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Abstract. A study on the physiological and yield effects
of waterlogging and the alleviation of waterlogging dam-
age by the application of nitrogen fertilizers and mixtalol
in winter rape was conducted in experimental tanks es-
pecially designed for controlling soil moisture content.
The results showed that waterlogging at the seedling and
stem elongation stages causes a significant decrease in
nitrogen content and rate of nitrogen accumulation. Leaf
chlorophyll content, superoxide dismutase and catalase
activities, and root oxidizability (capacity for root oxi-
dation) and root exudate were also reduced by waterlog-
ging. The experiments confirmed that the physiological
function of rape plants was retarded during the time of
waterlogging at the seedling stage, and its adverse effects
remained. Plant height, stem width, and the number of
primary branches per plant were decreased significantly
by waterlogging at the seedling and stem elongation
stages. Pods per plant and seeds per pod were also re-
duced significantly, giving a 21.3 and 12.5% decrease of
seed yield from the control for treatments at the seedling
and stem elongation stages, respectively. Foliar sprays of
nitrogen fertilizers at the seedling stage or mixtalol at the
flowering stage alleviated plant damage caused by wa-
terlogging by retarding chlorophyll and nitrogen degra-
dation, increasing superoxide dismutase and catalase ac-
tivities and root oxidizability, and improving yield com-
ponents and seed yield of waterlogged plants. Therefore,
besides draining off water, alleviation of waterlogging
damage may be controlled by applying nitrogen fertilizer
and a suitable plant growth regulator at appropriate
growth stages.
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Oilseed rape (Brassica napusL.) is the most important
source of edible oil in China and is expanding rapidly as
a rotation crop following rice (Zhou 1994). Excess mois-
ture or drought during rape growth is an important factor
in low yield (Zhou 1994). Low oxygen concentration
because of waterlogging affects growth and develop-
ment, including carbohydrate metabolism and respiratory
activity (Pezeshki 1994). Waterlogging is a serious in-
ternational problem, especially when the water table re-
mains near the soil surface following rape transplant and
establishment, and consequently, yield reduction is ob-
served (Cannell and Belford 1980, Yin et al. 1980, Zhou
1994).

The adverse effects of waterlogging on terrestrial
plants are complex phenomena and appear to vary with
the genotype, pretreatments, the plant developmental
stage, and the duration and severity of flooding. Water-
logging affects physiological characteristics and the seed
yield of winter rape throughout its life cycle (Zhou and
Lin 1995). To date, the following specific responses have
been examined: formation of new aerenchymatous roots
during and after desubmergence or waterlogging of the
soil, and underwater accelerated growth of stems and
petioles (Drew et al. 1979a, Justin and Armstrong 1987,
Atwell et al 1988, Voesenek and Blom 1989, Laan et al.
1991, Voesenek et al. 1993).

The application of nitrate and other nitrogen fertilizers
alleviates waterlogging damage to barley and maize
plants (Drew et al. 1979b, Chen 1989). Plant growth
regulators are used increasingly to manipulate growth
and yield, and synthetic cytokinins have been reported to
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alleviate waterlogging damage (Nickell 1982, Drew et al.
1979b). Mixtalol (a mixture of long chain aliphatic al-
cohols varying in chain length from C24 to C34) is a
recent chemical introduction which has been reported to
stimulate plant growth, delay plant senescence, and en-
hance yield and yield components (Srivastava and Me-
non 1987, Setia et al. 1989, Zhou and Xi 1993, Zhou et
al. 1995). The present experiments were conducted to
evaluate the effects of waterlogging on nitrogen accu-
mulation and the alleviation of waterlogging damage by
the application of nitrogen fertilizers and mixtalol in
winter oilseed rape.

Materials and Methods

Plant Culture

The winter season experiments were conducted at Zhejiang Agricul-
tural University, Hangzhou (30°108N, 120°128E). Concrete containers
(400 × 100 × 120 cm) with drainage holes 15 cm apart in the side were
constructed in the field 50 cm apart. Fitted frames covered with plastic
film prevented the entry of rain, when necessary. The containers were
filled with a silt loam soil containing 0.18% total nitrogen, 2.11%
organic matter, 52 mg/liter readily available phosphorus, and 127 mg/
liter readily available potassium. Fertilizers, at the equivalent of 200 kg
of N/ha, 60 kg of P2O5/ha, and 110 kg of K2O/ha, were mixed thor-
oughly in the soil of each container.

Oilseed rape (B. napus) cv. 601 was sown on 7 October in a separate
seedbed of silt loam soil. Fifty seedlings were transplanted on 21 No-
vember (at the five-leaf stage) into each container. Plants were sub-
jected to waterlogging to the soil surface for 30 days at various stages
of growth in a randomized block design using three replicates: (1) the
seedling stage (from 2 December to 1 January); (2) the stem elongation
stage (from 18 February to 20 March); (3) the flowering stage (from 18
March to 17 April); and (4) the pod formation stage (from 18 April to
18 May). In the control treatment (CK), the solid moisture was kept at
80% of field capacity during the whole growth period.

A 2,000-mg/liter suspension of mixtalol (a mixture of tetracosanol,
hexacosanol, octacosanol, triacontanol, doctriacontanol, and tetratria-
contanol in varying concentrations) was formulated and provided by
the Seed Regulator Laboratory of Zhejiang Agricultural University. In
exact duplicate experiments during the next season, 1% urea solution
and 4 mg/liter mixtalol were applied as foliar sprays at the rate of 400
mL of formulated solution per container (750 liters of formulated so-
lution/ha), to rape plants waterlogged for 5 days at the seedling and
flowering stages, respectively (with three replicates), to evaluate the
remediation of plant damage caused by waterlogging. Conventional
methods of cultivation were followed during the growing period. All
plants were harvested on 22 May.

Measurement Techniques

Ten plants taken from the central rows of each plot were used for
physiological analyses and morphological measurements during plant
growth. Plant nitrogen content was measured by the H2SO4–H2O2 di-
gestion method (Lin et al. 1993). Leaf chlorophyll content was deter-
mined by the acetone/ethanol mixture assay method (Chen 1984). Leaf
superoxide dismutase (SOD) activity was analyzed by the method of
Zhu et al. (1990). Leaf tissue (500 mg) was homogenized at 4°C in 5
mL of 50 mM phosphate buffer (pH 7.0) containing 1% insoluble
polyvinylpyrrolidone with a mortar and pestle. The homogenate was

centrifuged at 15,000 ×g for 10 min, and the supernatant obtained was
used as the enzyme extract. SOD activity was assayed essentially as
described by Dhindsa et al. (1981) by measuring the ability to inhibit
the photochemical reduction of nitro blue tetrazolium (NBT). The
4-mL reaction mixture contained 50 mM phosphate buffer (pH 7.8),
77.12 mM NBT, 0.1 mM EDTA, 13.37 mM methionine, 0–10mL of
enzyme extract, and 100mL of 80.2 mM riboflavin (riboflavin was
added last). Leaf catalase (CAT) activity was analyzed by the hydrogen
peroxide reduction method (Zhou and Lin 1995). Leaf extracts were
treated with 5 mL of 0.1N H2O2 and kept at 20°C for 5 min. Then 1
mL of 20% KI solution was added with 3 drops of 10% (NH4)6Mo7O24

solution and 5 drops of 1% starch solution. 0.02N Na2S2O3 was used
to titrate the reaction solution until the disappearance of blue color.
CAT activity was assayed by determining the rate of reduction of
hydrogen peroxide during a given period.

Root oxidizability (capacity for root oxidation) was measured by the
red tetrazolium (TTC) reduction method (Shen et al. 1991). The roots
were washed free of soil, and then 1.0 g of roots from each treatment
was placed in a 25-mL test tube and sealed with a rubber stopper. The
tubes were treated with 5 mL of 0.4% TTC solution and 5 mL of 1/15
M phosphate buffer (pH 7.0). After incubation for 3 h at37°C, the tubes
were treated with 2 mL of 2N H2SO4. Then roots were ground with
ethyl acetate (total of 10 mL) to extract red triphenylformazane, and the
extract was read at 485 nm. Root exudate was determined by gravi-
metric analysis (Ding and Shen 1985).

Plant height, stem width, branching position (distance between the
cotyledon node and lowest primary branch), number of primary
branches, pods per plant, seeds per pod, and seed weight were recorded
from ten random plants of each treatment, at harvest. Seed yield was
obtained as the aggregate of all plants. Data from the three replications
were pooled, and statistical inferences were made based on Duncan’s
New Multiple Range Test between the control and various treatment
means.

Results

Effect of Waterlogging on Nitrogen Accumulation

The nitrogen concentration in various rape organs was
obviously reduced after plants were subjected to water-
logging for 30 days at different stages of growth (Table
1). The most significant effect of waterlogging was ob-
served on the leaves of each treatment, which contained
35.05, 26.39, and 25.88% less nitrogen than the controls
for per plant, and 7.73, 6.70, and 3.33% less than the
controls for the nitrogen concentration (in dry weight %),
respectively. Stem nitrogen contents both in dry weight
% and per plant were also reduced significantly 13.94
and 28.37%, respectively, relative to the controls with
waterlogging at the stem elongation stage. The nitrogen
contents of stem and flower were not affected markedly
by waterlogging at the flowering stage.

During prolonged waterlogging, old roots senesced
and died gradually, and short fleshy lateral roots devel-
oped at the soil line. Consequently, the root nitrogen
concentrations (in dry weight %) were not affected much
by waterlogging, but the root nitrogen content per plant
was reduced significantly, 18.85, 12.98, and 16.32%
relative to the controls with waterlogging at seedling,
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stem elongation, and flowering stages, respectively
(Table 1).

The rate of nitrogen accumulation was reduced sig-
nificantly after plants were subjected to waterlogging for
30 days at various stages of growth (Fig. 1). The water-
logged plants treated at the seedling, stem elongation,
and flowering stages had low rates of nitrogen accumu-
lation, which were decreased significantly, 42.3, 41.8,
and 29.4%, respectively, relative to the controls. Water-
logging at the seedling stage not only affected the nitro-
gen accumulation of plants at seedling stage itself (re-
duced 42.3%), but it also affected the rate of nitrogen
accumulation at the stem elongation and flowering stages
(reduced 37.5 and 50.0%, respectively). Waterlogging at
the stem elongation stage affected the rate of nitrogen
accumulation of plants at the stem elongation stage itself
(reduced 41.8%); but as plants reached the flowering
stage (when the soil moisture was suitable, and the
growth conditions of plants were gradually improved),
the adverse effect of waterlogging on rates of nitrogen
accumulation was alleviated, and only a 6.7% decrease
of the rate of nitrogen accumulation was observed at the
flowering stage, suggesting that the plants gradually re-
covered.

Effect of Waterlogging on Yield Components

Plant height and stem width were decreased significantly
by waterlogging at the seedling and stem elongation
stages (Table 2). Plants waterlogged at the seedling stage
had a lower branching position and fewer primary
branches than the control. Terminal raceme length was
reduced significantly by waterlogging at the stem elon-
gation stage. No obvious differences in stem width,
branching position, and primary branch and terminal
raceme length were found between the controls and

plants that were waterlogged at flowering or pod forma-
tion stages.

Table 2 also shows that pods per plant and seeds per
pod were reduced by waterlogging. The greatest effect
resulted from treatments at the seedling and stem elon-
gation stages. For those two treatments, pods per plant
were decreased 28.2 and 22.3%, and seeds per pod were
decreased 8.2 and 13.9%, respectively, from the controls.
No significant difference in seed weight was observed
between any treatment and the control. The seed yield of
waterlogged plants at seedling and stem elongation
reached only 1,037.1 and 1,152.9 kg/ha, respectively,

Table 1. Changes in nitrogen contents of various rape organs after waterlogging at different growth stages for 30 days.

Treatment

Seedling Stem elongation
Flowering

Leaf Stem
Flower
and pod RootLeaf Root Leaf Stem Root

CK
DW%a 4.01 2.06 3.88 2.08 1.29 4.21 1.05 3.96 1.10
mg/plb 305.6 26.0 535.5 208.0 57.8 395.7 198.1 268.1 71.1

Waterlog.
DW% 3.70*c 2.13 3.62* 1.79* 1.34 4.07 1.02 4.05 1.05
mg/pl 198.5** 21.1* 394.2** 149.0** 50.3* 293.3** 188.6 280.1 59.5*

+CK%
DW% −7.73 3.40 −6.70 −13.94 3.88 −3.33 −2.88 2.27 −4.55
mg/pl −35.05 −18.85 −26.39 −28.37 −12.98 −25.88 −4.80 4.48 −16.32

a Nitrogen content in dry weight %.
b Nitrogen content per plant (mg/plant).
c * and **, significant at the 0.05 and 0.01 level of probability, respectively.

Fig. 1. Effect of waterlogging on the rate of nitrogen accumulation
(mg/plant/day) of rape plants.e, a, b, and c represent the control,
treatments of waterlogging at the seedling, stem elongation, and flow-
ering stage, respectively.
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significant decreases relative to the control of 21.3 and
12.5%.

Effect of Nitrogen Fertilizer on Waterlogging Damage

Leaf chlorophyll and nitrogen contents and SOD and
CAT activities were reduced significantly after plants
were exposed to waterlogging at the seedling stage, but a

foliar spray of nitrogen fertilizer alleviated the plant
damage caused by waterlogging (Table 3). The nitrogen
fertilizer-treated plants had higher leaf chlorophyll and
nitrogen contents and higher SOD and CAT activities
than the waterlogged plants, although the values were
still lower than the control. The most significant effect of
nitrogen fertilizer was observed on the lowest leaf (leaf
6) and gave readings of 21.1, 18.7, 21.8, and 20.6%
higher than the waterlogging treatment for leaf chloro-
phyll and nitrogen contents and SOD and CAT activities,
respectively.

The root oxidizability and root exudate of waterlogged
plants increased with the application of nitrogen fertiliz-
ers (Table 4). The nitrogen fertilizer-treated plants had
high root oxidizability and root exudate, which were in-
creased significantly, 8.6 and 9.7%, respectively, relative
to the waterlogging treatment.

The yield components and seed yield of waterlogged
plants also improved with the foliar application of nitro-
gen fertilizers (Table 5). Plant height, stem width, and

Table 2. Effect of waterlogging at different growth stages on yield components and yield of rape plants measured at harvest.

Treatmenta

Plant
height
(cm)

Stem
width
(cm)

Branching
positionb

(cm)

Primary
branch
(no.)

Terminal
raceme
length
(cm)

Pods/plant
(no.)

Seeds/pod
(no.)

Seed
weight
(mg)

Seed
yield
(kg/ha)

CK 178.1 1.92 64.5 7.0 63.8 446.2 12.2 2.71 1,317.9
WS 155.4*c 1.38** 51.2* 6.2* 61.9 320.3** 11.2* 2.54 1,037.1**
WE 155.5* 1.65* 64.4 6.5* 54.3* 346.8** 10.5* 2.69 1,152.9*
WF 162.9* 1.80 65.9 6.7 62.7 417.7 11.5 2.76 1,293.2
WP 168.8 1.81 61.1 6.9 63.7 397.0* 11.4 2.71 1,250.3

a Treatments of WS, WE, WF, and WP represent waterlogging at seedling, stem elongation, flowering, and pod formation stages, respectively.
b Distance between the cotyledon node and lowest primary branch.
c * and **, significant at the 0.05 and 0.01 level of probability, respectively.

Table 3. Effect of nitrogen fertilizer (N) on leaf chlorophyll and nitrogen contents and leaf SOD and CAT activities of rape plants waterlogged for
5 days at the seedling stage (measured 15 days after N treatment).

Item Treatment

Leaf positiona

6 7 8 9

Chlorophyll (mg/g FW) CK 0.31baA 0.43aA 0.65aA 0.72aA
Waterlog. 0.19cB 0.28cC 0.52cB 0.61cB
Waterlog. + N 0.23bB 0.35bB 0.58bAB 0.66bAB

Nitrogen (DW%)c CK 3.05aA 3.26aA 3.52aA 3.68aA
Waterlog. 2.36cB 2.60cB 2.83cB 2.89cB
Waterlog. + N 2.80bAB 2.84bAB 3.05bAB 3.20bAB

SOD activity (unit/g FW/min) CK 10.30aA 13.54aA 18.27aA 20.65aA
Waterlog. 5.27cC 9.08cB 14.30cB 18.51bA
Waterlog. + N 6.42bB 10.52bB 16.02bAB 19.30bA

CAT activity (H2O2 mg/g FW/min) CK 7.03aA 7.52aA 8.40aA 9.34aA
Waterlog. 3.98cC 5.81cB 6.73cB 8.04bA
Waterlog. + N 4.80bB 6.30bAB 7.19bAB 8.51bA

a All leaves are labeled, and the first emerged leaf is designated 1.
b Within columns, means followed by the same capital and small letters are not significantly different at the 0.01 and 0.05 level of probability,
respectively.
c Nitrogen content in dry weight %.

Table 4. Effect of nitrogen fertilizer (N) on root oxidizability and root
exudate of rape plants waterlogged for 5 days at the seedling stage
(measured 15 days after N treatment).

Treatment
Root oxidizability
(TTC mg/g FW/h)

Root exudate
(g FW/plant/h)

CK 0.560aaA 0.260aA
Waterlog. 0.489bA 0.217cB
Waterlog. + N 0.531aA 0.238bAB

a Within columns, means followed by the same capital and small letters
are not significantly different at the 0.01 and 0.05 level of probability,
respectively.
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primary branches were increased significantly by nitro-
gen application at the seedling stage. The nitrogen-
treated plants had more pods per plant and higher seed
yields, which were increased significantly, 8.4 and 7.8%,
respectively, relative to the waterlogging treatment.

Effect of Mixtalol on Waterlogging Damage

Leaf chlorophyll and nitrogen contents and SOD and
CAT activities were obviously reduced after plants were
subjected to waterlogging at the flowering stage, and
foliar sprays of mixtalol retarded the degradation of chlo-
rophyll and nitrogen and the reduction of SOD and CAT
activities (Table 6). The mixtalol-treated plants had
higher leaf chlorophyll and nitrogen contents and SOD
and CAT activities than the waterlogging-treated plants,
and their average values (from four leaves) were in-
creased 16.1, 5.0, 7.3, and 11.1%, respectively. A better
effect of mixtalol was obtained on the lower leaves (leaf
16); and their leaf chlorophyll, nitrogen content, and
SOD and CAT activities were increased significantly,
28.2, 6.9, 10.4, and 16.6%, respectively, relative to the
waterlogging treatment.

The mixtalol-treated plants had high root exudate,
which was increased significantly, 7.6% relative to the
waterlogging treatment; its root oxidizability was in-
creased insignificantly, 5.5% relative to the waterlogging
control (Table 7). The results indicated that exogenous
plant growth substances could improve the growth of
waterlogged plants; but even with the application of
chemical substances, it was impossible for plants to re-
cover completely from waterlogging damage.

Discussion

The present experiments indicate that the physiological
reactions to waterlogging were associated with decreases
in leaf nitrogen and chlorophyll contents, SOD and CAT
activities, root oxidizability, and root exudate. In addi-
tion, waterlogging at the seedling and stem elongation
stages resulted in significant accumulation of leaf mal-
ondialdehyde and ethylene production and reduction of

the leaf photosynthetic rate in rape plants (Zhou and Lin
1995). Dong et al. (1983) and Lin et al. (1984) reported
that plant senescence was associated with the degrada-
tion of chlorophyll, the accumulation of malondialde-
hyde, and ethylene production, the decrease of SOD and
CAT activities, and root oxidizability. Therefore, prema-
ture senescence in rape plants resulted from exposure to
waterlogging, and the plants became seriously damaged.
Waterlogging also breaks down the balance of endog-
enous hormones. Gibberellic acid and cytokinin content
decrease significantly while abscisic acid and ethylene
contents increase significantly when plants are subjected
to waterlogging (Reid and Crozier 1971, Hiron and
Wright 1973, Bradford and Yang 1980, Jackson et al.
1987, Brailsford et al. 1993, Voesenek et al. 1993). The
inhibition of physiological function of plants caused by
waterlogging leads to decreases in plant growth and pho-
tosynthesis and consequently, to smaller seed yield
(Zhou and Lin 1995).

The seedling stage of rape plants was most susceptible
to waterlogging, followed by the stem elongation and
pod formation stages. In contrast, plants waterlogged at
the flowering stage could withstand prolonged waterlog-
ging. Waterlogging is the major physiological constraint
during the seedling stage, and there is a significant cor-
relation between seed yield and growth during this stage
(Macdonald and Gordon 1978, Yin and Zhang 1982, Hu
1983, Zhou 1994). The present experiments confirmed
that the physiological function of rape plants was re-
tarded during the time of waterlogging at seedling stage,
and its adverse effects remained afterward, resulting in a
highly significant decrease of yield (Zhou and Lin 1995).
The ability of rape to withstand prolonged waterlogging
at flowering is due partly to the fact that the water re-
quirement during this stage is the greatest (Zhou 1994).

The present experiments indicated that foliar spraying
of nitrogen fertilizers at the seedling stage could alleviate
the plant damage caused by waterlogging and could in-
crease the leaf chlorophyll and nitrogen contents, SOD
and CAT activities, root oxidizability, and root exudates.
The yield components and seed yield of waterlogged
plants also improved with the foliar application of nitro-
gen fertilizers. Plant growth regulators are increasingly
used to manipulate growth and yield. Synthetic cytoki-

Table 5. Effect of nitrogen fertilizer (N) on yield components and yield of rape plants waterlogged for 5 days at seedling stage (measured at harvest).

Treatment

Plant
height
(cm)

Stem
width
(cm)

Branching
positiona

(cm)

Primary
branch
(no.)

Pods/plant
(no.)

Seeds/pod
(no.)

Seed
weight
(mg)

Seed
yield
(kg/ha)

CK 176.2baA 1.85aA 62.8aA 7.3aA 428.7aA 15.0aA 3.05aA 1,345.8aA
Waterlog. 146.9cA 1.47cB 54.7bA 6.2bA 375.2bA 13.2bA 2.85aA 1,217.4bA
Waterlog. + N 158.3bA 1.60bAB 59.1abA 6.7aA 406.8aA 14.1abA 2.87aA 1,312.6aA

a Distance between the cotyledon node and lowest primary branch.
b Within columns, means followed by the same capital and small letters are not significantly different at the 0.01 and 0.05 level of probability,
respectively.
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nins, cycocel, glutathione, and active oxygen scavengers
(such as 8-hydroxyquinoline and ascorbate) have been
reported to alleviate plant damage caused by waterlog-
ging (Drew et al. 1979b, Liu 1992, Yan et al. 1993, Li et
al. 1991). Foliar sprays of mixtalol at flowering are
found to stimulate plant growth, delay plant senescence,
and increase seed yield (Zhou and Xi 1993, Zhou et al.
1995). Ni et al. (1995) reported that foliar sprays of
mixtalol to submerged rice plants could increase photo-
synthesis and flooding tolerance. The present experi-
ments indicated that foliar sprays of mixtalol at flower-
ing could attenuate the effects of waterlogging, retard the
degradation of chlorophyll and nitrogen and the reduc-
tion of SOD and CAT activities, and improve the growth
condition of waterlogged rape plants. Therefore, besides
draining off water, alleviation of waterlogging damage
may be accomplished by applying nitrogen fertilizers
and suitable plant growth substances at appropriate
stages of growth.
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