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Abstract

A study on photosynthetic and yield effects of waterlogging of winter wheat at four stages of growth was conducted in
specially designed experimental tanks during the 2007-2008 and 2008-2009 seasons. Compared with the control,
waterlogging treatments at tillering and jointing-booting stages reduced photosynthetic rate (Py) and transpiration (E)
significantly, it also decreased average leaf water-use efficiency (WUE, defined as the ratio of Py to E) by 3.3% and
3.4% in both years. All parameters returned quickly to the control level after soil was drained. Damage to the
photosynthetic apparatus during waterlogging resulted in a lower F,/F,, ratio, especially at the first two stages. A strong
reduction in root length, root mass, root/shoot ratio, total dry mass, and leaf area index were observed. The responses
from vegetative plants at tillering and jointing-booting stages were greater than in generative plants at onset of flowering
and at milky stages. The number of panicles per hectare at tillering stage and the spikelet per panicle at the stages of
jointing-booting and at onset of flowering were also significantly reduced by waterlogging, giving 8.2—11.3% decrease
of the grain yield relative to the control in both years. No significant difference in yield components and a grain yield
was observed between the control and treatments applied at milky stages. These responses, modulated by the
environmental conditions prevailing during and after waterlogging, included negative effects on the growth,
photosynthetic apparatus, and the grain yield in winter wheat, but the effect was strongly stage-dependent.

Additional key words: grain yield; wheat growth stages; milky stage; photosynthesis; plant growth; tillering; Triticum aestivum.

Introduction

Waterlogging is a common environmental stress in areas
prone to high rainfall, poor soil drainage, and high water
table fluctuations, influencing the survival, growth, and
productivity of crops (Kozlowski 1997, Jackson and
Colmer 2005). For instance, waterlogging has been
shown to severely reduce grain yields of wheat (Triticum
aestivum L.) in the UK (Belford and Cannell 1979,
Cannell et al. 1980, 1984; Bellford et al. 1985), North
America (Musgrave 1994, Musgrave and Ding 1998), and
Australia (Dennis et al. 2000, Zhang et al. 2006) by about
20-50%. Due to the increased frequency of extreme
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climate events (Wollenweber et al. 2003), the possibility
of waterlogging occurrence has become higher. In Asia,
winter wheat could be cropped in a wide area with large
climatic and edaphic variations. In the middle and lower
reaches of Yangtze River, where the area of winter wheat
accounts for about 12% of the whole plant area of China,
this crop is commonly planted in paddy fields, which are
frequently saturated with water due to excessive rainfall
during the growing season. This results in a significant
risk of intermittent waterlogging combined with the
rainfall without any seasonal distribution.
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Abbreviations: C; — intercellular CO, concentration; Ck — control; £ — transpiration rate; g, — stomatal conductance; JB — jointing-
booting stage; MS — milky stage; OF — onset of flowering; PAR — photosynthetically active radiation; Py — net photosynthetic rate;
PSII — photosystem II; RM — root mass; RSR — root/shoot ratio; SM — shoot mass; TGM — thousand-grain mass; TS — tillering stage;
WUE - leaf water-use efficiency.
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Maintaining agricultural production in areas, where
periodic waterlogging occurs, requires the identification
of growth response of crops to waterlogging at different
growth stages (Setter and Waters 2003). Much of the
work relating to waterlogging in crop species has
involved the use of repeated and/or long (i.e. weeks or
months) exposures to waterlogging (e.g. Orchard and
Jessop 1984, Musgrave and Ding 1998), and those
relating to different growth stages (e.g. wheat — Musgrave
1994, soybean — Linkemer et al. 1998) have been limited
to considering effects on the final yield with little
attention being paid to the underlying causes of the yield
reduction. A direct physiological response of winter
wheat to waterlogging might be expected. Waterlogging
involves the rapid development of anoxia or hypoxia in
the soil, with effects on water and nutrient absorption
(Boru et al. 2003, Araki 2006). In most crops, O, used in
root respiration is supplied from the soil (Drew 1997).
Diffusion is the main mechanism of O, movement
through the soil. Because O, has a very small diffusion
rate in water, it almost stops when the soil is saturated
with water. Then a lack of O, may limit crop growth due
to alterations in metabolism (Drew 1997). One of
alterations is a decline in nutrient uptake, as it has been
found for N, P, K', and other nutrients in many crops
(Mielke and Schaffer 2010). Waterlogging occurring at
different development stages may reduce final grain yield
of winter wheat to different degrees and the extent of
yield reduction depends not only on the severity of the
waterlogging, but also on the stage of the plant develop-
ment. Waterlogging induces changes in soil physico-
chemical properties, such as a reduction in oxygen level
and an increase in CO, and ethylene concentration that
affect several aspects of plant physiology, morphology,
and anatomy (Kozlowski 1997, Pezeshki 2001,
Kreuzwieser et al. 2004). Waterlogging adversely affects
leaf expansion and leaf formation and leads to premature
leaf senescence and abscission resulting in an inhibition
of shoot growth (Kozlowski 1997). Root growth, on the
other hand, is reduced from the lack of oxygen available
for root respiration and the presence of soil phytotoxins
inhibiting root formation and promoting root decay
(Pezeshki 2001).

Materials and methods

Experimental conditions and plant material: The exper-
iment was conducted in 15 concrete lysimeters, each of
about 5 m® (surface area 2.5 x 2 m, depth 2 m), in Key
Laboratory of Efficient Irrigation-Drainage and Agri-
cultural Soil-Water Environment in Southern China,
Ministry of Education (Nanjing, latitude 31°57'N, longi-
tude 118°50'E, 144 m a.s.l.) during the wheat growing
season of 2007-2008, and repeated in 2008-2009. The
bottom of each lysimeter was filled with a 20 cm layer of
coarse gravel, separated from the soil by a water-
permeable membrane to allow free drainage. Drainage
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The physiological and biochemical responses of crops
to waterlogging events have been extensively investi-
gated. Photosynthetic rate (Py), stomatal conductance
(gs), and transpiration (E) decreased (Zheng et al. 2009)
and it led to restrictions in carbohydrate metabolism in
both shoots (Xie et al. 2003) and roots (Huang et al.
1995). This resulted in a decrease in both the accu-
mulation of dry matter (Malik et al. 2002) and the amount
of dry matter transferred into the grains (Tan et al. 2003).
The decrease of plant biomass production may be directly
related to stomatal limitations of net photosynthesis
which reduces carbon assimilation (Mielke et al. 2003).
Waterlogging occurring at any growth stage usually
causes degradation of chlorophyll in leaves (Chen et al.
2005, Pociecha et al. 2008) and of protein content in
grains (Mishra et al. 2008) and it decreases the concen-
trations of nitrogen, phosphorus, and potassium in plant
shoots (Sharma and Swarup 1988). Chlorophyll fluores-
cence is a fast, nondestructive, and relatively simple
technique for detecting the energetic/metabolic imbalance
of photosynthesis, which can be damaged by water-
logging (Flagella et al. 1994). The ratio of variable to
maximal fluorescence (F,/F,) is a good indicator of photo-
inhibitory impairment, when plants are subjected to a
wide range of environmental stresses, including waterlog-
ging. A reduction of F,/F,, may represent either a rever-
sible photoprotective downregulation or an irreversible
inactivation of photosystem II (PSII) during waterlogging.

Waterlogging has been reported to cause a reduction
in root growth, photosynthesis (Glinski and Stepniewski
1985), leaf area, and dry matter accumulation in wheat
(Shao et al. 2010). However, little work has been done to
assess the relative importance of these processes in an
integrated way. The knowledge of the physiological
effects of waterlogging on winter wheat is inadequate
compared to that of the effects of water shortage on this
crop. In the work, our objective was to use crop growth
analysis to trace physiological mechanisms (at the crop
level) by which the various effects of waterlogging at
different stages impact the crop growth and yield. This
study could be useful for the development of a more
functional approach to simulate wheat response to
waterlogging.

holes in the waterlogged lysimeters were blocked with
rubber bungs. All lysimeters were painted with a water-
proof material to prevent seepage through the concrete
blocks (Fig. 1). The experimental site has subtropical
humid climate with an annual mean temperature of
15.3°C. The mean annual precipitation is 1,051.4 mm and
the mean annual surface water evaporation is 900 mm
(data from Nanjing city of 1951-2009, 20 km northeast
of experimental site). The soil type was clay with pH 7.78
and 2.40% of organic matter content, soil bulk density at
0-50 cm depth was 1.46 g cm”, field capacity was
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26.47%, as mass of water on dried soil. During 2 years,
plots were hand sown with winter wheat, 7. aestivum L.
cv. Yangmei 14, on 12 November 2007 (12 November
2008) using the 135 kg ha' template. A week before
sowing, the experimental plots were dry-ploughed and
harrowed. The soil was soaked 1 day before sowing to
promote good crop burgeon. Basal application of
fertilizers (N:P,05:K,0 = 15:10:15) at the rate of 1,200
kg ha' was applied in the soil. The heading date for
wheat (50% of plants) was on 21 April 2008 (23 April
2009), and plants were harvested on 29 May 2008 (26
May 20009).

Treatments and experimental design: Five treatments
(T1-T5) were used to evaluate effects of waterlogging at
different phenological stages on physiological indicator

parameters (E, Py, g, and WUE), growth and wheat
yields from 2007 to 2009, as shown in Table 1. The water
depth of control treatments was kept 50 mm from the soil
surface at the tillering stage (TS) and 100 mm at other
stages. The water layer above the soil was maintained for
1 day, then it was drained to —400 mm below the surface
within 3 days at TS and to —800 mm below the surface
within 3 days at the other stages. The control (Ck) was
the treatment, where the soil relative water content was
maintained at 70-80% and the groundwater level was
kept below —600 mm at TS, —800 mm at the jointing-
booting stage (JB), and —1,000 mm at the onset of
flowering (OF) and milky stage (MS). These treatments
were arranged in a randomized complete block design
with three replications and means were compared with a
Least Squares Means procedure.

Table 1. Design of irrigation and drainage scheduling. I mm(K d)(M d —J mm): I mm fixed water level was kept with duration of K
days at four stages from the soil surface and drained to —J mm in M days. <-N mm: —N mm was the upper limit of groundwater level,
if groundwater level exceeded the value and drainage would be conducted. T1, T2, T3, T4 denote the waterlogging treatments at
tillering, jointing-booting, onset of flowering, and milky stage, T5 is taken as the control.

Treatment Tillering stage Jointing-booting stage Onset of flowering stage Milky stage
T1 50 mm(1 d) (3d—-400 mm) <-800mm <-1000 mm <-1000 mm
T2 <-600 mm 100 mm(1 d) (3 d-800 mm) <-1000 mm <-1000 mm
T3 <—600 mm <—-800 mm 100 mm(1 d) (3d —800 mm) <-1000 mm
T4 <—600 mm <—-800 mm <-1000 mm 100 mm(1 d) (3 d —800 mm)
T5 <-600 mm <-800 mm <-1000 mm <-1000 mm
T, e planting. The soil samples were collected at the centre of
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Fig 1. Schematic diagram of the experimental set-up placed in
the lysimeter.

Drainage flow: A 2 m deep lysimeter of 2.5 x 2 m inside
the instrument shed (Fig. 1) received the pipe drainage
outflow from the plots. Fifteen automatic irrigation and
drainage systems were installed inside the instrument
shed to measure the drainage and irrigation volume of all
the plots. The number of solenoid valve opening were
counted and stored by a datalogger and the drainage and
irrigation volume was subsequently calculated.

Soil samples, water table, and soil moisture: Fifteen
soil samples from all the plots were collected, prior to

pipe in each plot and automated capacitive water level
probes were inserted inside the PVC pipes to measure the
water table depth. One tube was inserted to a depth of
180 cm of each plot. Soil water content measurements
were made using the time-domain reflectometry (TRIME-
T3, USA). The probe of time domain reflectometry was
put into the tube and the values of soil water content at
the depth of 0-100 cm were stored by a recorder. The
measurements were taken twice a week during the
growing season.

Plant and climatic measurements: Leaf area index (LAI)
was measured in every stage with LAI 2000 (Li-Cor,
USA). In addition, plant development characteristics
were determined including tillering number, height, and
leaf number. During the course of the experiment, Py, E,
and g; of the top, fully expanded leaves were determined
at four stages. A gas-exchange analyzer (Li-Cor 6400
portable photosynthesis measurement system, Li-Cor,
Lincoln, NE, USA) was used for these measurements
during 9:00-11:00 h, when photosynthetic active radi-
ation above the canopy was 1,000-1,100 pumol m > s,
The maximum quantum yield of PSII photochemistry
(F\/F,, ratio) was measured at 23°C in dark-adapted,
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young, fully expanded leaves using OS5-FL (Opti-
Science, USA) starting 1 day before flooding, till 7 days
after cessation of flooding. For dark adaptation, a clip
was placed on the leaf for 15 min. The saturating
irradiance was 600 pmol m? s™' PAR for 5 s. Six leaves
were used for each treatment. The plants on each plot
were randomly selected for each measurement. The
average values of three leaves and plants were used to
calculate the rates of £ and g;. The plants were harvested
on May 29, 2008 (May 26, 2009). Panicle number per
square meter, number of grains per panicle, percentage of
filled spikelets, and mass of 1,000 dry grains for each
individual plant per replicate were recorded. A random
subsample of five stems was taken to measure straw
length. Dry mass of all plant fractions was recorded after
drying in an oven at 80°C for 48 h.

The air temperature, wind speed and direction, relative

Results

Impact of waterlogging on vegetative growth: The
inability of roots to acclimate to changes in soil water
regimes might result in the reduced growth and function,
thereby the reduction in total dry mass (TDM). In 2008,
waterlogging during TS stages significantly decreased the
root length (RL), root mass (RM), root/shoot ratio (RSR),
and TDM of the plants but had no effect on shoot mass
(SM) (Table 2). The T1 treatment had a significantly
smaller SM and RSR compared with Ck. Waterlogging
during TS stages induced excess moisture and depressed
the vegetative growth. As shown in Table 2, waterlogging
at JB stages also significantly reduced RL, RM, and RSR
in 2008 compared with Ck, but it did not significantly
reduce SM. During the OF stage, RL, RM, RSR, and
TDM values were similar for control and T3 treatments.
The plants exposed to waterlogging during the fourth

humidity, total solar radiation, and photosynthetically
active radiation (PAR) were measured at the experimental
site, using the automatic instrument for meteorological
measurements. Precipitation was measured by a tipping
bucket. Soil temperatures were measured at 5, 15, and
30cm depths near the instrumentation site, using a
temperature probe. All the meteorological parameters
were stored using a datalogger and were downloaded
weekly via a computer.

Statistical analysis: Experiments were designed as ran-
domized complete blocks, with each replicate represent-
ing a separate block. Treatment effects in the experiment
were analyzed using analysis of variance (ANOVA)
procedure of SPSS software, version 14.0. Treatment
means were separated by least significant difference (LSD)
test at P<0.05 unless otherwise specified.

growth phase exhibited more equilibrated plant growth
throughout the experimental period (Table 2), no signifi-
cant differences were found between T4 and Ck. Water-
logging at OF and MS stages had no significant impact
on SM, RM, RSR, and TDM compared with Ck, as the
peak of the vegetative growth was already completed at
these growth stages. In 2009, the highest RM and RSR
was obtained at T5, the lowest was at T1. These results
indicated that waterlogging applied at TS stage could
significantly decrease RM. RL and SM at each water-
logging treatment decreased by 10.7-24.0% and 6.7—
11.7% at TS and JB stages, respectively. Furthermore, T2
treatment reduced TDM slightly. Waterlogging treatments
at OF and MS stages had no significant effect on SM,
RM, RSR, and TDM in 2009, as the peak of vegetative
growth was already completed at these growth stages.

Table 2. Effect of waterlogging on root length (RL), shoot mass (SM), root mass (RM), root/shoot ratio (RSR) and total dry mass
(TDM) of wheat at harvest in 2008 and 2009. T1, T2, T3, T4 denote the waterlogging treatments at tillering, jointing-booting, onset of
flowering, and milky stage, TS is taken as the control. The values of vegetative growth parameter are means of 3 replications. In the
same column and in the same year, means followed by the same letter do not differ significantly at the 5% level by LSD.

Year Treatment ~ RL [cm] RM [g(DM) plant™']  SW [g(DM) plant '] RSR [gg'] TDM [mg plant ']

2008 T1 13.61 £0.75°  0.28 +0.04° 5.39 +0.58" 0.052 +£0.001°  5.67 +0.64°
T2 12.82+0.68°  0.31+0.06° 5.28 +0.43% 0.059 +0.001°  5.59+0.38"
T3 14.42£0.56®  0.37+0.05® 5.92+£037° 0.063 £0.002*  6.29 +0.29®
T4 1523 £1.03*  0.41 +0.02®° 6.24 £ 0.89* 0.066 = 0001  6.65+ 0.41*
T5 17.65+0.89°  0.56+ 0.05 6.71 £ 0.86" 0.083 £0.002°  7.27 +0.85

2009 T1 14.01 £1.23®  0.25+0.03 6.32 £ 0.66" 0.035+0.001°  6.57+0.77°
T2 11.92+0.67°  0.31+0.03° 6.68 + 1.02° 0.046 £0.001°  6.99 + 1.02%
T3 12.55+£0.62°  0.42+0.04® 7.13 £ 0.60° 0.059 £0.002®®  7.55+0.64°
T4 1421 £0.42%®°  0.38+0.02" 7.06 £ 0.50° 0.060 £0.001°  7.44 + 0.68"
T5 1568+ 1.12*  0.58+0.07 7.16£0.67° 0.076 £0.003*  7.73 +£0.47*
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& waterlogging 2008
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Fig. 2. Seasonal changes in leaf area index (LAI) of wheat
under the waterlogging treatment. TS — tillering stage, JB —
joint-booting stage, OF — onset of flowering, MS — milky stage,
CK — control.The values are averages of the waterlogging
treatment at each stage and the control of 3 replicates in 2008
and 2009. Vertical bars represent + SE of the mean.

The stage-dependent changes of LAI are shown in
Fig. 2 for five treatments as measured in both years. In
2008, waterlogging treatments reduced LAI of wheat
significantly at TS and JB stages (P<0.05), but insigni-
ficantly at OF and MS stages as compared with Ck
(Fig. 2). Because the total number of tillering and growth
of leaves reached its peak at the early OF stage, the
period of the shoot growth at this stage had little impact
on LAIL In 2009, however, no significant difference was
observed among waterlogging treatments and Ck at all
four stages. The discrepancy in LAI between 2008 and
2009 might be attributed to the difference in the weather.
The effect was statistically significant only in plants at
the vegetative stages and remained visible after cessation
of waterlogging.

Effect of waterlogging at different stages on physio-
logical parameters of wheat: Measurements of E, Py, g,
and WUE in uppermost leaves of winter wheat made at
close to full sunlight in both years indicated that these
physiological parameters were reduced after 4-d water-
logging and the reduction varied with the stage of
waterlogging stress (Table 3). T1 and T2 treatments of
waterlogging, which occurred at TS and JB stages,
decreased average Py by 13.6 and 12.2% relative to Ck in
both years, and they decreased the average WUE by 4.2
and 3.9%, respectively. The effect on Py and E was also
statistically significant only in the plants at the vegetative
stages (TS and JB) and it remained visible after cessation
of waterlogging. In addition, the T1 and T2 treatments
caused simultaneously a significant decrease of g, which
could prevent CO, supply into leaf cells and resulted in
decreasing of leaf C;, indicating that the decline of

photosynthesis was mainly due to the strong, reversible
stomatal limitation, but the photosynthetic rate could be
effectively resumed after waterlogging withdrawal. The
Tl and T2 treatments reduced leaf g and Py and
damaged the membrane system and increased lipid
peroxidation into superoxide radical, thus C; remained
unchanged or even increased (data not shown), which
meant that the decline of photosynthesis was mainly due
to a poor, reversible nonstomatal limitation, i.e. due to
lower photosynthetic activity of leaf cells. After 3 days of
recovery, £ and Py of the plants briefly exposed to
waterlogging stress at TS and JB stages could enable the
“compensatory” growth mechanism to act and they were
not significantly different from that of the nonstressed,
control plants. Both waterlogging treatments increased
average WUE to about 97.8 and 97.5% of Ck in both
years. Compared with Ck, T3, and T4 treatments of
waterlogging, which occurred at OF and MS stages,
decreased average WUE only by 1.6 and 2.7% in both
years, moreover, Py showed no significant difference.
E, Py, and g; slightly restored 3 d after waterlogging
withdrawal, when waterlogging treatments occurred at
OF and MS stages, and no significant difference was
found from Ck. This could help to stimulate the nutrition
accumulation and life activity of wheat. A decline in
chlorophyll fluorescence F,/F, values was observed
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Fig. 3. Seasonal changes in F,/F, of wheat under the water-
logging treatments. TS — tillering stage, JB — joint-booting
stage, OF — onset of flowering, MS — milky stage, CK — control.
The values are averages of the waterlogging treatment at each
stage and the control of 3 replicates in 2008 and 2009. Vertical
bars represent = SE of the mean. Different letters indicate
significant difference (P<0.05).

433



G.C. SHAO et al.

000 F9¢°C 2100 F8C°0 STOFITE L8O FOILI JAL0F 19 100 F9T°0 STOFETE CL0OF8RYI SL
000 F 1€°S 200 F9T°0 FEOTFTCOE  LETT FE09] 70 FIFY 100 FST0 LI0OFIIE PP 1 T86CI L AW
LTOFI1T9 L£00FSE0 LE0FISE 6L TFO08IC «FC0FT89 100 F 6T°0 LIOFFOE  6C°0FEL0T SL Suramory
670 F0T9 200 FTE0 D10 FFEE LITTF0L°0C PE0FLLY 200 FTTO B800F VLT PP 1 FSS8I €L Jo1esuQ
LV OF 169 200 F €€°0 LCO0FRIE HLFOFROIT eSL'OF SP'6 2C0'0FTE0 LI0FOET  LIL0FELIT SL
990 F9L°9 J00F1€°0 L10F80€  IL0FE80T L0 F80°6 00FITO ST0F8TT  LIF0F0L0T ¢l Sunoog-Sunuiof
950 F8EL 2£0°0 F 8€°0 JATOFCIE  6L0FSTET eS1°0F90°8 2100 F 8€°0 SO0FFOE  LIP0FOSYT SL
ATOFLTL 00 FTE0 £LT0F80C  8Y0F8ETT LEE0FOLL 4€0°0F9T0 gEI0FV6'T (TS0 FE9TT IL SuwaqL 600T
OTOFHPL 100 F0€°0 OI0FLYT 0T FLEB] 670 F6¥9 00 FST0 DEOFOST 660 FETII cL
080 F 1L 10°0F8C0 O10FECT  LI0TL0LL wLT0 F8E9 100 FCTO OC0FLOT  SLTFOCTEL L ST
SEO0FB0L <1070 F 6£°0 HO0FTIE  LTTFOITT wLT0 F 8%'C «C0°0 F9¥°0 ST0FVEY 890 FLLET cL Suuamory
S10FEO9 2100 F8E0 F10F90C  ZLOFO0TIC eSTOF LS 00 F TP 0 fLIOFBOE  EPO0TFOTIC €L JoO1esuQ
81°0F£T9 600 F9€°0 FTOFEPE  STIFLYIC 29T0 F £9°C eL0°0 F SE0 O10FLLE I 0FETIT cL
2S00 F 509 =00 F0€°0 QIOF6I'E  (LFOF0L6l F10F TIPS 40’0 F8T0 SIOFFI'e (ST FE0LI ¢l Bunoog-Sunuior
2CE0F 669 100 F 070 LI0OFPOE 0T FEFST FTOFCCL 000 F S+°0 STOFOFE TV 0F0CST cL
£T0F8LO 2000 F0¥'0 el €0FTCEE B0 TFLYET 2600 F 69 4000 FTE0 @TOFEOT (T80 FEE0T IL Suudy|1 800T
anm 3 q N anm '3 q Nd
[emeipynm SuiS3oparem Joye p ¢ SwiSSooem Ioye p [ JusWIRAL] a3e)s YImoin Jea A
(50°0>d)

QOUAIAYYIP JUBOLIUTIS edIpul suayaj jua4affi] *(9 = u} QS F ueaw ayy st anjeA yoey [, (O*H)oww (fo)jow] qnm <[ s . w (OfH)ow] °5 [ s _ w (OFH)joww] 7 [ s _w
(foD)1owr] Ny Jonuos ay} se udye) s1 G “oFeis Af[iw pue ‘Fuuwmolj Jo 1asuo ‘Junooq-gunurol ‘Sunaqn 1e sjuowyean suiddopagem oyl AoUdp 1 ‘€L ‘TL ‘1L "600T PUB §00T Ul
sjuaunean Suid5oIarem JUIAJJIP J9PUN SIABI] JBAYM IAUIM JO (M) AOUDIDIJJ2 asn-Iaem pue “(°5) aouridonpuod [erewols ‘(Ng) ael onayuisojoyd “(7) el uonendsuel] “¢ a[qe],

434



PHOTOSYNTHESIS AND GROWTH IN RESPONSE TO WATERLOGGING

Table 4. Grain yield and its components in wheat during two years under the treatments of waterlogging. T1, T2, T3, T4 denote the
waterlogging treatments at tillering, jointing-booting, onset of flowering, and milky stage, T5 is taken as the control. The values of
water consumption are means of 3 replications. In the same column and in the same year, means followed by the same letters do not

differ significantly at the 5% level by LSD.

Year  Treatment Panicles per hectare  Spikelet per panicle  1000-grain mass [g] ~ Grain yield [kg ha ']

2008 T1 420.00 + 2.30° 33.32 £ 0.47° 42.28+0.13* 5.917 + 45°
T2 490.00 + 3.12° 29.69 + 0.23° 41.58 £0.24* 6.049 + 72°
T3 492.00 = 3.08° 29.52 +0.36° 4037 +0.14° 5.863 £ 65°
T4 502.00 + 2.45° 31.66 + 0.48% 38.62 + 0.26° 6.138 + 59°
TS 506.00 + 1.89° 31.92 +0.23% 40.90 + 0.32° 6.606 £ 79°

2009 T1 407.57 + 4.05° 34.92 £ 0.56™ 41.69 +0.21° 5.932 +73°
T2 423.58 + 4.05° 34.33 + 0.49% 41.68 £0.41° 6.060 + 88°
T3 424.89 £ 1.76° 33.10£0.19° 41.54 +0.03* 5.842 £ 56°
T4 432.24 +2.30° 36.37+0.17° 40.16 + 0.03* 6.312 + 69%
T5 430.88 + 3.33° 36.65 +0.31° 41.73 + 0.36" 6.589 + 81°

during waterlogging. Waterlogging occurring at TS and
JB stages (Fig. 3) was characterized by a decrease of
F,/Fy, up until the fourth day of waterlogging, when they
reached the lowest values (data not presented). When
wheat was waterlogged at OF and MS stages (Fig. 3B), a
weaker decline in F,/F,, occurred and the difference was
insignificant compared with Ck.

Grain yield and its components: Waterlogging at diffe-
rent growth stages had significant effects on wheat grain
yield in both years with exception for T4 treatment in
2009, although their relative impacts varied between
years. In 2008, the greatest effect resulted from treatment
at OF stage. Compared with the nonstressed control, the
waterlogging treatments decreased the grain yield by
7.1-11.2% (Table 4). In 2009, the effect of waterlogging

Discussion

The vegetative growth effects of waterlogging varied
with treatments at various stages of the growth. This
study showed that waterlogging at the early growth stage
could reduce the shoot and root growth of wheat. During
periods, when soil is saturated by water, oxygen defi-
ciency can develop rapidly in the roots, causing root
damage and subsequently death of the entire plant (Palta
et al. 2010). In wheat, symptoms and injury can become
evident in roots. Absence of soil oxygen initiates a
sequence of chemical and biochemical reduction reac-
tions, producing components that may be injurious to root
metabolism (Jackson and Drew 1984). Lateral root
extension and number are reduced by low concentrations
of oxygen (Geisler 1967). Plants, which can survive in
anoxic stress, decrease their root growth rate (Jackson
and Campbell 1979). These anoxic conditions cause
respiratory disturbances in the roots and this has injurious
consequences for the shoot system. The reduced
vegetative growth was also possibly a result of water-
logging restricting the supply of nitrogen to the shoot at

at different growth stages was similar, but less deleterious
than in 2008. These factors resulted in significant
decreases in the grain yield of 4.2—11.3%, with exception
for the T4 treatment compared with Ck.

In both years, the decrease in the yield at T1 was due
to a significant decrease in the number of panicles per
hectare, other yield components were unaffected. How-
ever, in 2008, the thousand-grain mass (TGM) of water-
logged plants was slightly higher than that of Ck, whereas
it was less than that of Ck in 2009, although the diffe-
rences were not significant. Waterlogging at OF stage had
little effect on the number of panicles per ha and TGM,
but it resulted in a significant decrease in number of
spikelet per panicle in both years. In 2008, waterlogging
at MS stage significantly decreased TGM whilst no
significant difference occurred relative to Ck in 2009.

different growth stages. Nitrogen deficiency would be
expected to slightly slow down plant development
(Mirshel et al. 2005). In this study, waterlogging delayed
the shoot development slightly as waterlogged plants
showed delayed ear emergence and maturity. This
senescence caused earlier grain maturity (data not
shown). Early waterlogging treatments delayed the
flowering time of wheat and reduced flowers per panicle
and flower dry mass. Because vegetative growth of wheat
was almost ceased at OF stage, the activity of roots and
shoots was less sensitive to waterlogging at OF and MS
stages. The effects were not fully reversible after the
stress was relieved. This and other damaging effects on
stem and leaf expansion appeared to be more severe in
plants of the vegetative stages than at the generative ones.

It is known that anaerobiosis induced by waterlogging
can decrease root hydraulic conductivity resulting in a
decreased leaf turgor and stomatal conductance and thus
CO, deficiency inside the leaves. The decrease of plant
biomass production may be directly related to stomatal
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limitations of net photosynthesis that reduces carbon
assimilation (Mielke et al. 2003). The restriction of
photosynthetic activity has been attributed to stomata
closure (Yordanova et al. 2005), decrease in leaf chloro-
phyll content (Bradford 1983), and disruption of the
translocation of photosynthates (Sij and Swanson 1973,
Chen et al. 2005). The present study showed that Py was
a very sensitive trait in response to waterlogging, which
decreased in the initial 2 d of waterlogging. The decrease
in g and the reductions in E values were observed,
together with the simultaneous decline in Py. Thus, the
data obtained in our experiment led to the conclusion that
the main effect of waterlogging on leaf gas exchange in
winter wheat seemed to be a reduction in stomata opening
that led to the reduction of Py. It could be found in both
years that under T1 treatment Py, E, and g; decreased by
13.6, 33.6, and 58.6% of the T5 treatment, while in the
T4 treatment, this decrease was only 11.4, 7.0, and
33.6%, respectively. Thus, it could be concluded that the
photosynthesis in leaves decreased more markedly at the
early period than during the later growth stage under
waterlogging stress.

Chlorophyll fluorescence is an efficient tool for
detecting changes in functions of photosynthetic
apparatus, which can be damaged by waterlogging
(Waldhoff et al. 2002, Mielke et al. 2003). During the
period of growth of wheat, declines in F,/F, were
observed under waterlogging treatments compared with
Ck, indicating damage to PSII. Thus, the use-efficiency
of captured photon energy by PSII was reduced. Some
damage to PSII seems to be independent of decreases in
stomatal conductance and it may be caused by the
changes within mesophyll cells and correlated with
photoinhibition (Ahmed et al. 2002). The responses of
photosynthetic apparatus observed in this study suggested
that changes in the rate of CO, fixation depended more
strongly on stomata closure than on the damage of PSII.
However, other mechanisms may also play a part. In
agreement with the findings of the former research (Tan
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