiuguang, K150 and Han297 in
aerobic ﬁelds was signiﬁcantly increased when Zn
was applied. This eﬀect of Zn application was
absent in ﬂooded ﬁelds (Figure 2).
Genotype eﬀects. Shoot dry weight, shoot Zn
concentration and shoot Zn content varied significantly among genotypes (Table 2). Zn eﬃciency,
deﬁned as the capacity of a genotype to maintain
growth under low Zn conditions (Graham and
Rengel, 1993), was higher for aerobic genotypes
(Table 3). There was considerable variation among
aerobic genotypes.
No interaction eﬀects were found among cultivation type, Zn application rate and genotype
(Table 2). Zn application increased the level of
all three parameters given in Table 2, independent of cultivation type and genotype.

Shoot dry weight
(g m-2)

100

-Zn
+Zn

80

40

b

bcd

60

a

A: Aerobic condition

cde

b
bcd bcd
de

b b

bc

e

20
0
Qiuguang K150
100

Shoot dry weight
(g m-2)

80

-Zn
+Zn

cd

Qiuguang K150

Han72

cde

cde

cd

a ab

bc

20
0
89B

Genotypes
Lowland

Aerobic

Qiuguang

K150 Han72 89B Han277 Han297

Zn eﬃciency* 64
*Zn eﬃciency = shoot
(+Zn) · 100%.

75
dry

81
weight

92

100

(–Zn)/shoot

77
dry

weight

Mature stage
Cultivation eﬀects. Similar to the results of tillering stage, the cultivation system had a signiﬁcant eﬀect on shoot Zn concentration (Table 4).
Shoot Zn concentration was lower in aerobic
than in ﬂooded ﬁelds for genotypes K150, 89B
and Han297 (Figure 3). Grain Zn concentration
was unaﬀected (Table 4).
Grain yield was signiﬁcantly aﬀected by cultivation for all genotypes. This was, however, not
the case for shoot dry weight. Plants grown
under aerobic conditions had signiﬁcantly lower
grain yields than those grown under ﬂooded conditions (Table 4; Figure 4). This eﬀect of cultivation system was similar for both Zn rates
(Table 4).
Harvest index under aerobic conditions was
signiﬁcantly lower than under ﬂooded conditions
(Tables 4 and 5). The same was true for Zn-harvest index (Table 5), deﬁned as the grain Zn content (in g or mol) divided by the shoot Zn
content, which was 27% lower under aerobic
cultivation.

Han277 Han297

a
bc abc

de e

89B

B: Flooded condition

60
40

Han72

Table 3. Zn eﬃciency of rice genotypes grown under aerobic
condition

Han277 Han297

Genotype eﬀects. Genotypes varied signiﬁcantly
in shoot Zn concentration but not in grain Zn
concentration (Table 4). Genotypes 89B, Han277
and Han297 yields were signiﬁcantly higher than
yields of the other three genotypes under aerobic
conditions (Figure 4). Genotype 89B also had the
highest harvest index, both for dry matter
and for Zn (Table 5). Signiﬁcant variation in Znharvest index was found among the other
genotypes (Table 5).

Rice Genotypes

Figure 2. Eﬀect of Zn application on shoot dry weight under
aerobic (A) and ﬂooded (B) condition at tillering stage.
Means with the same letter are not signiﬁcantly diﬀerent
(P < 0.05).

Zn application eﬀects. Zn application signiﬁcantly increased shoot Zn concentration and
shoot dry weight. Grain yield, grain Zn concentration (Table 4), and harvest index (Table 5),
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Table 4. Results of three factor ANOVA (P-values) for shoot dry weight, grain yield, shoot Zn concentration, grain Zn concentration, harvest index and Zn-harvest index at mature stage
Sources

DF

Shoot dry
weight

Grain
yield

Shoot Zn
concentration

Grain Zn
concentration

Harvest
index

Zn-harvest
index

Cultivation (C)
Zn rate (Zn)
Genotype (G)
C * Zn
C*G
Zn * G
C * Zn * G

1
1
5
1
5
5
5

0.0028
0.0022
0.0001
0.1555
0.0120
0.5920
0.1452

0.0001
0.4873
0.0001
0.8768
0.0001
0.7184
0.9908

0.0001
0.0003
0.0003
0.5566
0.0044
0.8593
0.0031

0.7908
0.4828
0.1032
0.5022
0.0656
0.9824
0.8680

0.0001
0.0149
0.0001
1.0000
0.0001
0.9411
0.4300

0.0001
0.0043
0.0003
0.6085
0.0001
0.8397
0.1449

Harvest index = grain yield/(grain yield + shoot dry weight).
Zn-harvest index = grain Zn content/(shoot + grain Zn content).

however, were unaﬀected. This eﬀect of Zn application was independent of cultivation system
(Table 4). Zn-harvest index was lower under the
high Zn application rate (Table 5).
Discussion

Figure 3. Cultivation eﬀect on shoot Zn concentration of
plants without Zn application at mature stage. Means with
the same letter are not signiﬁcantly diﬀerent (P < 0.05).

Figure 4. Shoot dry weight and grain yield of six genotypes
under aerobic and ﬂooded condition when no Zn was applied.
Means with the same letter are not signiﬁcantly diﬀerent
(P < 0.05).

Our results demonstrate that there is reason for
concern about increased Zn deﬁciency problems
as a result of cultivation change from ﬂooded to
aerobic conditions in calcareous soils with high
pH. Under aerobic conditions, Zn shoot concentration (Figures 1 and 3), grain yield and Zn-harvest
index (Table 5) were signiﬁcantly lower than
under ﬂooded conditions. The fact that biomass
production, grain yield and shoot Zn concentration responded positively to Zn application
(Tables 2 and 4) indicates that Zn was a growthlimiting factor in our experiment. Our results are
in line with Giordano and Mortvedt (1974), who
reported that Zn deﬁciency symptoms were more
pronounced under moist conditions compared to
ﬂooded conditions on a soil with pH 7.5.
From a human nutritional point of view, high
Zn concentration in the grain is of paramount
importance. However, no signiﬁcant diﬀerences
were found in grain Zn concentration between
two cultivation systems in this study. From
ﬂooded to aerobic cultivations, no signiﬁcant reduction in grain Zn concentration was
observed (Table 4). It was not clear whether this
was related to Zn status in tested soil in our
study. To carefully evaluate the eﬀect of cultivation system on Zn concentration of the edible
part of the whole grain and Zn distribution
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Table 5. Eﬀect of cultivation, Zn rate and genotype on harvest index and Zn-harvest index
Treatment

Cultivation
Aerobic
Flooded
Zn rate (kg ha)1)
0
23
Genotype
Qiuguang
K150
Han72
89B
Han277
Han297
Average

Harvest index
(%)

Zn-harvest index
(%)

31 b
50 a

33 b
45 a

39 a
42 a

42 a
37 b

38
40
37
47
40
40
40

35
41
37
47
33
41
39

b
b
b
a
b
b

bc
ab
bc
a
c
ab

Within treatments, means followed by the same letter are not
signiﬁcantly diﬀerent at P < 0.05 according to LSD.

within grain need to be investigated in more
detail.
Under aerobic conditions, the newly developed
aerobic rice genotypes showed a higher Zn eﬃciency than the lowland genotype Qiuguang
(Table 3). This indicates that breeding has been
successful in this respect. Also, Zn-harvest index
was higher for most aerobic genotypes compared
to the lowland genotype, although not signiﬁcantly
in most cases (Table 5). The variation among aerobic genotypes shows that there are ample opportunities for breeders to improve Zn eﬃciency.
Zn application signiﬁcantly decreased Zn-harvest index (Table 5) and did not aﬀect grain Zn
content and grain yield (Table 4). This is in agreement with many other studies on wheat (Rengel
et al., 1999) and indicates that Zn application to
the soil cannot fully meet the objective of increasing the Zn level in edible portions of rice. Development of rice cultivars with higher Zn eﬃciency and
higher Zn-harvest index seems therefore a more
promising strategy than fertilization for the purpose of increasing Zn content of the grain. Foliar
application of Zn should be considered as an alternative strategy to increase Zn-harvest index and at
the same time raise grain Zn concentration.
In line with Gao et al. (2005), we found considerable genotypic variation in Zn eﬃciency and
yield under aerobic conditions. Our results con-

ﬁrm preliminary results demonstrating that K150
is a zinc ineﬃcient genotype (Table 3). Already
at tillering, K150 showed a low shoot Zn content (results not shown) and concentration
(Figure 1), and a relatively strong response to
Zn fertilization (Figure 2). Genotypes 89B and
Han277 were more eﬃcient and showed suﬃcient
shoot Zn concentrations (Figure 1), no response
to Zn application at tillering stage (Figure 2), and
relatively high yields (Figure 4). The results for
these genotypes conﬁrm that Zn deﬁciency has its
impact already in early growth stages (Forno
et al., 1975). No eﬀect of Zn application was
found on grain yield (Table 4). This is largely in
agreement with previous results showing that Zn
deﬁciency occurs in the ﬁrst few weeks after
sowing and plants can spontaneously recover
6–8 weeks later (Forno et al., 1975).
It is likely that drought contributed to the
yield reduction under aerobic cultivation (Figure 4). Drought has been identiﬁed as a major
constraint causing yield loss in rice in Asia
(Widawsky and O’Toole, 1996), even for aerobic
varieties (Bouman et al., 2004). No results of any
rice cultivars that consistently grow better in aerobic soil than in ﬂooded soil can be found. It is
generally concluded that aerobic conditions in
itself imply a low level of stress for rice, particularly if the relative humidity is low (Dingkuhn
et al., 1989). An interaction between drought
stress and Zn deﬁciency is highly likely, because
low water availability will hamper soil Zn transport towards the roots. It may also hamper Zn
transport within the plant.
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2005 Yield and water use of tropical aerobic rice systems.
Agric. Water Manage 74, 87–105.
Cakmak I, Kalayci M, Ekiz H, Braun H J, Kilinc Y and
Yilmaz A 1999 Zinc deﬁciency as a pratical problem in
plant and human nutrition in Turkey: A NATO-science for
stability project. Field Crops Res. 60, 175–188.
Dingkuhn M, Datta S K D, Dorﬄing K and Javallana C
1989 Varietal diﬀerences in leaf water potential, leaf net
CO2 assimilation, conductivity and water use eﬃciency in
upland rice. Aust. J. Agric. Res. 40, 1183–1192.
Dobermann A and Fairhurst T 2000 Rice: Nutrient disorders
and nutrient management. International Rice Research
Institute, Manila, Philippines.
Fageria N K, Baligar V C and Clark R B 2002 Micronutrients in crop production. Adv. Agron. 77, 185–268.
Forno D A, Yoshida S and Acher C J 1975 Zinc deﬁciency in
rice. I. Soil factors associated with the deﬁciency. Plant Soil
42, 537–550.
Frossard E M, Bucher M, Machler F, Mozafar A and Hurrell
R 2000 Potential for increasing the content and bioavailability of Fe, Zn and Ca in plants for human nutrition.
J. Sci. Food Agric. 80, 861–879.
Gao X P, Zou C Q, Zhang F S, Van der Zee S E A T M and
Hoﬄand E 2005 Tolerance to zinc deﬁciency in rice correlates with zinc uptake and translocation. Plant Soil 278,
253–261.
Gao S, Tanji K K, Scardaci S C and Chow A T 2002 Comparison of redox indicators in a paddy soil during ricegrowing season. Soil Sci. Soc. Am. J. 66, 805–817.
Giordano P M and Mortvedt J J 1974 Response of several
rice cultivars to Zn. Agron. J. 66, 220–223.
Graham R D and Rengel Z 1993 Genotypic variation in zinc
uptake and utilization by plants. In Zinc in Soils and
Plants. Ed. A D Robson. pp. 107–114. Kluwer Academic
Publishers, Dordrecht.
ISSS, ISRIC, and FAO 1998 World Reference Base for Soil
Resources. World Soil Resources Reports 84. FAO,
Rome.
Jackson M L 1973 Soil Chemical Analysis. Prentice Hall of
India, New Delhi.

Kirk G J D and Bajita J B 1995 Root-induced iron oxidation,
pH changes and zinc solubilization in the rhizosphere of
lowland rice. New Phytol. 131, 129–137.
Liu Z 1996 Microelements in Soils of China. Jiangsu Science
and Technology Publishing House, Nanjing, China. 188 pp.
Mandal B, Hazra G C and Mandal L N 2000 Soil management inﬂuences on zinc desorption for rice and maize
nutrition. Soil Sci. Soc. Am. J. 64, 1699–1705.
Marschner H 1993 Zinc uptake from soils. In Zinc in Soils
and Plants. Ed. A D Robson. pp. 59–77. Kluwer Academic
Publishers, Dordrecht.
Rengel Z, Batten G D and Crowley D E, 1999 Agronomic
approaches for improving the micronutrient density in edible portions of ﬁeld crops. Field Crops Res. 60, 27–40.
Sakal R 1977 Note on varietal response of rice to soil applied
zinc. Ind. J. Agric. Sci. 47, 480–482.
Sakal R, Verma M K and Singh A 1989 Relative susceptibility of selected rice varieties to zinc deﬁciency in relation to
utilisation of diﬀerent pools of soil zinc from calcareous
soil. Anna. Agri. Res. 10, 243–248.
Sanchez P 1976 Properties and Management of Soil in the
Tropics. Wiley, New York, 618 pp.
SAS 1990 SAS Procedures Guide. Statistical Analysis System
Institute, Inc., Cary, NC.
Sims J T and Johnson G V 1991 Micronutrient soil tests. In
Micronutrient in Agriculture. Eds. J J Mortvedt, F R Cox,
L M Shuman and R M Welch, pp. 427–472. Soil Science
Society of America, Inc., Madison, Wisconsin, USA.
Singh B N, Singh B P and Sinha M K 1981 Relative tolerance
of semidwarf indica rice lines to zinc stress in calcareous
soils. Anal. Agric. Res. 2, 27–32.
Voesenek L A C J and van der Veen R 1994 The role of phytohormones in plant stress: too much or too little water.
Acta Bot. Neerl. 43, 91–127.
Wang H, Bouman B A M, Zhao D, Wang C and Moya P F,
2002. Aerobic rice in Northern China – opportunities and
challenges. In Water-wise Rice Production. Proceedings of
the International Workshop on water-wise Rice Production. Eds. B A M Bouman, H Hengsdijk, B Hardy, P S
Bindraban, T P Tuong, and J K Ladha, pp. 143–154. International Rice Research Institute, Los Baños, Philippines.
Widawsky D A and O’Toole J C 1996 Prioritizing the rice
research agenda for eastern India. In Rice Research in
Asia: Progress and Priorities, Eds. R E Everson and W
Hossain, pp. 109–130. CAB, Wallingford.
Yoshida S 1981 Fundamentals of rice crop science. IRRI,
Philippines, Los Banos. 269 pp.
Section editor: H. Lambers

