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In the wake of declining water availability for agricultural use that will severely disturb the cultivation of irri
gated lowland rice (Oryza sativa), aerobic genotypes have been developed allowing rice to grow under drier
conditions. However, canopy physiological and morphological characteristics associated with adaptation of
aerobic rice to water-limited conditions have so far been understudied. Canopy architectural characters, light and
nitrogen distribution parameters (i.e. the extinction coefficient for light, KL; and for nitrogen, KN; and their ratio
KN:KL), plant growth and yield were examined in irrigated-lowland (cv. IR64) vs aerobic (cv. Apo) rice genotypes
grown under three water regimes. Compared with cv. IR64, cv. Apo allocated less nitrogen to strongly shaded
leaves, allowing the vertical nitrogen distribution to better acclimate to light distribution within the canopy. The
KN:KL ratio increased with increasing water deficit, and cv. Apo (up to 49 % increase) had a higher increase than
cv. IR64 (up to 24 % increase). This was attributed to the maintenance of erect leaves at the upper part of the
canopy, allocation of less leaf area and less nitrogen to the shaded leaves under water deficit in cv. Apo. The
observed differential response in the KN:KL ratio partly explained the difference in biomass gain and yield in
response to water deficit between the two rice cultivars. We concluded that favourable above-ground archi
tecture and canopy nitrogen profile relative to the light profile contributed greatly to the better performance of
cv. Apo than cv. IR64 under dry conditions.

1. Introduction
Rice (Oryza sativa L.) is an important food crop that plays a central
role in global food security. More than 70 % of the global rice production
occurs in intensely managed irrigated lowland systems (continuously
inundated paddy fields) which requires large amounts of freshwater
(IRRI, 1998). Such cultivation practice is threatened by freshwater
scarcity arising from global climate change and increasing water de
mands by other sectors (Guerra et al., 1998). Various water-saving
technologies have been designed to reduce water use by rice, such as
alternate wetting and drying irrigation (Bouman and Tuong, 2001),
controlled soil drying during grain filling (Yang and Zhang, 2006, 2010),
and aerobic cultivation, i.e. growing rice under non-saturated (aerobic)
soil without ponded water (Atlin et al., 2006). Water input in aerobic
conditions is less than 50 % of that in flooding conditions (Peng et al.,
2006). However, rice varieties adapted to irrigated lowland systems are
very sensitive to even mild water deficit stress, showing severe yield loss
as soon as the soil water content drops below saturation (Bouman and

Tuong, 2001; Pantuwan et al., 2002; Centritto et al., 2009). Therefore,
special rice varieties suitable for aerobic cultivation, i.e. aerobic rice,
have been developed (Bouman et al., 2005). Aerobic rice varieties
display a better yield performance under aerobic environment than
lowland rice (Bouman et al., 2005; Suralta and Yamauchi, 2008).
Land plants exhibit various growth strategies that allow for acclima
tory responses to changing environments. Canopy architecture is impor
tant as it determines the interception and distribution of solar radiation,
and, thus, has a major influence on the interaction of plants with their
environment (Schakel and Hall, 1979; Schittenhelm et al., 2006). Rice
ecotypes adapted to different edaphic conditions display diverse canopy
architectures, and lowland cultivars are generally shorter and have more
tillers than aerobic cultivars (Peng et al., 2000; Lafitte et al., 2002; Ven
uprasad et al., 2009; Matsuo et al., 2010). However, only limited infor
mation is available on differences in effects of water deficit on shoot
morphology between aerobic and lowland rice varieties.
Carbon assimilation of a leaf is closely associated with its captured
incident light density and nitrogen content (Field, 1983; Evans, 1989;
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Yin and Struik, 2015). Leaves in canopy at different positions experience
very different light environments, i.e. leaves at the lower position are
shaded by the upper leaves that intercept most of the incoming solar
radiation. Such differences increase when leaf area index (LAI) of the
canopy becomes high. Shaded leaves in a full canopy account for more
than 70 % of the total leaf area but contribute less than 50 % of the total
canopy photosynthesis, due to the exposure to light-limited conditions
(Song et al., 2013). Therefore, it is important to explore avenues to
optimize the vertical distribution of light in a crop canopy for improving
the whole canopy carbon gain and biomass production, and eventually
for improving yield (Yin and Struik, 2015). In fact, this concept has long
been proposed as an area to be explored for developing new plant types
for rice (Dingkuhn et al., 1991; Virk et al., 2004).
Similar to the light gradient in the canopy, nitrogen distribution
among leaf laminae is mostly not uniform at different heights of a
vegetative canopy, but declines gradually over its depth (Field, 1983;
Evans, 1993). Vertical light and nitrogen distributions in a canopy can
be described by an exponential function of the downward cumulative
leaf area index with an extinction coefficient for light (KL) and for
photosynthetically active leaf nitrogen (KN). Leaf photosynthetic ca
pacity, depending on the level of photosynthetic enzymes, is highly
correlated to leaf nitrogen (Evans, 1989). Therefore, patterns of nitrogen
distribution and its effect on canopy carbon gain received much atten
tion (Field, 1983; Anten et al., 1995). The nitrogen distribution along
canopy height has often been analyzed through the “optimization”
theory (Hirose and Werger, 1987), given that the light-saturated leaf
photosynthetic capacity (Amax) is linearly correlated with leaf nitrogen
in most cases (e.g. Gu et al., 2012; Yin and Struik, 2015; Tang et al.,
2017). This theory suggests that whole canopy photosynthesis would be
maximized when nitrogen distribution follows light distribution within
a canopy, i.e. KN = KL (Goudriaan, 1995). However, the observed ni
trogen extinction coefficients within vegetative canopies under favour
able growth conditions are generally lower than the optimization theory
predicts, i.e. KN:KL < 1 (e.g. Archontoulis et al., 2011).
Under water deficit stress, the light and nitrogen distributions over
canopy depth are more complicated than those under non-stressed
conditions. A number of structural and physiological characteristics of
the canopy, such as leaf area index, leaf angle and canopy nitrogen
content are responsible for the variations in KL and KN (Hirose and
Werger, 1987; Yin et al., 2003) and could be modified by water deficit
stress in both dicot (sunflower and kenaf; Archontoulis et al., 2011) and
monocot (rice; Okami et al., 2016) crop species. Rice genotypes having
different canopy architectures may exhibit different responses of light
and leaf nitrogen distribution to water deficit. Little attention has so far
been paid to understanding how canopy traits contribute to yield dif
ferences between rice ecotypes grown under water-deficit conditions.
In this study, vertical distributions of light and nitrogen in canopies
were quantified in relation to canopy structural characteristics in two
contrasting rice cultivars with different water-deficit tolerance, when
grown under water-deficit conditions. The two genotypes, i.e. one
lowland cultivar (cv. IR64) and one aerobic cultivar (cv. Apo), were
chosen based on our previous extensive studies on their representa
tiveness of the two rice ecotypes (Kadam et al., 2015; Ouyang et al.,
2017; Vijayaraghavareddy et al., 2020). We specifically investigated: (1)
the effects of prolonged soil water-deficit on KL, KN and the KN:KL ratio;
and (2) how these effects on canopy traits contribute to the genotypic
differences in biomass and yield responses to water deficit.

m wide, 0.3 m high), to test the water-deficit effect primarily on canopy
architecture, light and nitrogen distribution in rice genotypes. The sec
ond experiment was a field trial (in puddled lowland field) to collect
additional data for plant growth, yield and yield components in response
to water deficit. The tank experiment was carried out in an open field
next to the field trial and tanks were filled with sandy loam soil from the
rice field. Both experiments were sheltered from rain by a mobile
transparent polyethylene shelter to control soil moisture.
Two cultivars of rice (O. sativa L., subsp. indica) with similar growth
duration were chosen based on their sensitivity to water deficit and their
morphological traits (Kadam et al., 2015; Ouyang et al., 2017;
Vijayaraghavareddy et al., 2020). The lowland rice cultivar IR 64-21
(IR64), considered as highly sensitive to water deficit (Venuprasad
et al., 2008), is a semi-dwarf variety with average mature plant height of
approximately 100 cm (Mackill and Khush, 2018). The aerobic rice
cultivar NSIC Rc9 (Apo), generally considered as moderately
water-deficit tolerant in the reproductive stage (Venuprasad et al.,
2007), had an average mature plant height of approximately 130 cm
when grown under inundated condition (Venuprasad et al., 2009). Seeds
of both cultivars were obtained from the International Rice Research
Institute (IRRI).
Rice seeds were pre-germinated and sown in a seedbed. Twenty-dayold seedlings were transplanted into nine tanks and a paddy field, at a
hill spacing of 25 cm × 25 cm with one seedling per hill. In both ex
periments, P (30 kg ha− 1 as single superphosphate) and K (40 kg ha− 1 as
KCl) were applied and incorporated 1 day before transplanting as basal
fertilizer. Nitrogen (240 kg N ha− 1) in the form of urea was applied in
portions of 40 %, 20 %, 20 % and 20 % as basal fertilizer, topdressing ~7
days after transplanting, at panicle initiation, and at heading stage,
respectively. In the tank experiment, three levels of soil moisture were
imposed 15 days after transplanting, i.e. (1) control (CT), keeping 2− 5
cm of standing water on soil surface; (2) mild drought (MD), keeping soil
water potential between 0 to − 5 kPa; and (3) more severe drought (SD),
keeping soil water potential between − 20 to − 40 kPa. For stress treat
ments, water was drained from the bottom of the tanks, and the required
stress level was achieved two and four days after stress imposition for
MD and SD, respectively. Two levels of soil moisture were imposed in
the field experiment, i.e. CT and SD, and timing and intensity of
imposing SD were the same as in the tank experiment, but SD in the field
was achieved six days after stress imposition. Soil water potential in
stress treatments was monitored with tensiometers (Institute of Soil
Sciences, Chinese Academy of Sciences, Nanjing, China) installed in
each plot at a depth of 15 cm. For the stress treatments, we checked the
tensiometers twice a day, and water was added to bring soil moisture
back to the upper limit of the target stress when tensiometer readings
reached the lower limit. Once stress was imposed, the target levels were
maintained until physiological maturity of the grains. Both tank and
field experiments were conducted in a split-plot design, with the CT, MD
and SD as the main plots and the cultivars as the split plots, with three
replications. The area of each split plot was 6.4 m2 in the tank experi
ment and 12.5 m2 in the field experiment.
2.2. Vertical light and nitrogen distributions in the canopy
In the tank experiment, destructive samplings were undertaken at
stem-elongating stage (46–51 days after transplanting) and at early
flowering stage (66–77 days after transplanting). Before each sampling,
the photosynthetically active radiation (PAR) penetrated through the
canopy was measured by placing a 1-m linear ceptometer (SunScan
System SS1, Delta-T devices, Cambridge, UK) diagonally across two
rows. PAR measurements were taken every 20 cm from the ground
upwards and above the canopy, with three to four repeating measure
ments in each position for each plot. All measurements were restricted to
the time period from 11:00 to 13:00 h. Afterwards, leaf angles were
measured relative to the vertical line (0 ◦ ) using a protractor. Mea
surements were taken on the top three fully-expanded leaves from 3 to 4

2. Materials and methods
2.1. Plant materials and treatments
Two experiments were conducted at the research farm of Yangzhou
University, Jiangsu Province, China (32◦ 30′ N, 119◦ 25′ E) during the rice
growing season (May-October) of 2014. In the first experiment, rice
plants were grown as mini-canopy in cuboid cement tanks (8 m long, 1.6
2
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randomly selected stems of a plant, and repeated on five plants in a row
within the PAR measuring frame in each plot. Values of leaf angle at the
same leaf position from the same plot were averaged and treated as one
replicate. Subsequently, these plants were cut from the shoot base and
brought to an indoor lab, where they were further cut from the base to
the top every 20 cm layer thickness to assess the green leaf area index
(LAI) and leaf nitrogen per unit area, or called “specific leaf nitrogen
(SLN)”, of each layer. Leaf area was determined using an area meter (Li3100; Li-Cor, Lincoln, Nebraska, USA). Leaf dry weight of each layer was
assessed after the leaf blades were oven-dried at 70 ◦ C for at least 72 h.
After that, leaf nitrogen concentration (mg N g− 1 leaf) was analyzed
using an elemental analyzer (Vario Macro cube, Elementar, Germany).
Leaf nitrogen per unit area (SLN) was calculated from these data. Then
total canopy nitrogen content (Nc) and canopy-averaged nitrogen per
leaf area (SLNc) were determined.

divided by the number of panicles per replicate. The filled-grain per
centage was defined as the number of filled grains in proportion to total
number of spikelets. Harvest index was calculated as the ratio of filled
grain weight to above-ground dry weight of the five plants. Grain yield
was determined from harvesting all plants from an intact area of 1 m2 in
each plot and adjusted to the value at the 14 % moisture. Total
above-ground biomass was calculated as 0.86*yield divided by the
harvest index. The number of panicles per m2 was calculated from yield
and other yield components.
2.6. Data analysis
Nonlinear fitting was carried out using the GAUSS method in PROC
NLIN of SAS (SAS Institute Inc., Cary, NC, USA) to estimate KL and KN in
Eqs. (1) and (2). Data were analysed using a general linear model (GLM)
to test the significance for the effects of cultivar, treatment, stage and
their interactions on each parameter, using the R programme (http://
www.R-project.org/).

2.3. Estimation of light and nitrogen extinction coefficients
The attenuation of PAR through the canopy follows the Beer-Lambert
law:
Ii = I0 exp(− KLLAIi)

3. Results

(1)

3.1. General plant growth traits

where Ii and I0 are PAR values on a horizontal level at depth i and above
the canopy, respectively; LAIi is cumulative LAI at depth i counted from
the top; KL is the light extinction coefficient. KL was estimated by fitting
Eq. (1) to measured Ii, I0 and LAIi.
Similarly, the vertical gradient of nitrogen in the canopy can be
described as:
SLNi = (SLN0 − SLNb) exp(− KNLAIi) + SLNb

Under the control condition, growth duration from sowing to
maturity was on average 127 and 134 days for cv. IR64 and cv. Apo,
respectively. Mild drought (MD) did not induce any change in the
growth duration in both cultivars, while more severe drought (SD)
increased the growth duration by 4 days in both cultivars. Overall, water
deficit reduced the above-ground plant growth in both cultivars
(Table 1). Plant height, stem (tiller) number, stem dry weight, leaf dry
weight, leaf area index, number of panicles, and panicle dry weight were
lower under water deficit treatments than in the control in both culti
vars, in both experiments. Nevertheless, variations in response to water
deficit of some growth parameters were observed between the two
cultivars (Table S1). In the tank experiment, only cv. IR64 showed clear
decreases in stem (P < 0.05; up to 22 % decrease), leaf (P < 0.001; up to
31 % decrease) dry weight and leaf area index (LAI) (P < 0.001; up to 33
% reduction) under MD conditions. Furthermore, SD decreased stem dry
weight by up to 30 % and leaf dry weight by up to 37 % in cv. IR64,
whereas these percentages were 17 % and 30 % in cv. Apo. Across
stages, water-deficit treatments decreased the number of panicles (at
flowering stage) in cv. IR64 (P < 0.001), but did not induce a clear
change in cv. Apo (P > 0.05), resulting in a clearly decreased productive
tiller percentage in cv. IR64, but not in cv. Apo. Similarly, decreases in
growth parameters in cv. IR64 were higher than those in cv. Apo under
SD condition in the field experiment (Table 1).

(2)

where SLNi and SLN0 are the SLN of the ith layer and at the top of the
canopy (i.e. at LAIi = 0), respectively; SLNb is the base value of leaf
nitrogen for photosynthesis, which can be regarded as representing nonphotosynthetic nitrogen content; a value of 0.3 g N m− 2 for SLNb was
adopted for rice from Sinclair and Horie (1989) and Yin and van Laar
(2005); KN is the extinction coefficient for the effective leaf nitrogen. KN
and SLN0 were estimated by fitting Eq. (2) to the measured data.
2.4. Plant growth measurements at stem-elongating and flowering stages
In the tank experiment, tillers of the sampled plants were counted for
each sampling. Stem and panicle (flowering stage) dry weights were
determined after separately oven drying at 70 ◦ C for at least 72 h. The
summed values of layers for leaf area and dry weight were used for
further analysis. In the field experiment, plant shoots of five randomly
selected plants were collected at stem-elongating (48–54 days after
transplanting) and flowering (72–80 days after transplanting) stages.
Leaf area was measured with an area meter (Li-3100; Li-Cor, Lincoln,
Nebraska, USA). Leaf, stem and panicle (flowering stage) were sepa
rately oven dried at 70 ◦ C for 72 h prior to weighing. Daily average
biomass gain between stem-elongating and flowering stages in the tank
experiment was calculated as the difference in above-ground dry weight
of plants sampled at the two stages divided by the growth duration of
each cultivar between the two stages.

3.2. Yield and yield related traits
Across experiments and treatments, the grain yield, harvest index
and total above-ground biomass at maturity were significantly higher in
cv. Apo than in cv. IR64 (Table 2). Water-deficit treatments negatively
influenced yield and yield related traits in both cultivars (Table 2). In the
tank experiment, cv. IR64 and cv. Apo recorded ca 76 % and ca 86 %,
respectively, of control yield under MD conditions. More severe drought
(SD) had similar effects on yield performance in both experiments, with
cv. IR64 and cv. Apo having on average 50 % and 64 %, respectively, of
control yield under SD conditions. Under CT conditions, cv. IR64 pro
duced 65 % in the tank and 49 % in the field experiment more panicles
per m2 than cv. Apo. Water-deficit treatments reduced this difference, as
the decrease of number of panicles in cv. Apo was smaller than that in cv.
IR64 under stress conditions. Water-deficit treatments decreased the
number of spikelets per panicle and 1000-grain weight in both cultivars
in both experiments, and it decreased filled grain% only in cv. IR64
under SD condition in the tank experiment. In the tank experiment, MD
significantly decreased the harvest index in cv. IR64 (P < 0.05; 14 %

2.5. Yield and yield related traits at maturity
At maturity, yield, yield components, harvest index and total aboveground biomass were determined in the tank and field experiments. The
number of spikelets per panicle, filled-grain percentage, and 1000-grain
weight were determined from five plants in a central row. Plants were
separated into straw, filled grains and unfilled grains, following the
procedures of Yoshida et al. (1971). Dry weight of each part was
determined after oven drying at 70 ◦ C for 72 h. The number of spikelets
per panicle was calculated as total number of spikelets per replicate
3
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ground); PN = number of panicles (no. m−

262.6 ± 32.8
145.1 ± 25.1
389.7 ± 16.0
275.2 ± 5.4
92.0 ±
75.9 ±
92.2 ±
93.1 ±
383 ± 15
265 ± 34
235 ± 9
180 ± 5

2.3
6.4
0.2
1.3

183.5 ± 8.5
92.7 ± 9.7
75.8 ± 2.6
251.7 ± 12.1
192.0 ± 9.7
174.6 ± 2.2
90.2 ±
68.7 ±
66.0 ±
72.6 ±
70.5 ±
77.6 ±
10
13
10
18
15
14

3.3. Canopy architecture
Plant height and stem (tiller) number significantly varied between
the two cultivars, with cv. IR64 being shorter and producing more stems
than cv. Apo (Table 1). In general, the canopy structures in terms of leaf
area distribution along the plant canopy were similar for the two rice
cultivars, with the largest fraction of leaf area being located at the
middle of the canopy (Fig. 1). Nevertheless, across treatments and
stages, the proportion of leaf area located at the bottom (20–40 cm from
ground level) of the canopy was significantly higher (P < 0.001) in cv.
IR64 than in cv. Apo. Water-deficit treatments increased (P < 0.05) the
allocation of leaf area to the bottom of the canopy in cv. IR64, but did
not significantly affect it (P > 0.05) in cv. Apo (Fig. 1).
Small leaf angles indicate more erect leaves. The leaf angles of the top
three leaves were smaller in cv. IR64 than in cv. Apo (P < 0.001), and the
cultivar difference was larger at flowering stage than at stem-elongating
stage (Fig. 2). At stem-elongating stage, the leaf angle of the uppermost
leaf in cv. IR64 was 19 % and 28 % larger under MD and SD conditions
compared with CT. The leaf angle of all three upper leaves was increased
(P < 0.001) under water-deficit conditions in cv. IR64 at flowering stage,
with an average increase of 10 % and 30 % by MD and SD, respectively. On
the other hand, water deficit did not induce a clear change (P < 0.05) on
the leaf angle of the upper leaves in cv. Apo (Fig. 2).

ground); LAI = leaf area index (m2 leaf m−
2

CT denotes control condition, MD and SD denote mild drought treatment and more severe drought treatment, respectively.
PH = plant height (cm); SN = number of stems (no. m− 2 ground); SB = stem dry weight (g m− 2 ground); LB = leaf dry weight (g m−
ground); PT% = productive tiller percentage; PB = panicle dry weight (g m− 2 ground).

1.9
2.5
1.6
0.4
121.3 ±
98.3 ±
179.4 ±
154.2 ±
1.3
1.2
3.8
1.2
98.5 ±
93.8 ±
125.0 ±
113.1 ±

438
333
263
187

± 13
± 28
± 10
± 13

515.3 ±
341.3 ±
489.1 ±
337.1 ±

21.3
42.9
14.0
20.6

344.5 ± 7.7
190.0 ± 17.4
351.4 ± 11.9
215.2 ± 12.2

8.17 ± 0.20
4.36 ± 0.46
7.43 ± 0.28
4.73 ± 0.37

417 ± 14
347 ± 26
255 ± 5
193 ± 8

700.1
420.9
712.3
474.7

± 23.6
± 44.9
± 16.2
± 10.6

354.3 ± 4.5
214.3 ± 21.8
381.4 ± 9.0
244.4 ± 3.8

8.83 ±
4.57 ±
7.78 ±
4.77 ±

0.60
0.84
0.20
0.18

2

317
233
225
180
171
175
0.13
0.19
0.12
0.17
0.21
0.33
4.58 ±
3.82 ±
3.66 ±
5.59 ±
4.93 ±
4.24 ±
353
350
342
248
242
225
2.7
2.0
1.7
0.9
1.7
0.6
95.2 ±
88.0 ±
83.0 ±
150.5 ±
149.3 ±
128.7 ±
353.5 ± 19.1
275.9 ± 14.6
253.7 ± 9.5
304.5 ± 6.4
290.1 ± 19.1
251.8 ± 6.7
2.3
3.8
1.5
1.5
1.2
2.6
82.3 ±
76.7 ±
76.3 ±
107.7 ±
105.3 ±
104.5 ±

375 ± 17
356 ± 12
308 ± 13
247 ± 7
233 ± 17
208 ± 8

254.7 ± 12.7
176.8 ± 5.3
161.8 ± 4.6
226.0 ± 8.5
206.2 ± 4.4
180.9 ± 6.9

5.21 ± 0.44
3.51 ± 0.11
3.26 ± 0.11
4.65 ± 0.20
4.30 ± 0.10
3.79 ± 0.14

± 22
± 20
± 13
± 17
± 17
± 14

447.0
362.1
310.6
453.1
460.2
388.9

± 10.1
± 18.7
± 12.0
± 22.0
± 23.5
± 12.3

216.5 ± 5.9
177.1 ± 11.5
167.2 ± 4.7
287.3 ± 10.8
257.4 ± 12.8
201.3 ± 14.6

LAI
LB
SB
SN
PH

Tank experiment
IR64
CT
MD
SD
Apo
CT
MD
SD
Field experiment
IR64
CT
SD
Apo
CT
SD

Flowering stage

LAI
LB
SB
SN
PH

Stem-elongating stage

Treatment
Cultivar

Table 1
Plant growth parameters (mean ± standard error of three replicates) of rice cultivars grown in tank and field experiments under different water regimes at two growth stages.

PN

±
±
±
±
±
±

PT%

3.3
2.3
1.2
3.8
2.2
2.5

PB

2

decrease) but not in cv. Apo (P > 0.05; 3 % decrease). The decrease in
harvest index under SD was slightly higher (P < 0.1) in cv. IR64 (25 %
decrease) than in cv. Apo (19 % decrease) in the tank experiment, but
was clearly higher (P < 0.05) in cv. IR64 (18 % decrease) than in Apo (4
% decrease) in the field experiment. The water-deficit effect on total
above-ground biomass was significantly stronger (P < 0.05) in cv. IR64
(up to 35 % decrease) than in cv. Apo (up to 21 % decrease) in the tank
experiment, while water-deficit induced changes on total above-ground
biomass was not significantly different (P > 0.05) between cv. IR64 (40
% decrease) and cv. Apo (34 % decrease) in the field experiment.

3.4. Canopy nitrogen content
Across stages, total canopy nitrogen content (Nc) did not significantly
(P > 0.05) differ between the two cultivars in the control conditions
(Table 3). A significant cultivar × treatment interaction (P < 0.01) was
observed for Nc. Across stages, MD severely decreased Nc in cv. IR64 (P
< 0.001; up to 36 % decrease), but only had a mild effect on Nc in cv.
Apo (P > 0.05; up to 10 % decrease). SD caused up to 42 % and up to 25
% decrease of Nc in cv. IR64 and in cv. Apo, respectively.
Under control conditions, canopy-averaged nitrogen per leaf area
(SLNc) was on average 10 % higher for cv. IR64 compared with cv. Apo
(P < 0.001; Table 3). Across stages, water-deficit treatments decreased
the SLNc in cv. IR64 (P < 0.001), with up to 7 % decrease by SD, but did
not significantly affect the SLNc in cv. Apo (P > 0.05) (Table 3).
Furthermore, changes in Nc and SLNc under water-deficit conditions did
not significantly differ between stages in either cultivar (Table S2).
3.5. Light and nitrogen distributions
Fig. 3 presents the measured patterns of light distribution in the can
opy. Canopy light extinction coefficient (KL) estimated from these data
significantly differed between the two rice cultivars (P < 0.001) (Table 3).
Under CT conditions, KL was on average 16 % lower for cv. IR64 than for
cv. Apo. Water-deficit treatments increased KL, with a significant inter
action between treatment and cultivar (P < 0.001) (Tables 3 and S2).
Compared with CT, MD and SD caused on average 17 % and 33 % in
creases in KL in cv. IR64, while these percentages were 6% and 15 % in cv.
Apo. Furthermore, the water-deficit effect on KL was slightly stronger (P <
0.05) at flowering stage (up to 35 % decrease) than at stem-elongating
stage (up to 31 % decrease). A positive correlation of KL with the aver
aged leaf angles of the top three leaves was observed across treatments in
4

W. Ouyang et al.

Field Crops Research 271 (2021) 108257

Table 2
Yield and yield related traits (mean ± standard error of three replicates) of two rice cultivars grown in tank and field experiments under different water regimes.
Cultivar

Treatment

Tank experiment
IR64
CT
MD
SD
Apo
CT
MD
SD
Field experiment
IR64
CT
SD
Apo
CT
SD

Y

PN

SPP

FG%

GW

HI

TB

5.7
4.3
2.8
7.6
6.6
4.9

±
±
±
±
±
±

0.1
0.2
0.4
0.2
0.3
0.2

300
273
237
182
161
163

±
±
±
±
±
±

9
8
15
6
9
7

80 ± 3
70 ± 2
67 ± 4
203 ± 7
193 ± 8
155 ± 4

88.4 ±
86.2 ±
71.5 ±
90.1 ±
92.9 ±
89.0 ±

2.5
2.0
5.1
0.8
1.3
1.8

26.9 ±
26.3 ±
24.7 ±
22.9 ±
22.8 ±
21.9 ±

0.2
0.3
0.4
0.2
0.3
0.2

0.42
0.36
0.32
0.48
0.46
0.39

± 0.01
± 0.01
± 0.03
± 0.01
± 0.01
± 0.02

1160 ± 13
1022 ± 30
755 ± 23
1373 ± 20
1221 ± 31
1089 ± 12

8.7
4.3
9.8
6.2

±
±
±
±

0.4
0.4
0.9
0.7

400
241
269
188

±
±
±
±

10
26
11
6

89 ± 7
77 ± 10
188 ± 12
170 ± 14

82.4 ±
87.3 ±
79.5 ±
84.2 ±

3.3
3.7
3.5
2.2

29.8 ±
27.0 ±
24.3 ±
23.0 ±

0.1
0.3
0.4
0.3

0.44
0.36
0.45
0.43

± 0.02
± 0.02
± 0.01
± 0.02

1705 ± 27
1024 ± 29
1861 ± 83
1237 ± 54

Experiment

Source of variance

Y

PN

SPP

FG%

GW

HI

TB

Tank

Cultivar
Treatment
Cultivar × Treatment
Cultivar
Treatment
Cultivar × Treatment

***
***
ns
**
***
ns

***
***
**
***
***
*

***
***
***
***
*
ns

***
**
*
ns
*
ns

***
***
*
***
***
*

***
***
ns
**
***
*

***
***
*
**
***
ns

Field

CT denotes control condition, MD and SD denote mild drought treatment and more severe drought treatment, respectively.
Y = grain yield (t ha− 1); PN = number of panicles per m2 ground; SPP = number of spikelets per panicle (no.); FG% = filled-grain%; GW = 1000-grain weight (g); TB =
total above-ground biomass (g m-2); HI = harvest index (g g− 1). Significance level: * P < 0.05, ** P < 0.01, *** P < 0.001, ns = non-significant.

Fig. 1. Response of leaf area distribution within IR64 (A–C, G–I) and Apo (D–F, J–L) plant canopies, to water treatments: control (CT; A,D,G,J), mild drought (MD; B,
E,H,K), and more severe drought (SD; C,F,I,L). Distribution of leaf area is presented as leaf area at each layer in proportion to total leaf area. Canopy height was
measured from the ground level. Measurements were determined at stem-elongation (A–F) and flowering (G–L) stages. Bars represent standard errors of the mean for
three replicates.

each cultivar and when all data were pooled (Fig. 4).
Across stages, the value of SLN at the top of the canopy (SLN0),
estimated from the measured patterns of light distribution in the canopy
(Fig. 5), did not differ much between cv. IR64 and cv. Apo (P > 0.05)
under CT conditions (Table 3). Water-deficit treatments decreased the
SLN0 in cv. IR64 (P < 0.001; up to 5% decrease) at both stages, but did
not cause a clear change in SLN0 in cv. Apo (P > 0.05) at stem-elongating
stage and increased its value at flowering stage. The estimated nitrogen
extinction coefficient (KN) significantly differed between the two rice
cultivars (P < 0.001) (Table 3). Under CT conditions, KN was on average
46 % lower for cv. IR64 than for cv. Apo. Nevertheless, water deficit

increased KN in both cultivars (Table 3). The effects of water-deficit
treatments on KN were stronger (P < 0.001) in cv. Apo (up to 70 % in
crease) than in cv. IR64 (up to 65 % increase). No significant interaction
between treatment and stage was observed for KN (Table S2). Positive
correlations of KN with KL were observed across treatments in each
cultivar and when all data were pooled (Fig. 6).
Under CT conditions, the KN:KL ratio in cv. Apo was 0.24 (stemelongating stage) and 0.25 (flowering stage), while the ratios were lower
in cv. IR64, being 0.14 and 0.19 (Table 3). A significant treatment ×
cultivar interaction (P < 0.001) was observed for the KN:KL ratio. In cv.
IR64, this ratio was only increased by SD at the stem-elongating stage (P
5
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Fig. 2. Response of leaf angle of the top three leaves of two rice cultivars to water treatments: control (CT), mild drought (MD), and more severe drought (SD). Leaves
counted from the top were marked as L1, L2 and L3, and thus, L1 at flowering stage is the flag leaf. The leaf angles were measured relative to the vertical position of
stems at (A) stem-elongating and (B) flowering stages. Bars represent standard errors of the mean for three replicates.
Table 3
The effects of water deficit on canopy light and nitrogen distribution parameters in two rice cultivars grown in the tank experiment during stem-elongating and
flowering stages.
Cultivar

Treatment

Stem-elongating stage
IR64
CT
MD
SD
Apo
CT
MD
SD
Flowering stage
IR64
CT
MD
SD
Apo
CT
MD
SD

LAI

SLNc

Nc

KL

SLN0

KN

KN:KL

5.21 ±
3.51 ±
3.26 ±
4.65 ±
4.30 ±
3.79 ±

0.44
0.20
0.19
0.34
0.10
0.25

1.49 ±
1.43 ±
1.39 ±
1.36 ±
1.33 ±
1.27 ±

0.03
0.02
0.01
0.03
0.02
0.02

7.78 ± 0.59
5.00 ± 0.11
4.54 ± 0.13
6.33 ± 0.35
5.72 ± 0.10
4.80 ± 0.21

0.335 ±
0.394 ±
0.439 ±
0.380 ±
0.396 ±
0.424 ±

0.025
0.010
0.019
0.010
0.005
0.013

1.63 ±
1.54 ±
1.54 ±
1.59 ±
1.61 ±
1.56 ±

0.03
0.01
0.01
0.01
0.02
0.02

0.045
0.058
0.074
0.093
0.116
0.155

± 0.006
± 0.006
± 0.004
± 0.005
± 0.005
± 0.008

0.14
0.15
0.17
0.24
0.29
0.37

4.58 ±
3.82 ±
3.66 ±
5.59 ±
4.93 ±
4.24 ±

0.22
0.33
0.12
0.30
0.37
0.33

1.37 ±
1.33 ±
1.30 ±
1.22 ±
1.25 ±
1.21 ±

0.02
0.02
0.02
0.01
0.05
0.04

6.28 ± 0.16
5.09 ± 0.21
4.76 ± 0.19
6.85 ± 0.23
6.16 ± 0.12
5.14 ± 0.42

0.393 ±
0.458 ±
0.530 ±
0.493 ±
0.534 ±
0.587 ±

0.015
0.023
0.014
0.012
0.019
0.039

1.57 ±
1.54 ±
1.52 ±
1.59 ±
1.65 ±
1.67 ±

0.01
0.01
0.01
0.01
0.02
0.02

0.074
0.089
0.111
0.123
0.148
0.209

± 0.005
± 0.011
± 0.007
± 0.003
± 0.008
± 0.026

0.19
0.20
0.21
0.25
0.28
0.36

CT denotes control condition, MD and SD denote mild drought treatment and more severe drought treatment, respectively.
Leaf area index (LAI, m2 leaf m− 2 ground), canopy-averaged specific leaf nitrogen (SLNc, g N m− 2 leaf), canopy nitrogen content (Nc, g N m− 2 ground), canopy light
extinction coefficient (KL, m2 ground m− 2 leaf), specific leaf nitrogen at the top of the canopy (SLN0, g N m− 2 leaf) and canopy nitrogen extinction coefficient (KN, m2
ground m− 2 leaf) represent mean ± SE of three replicates.

< 0.05), with ca. 24 % increase compared with the ratio in CT. On the
other hand, the KN:KL ratio in cv. Apo was significantly increased by
water-deficit treatments at both stages, with up to 19 % and 49 % in
crease by MD and SD, respectively (Table 3).

closely correlated with Nc (Fig. 7) as theoretically expected (Yin et al.,
2000). Regression analysis showed that the variation in the KN:KL ratio
contributed most significantly to the variation in daily average biomass
gain between the two rice cultivars, so did the effect of treatment
(Table 5). Nc did not significantly contribute to the explanation of the
observed variance in daily average biomass gain.

3.6. Daily biomass gain in relation to canopy light and nitrogen
distribution

4. Discussion

Under CT conditions, the biomass gain between stem-elongating and
flowering stage in cv. Apo was almost two times as high as that in cv.
IR64 (Table 4). The daily average biomass gain during the two growth
stages was also higher in cv. Apo than in cv. IR64, and the difference
became even higher under water-deficit treatments. Water deficit
reduced the daily average biomass gain in both cultivars (Table 4).
Compared with CT, MD and SD caused ca. 25 % and 52 % decreases in
daily average biomass gain in cv. IR64, while these percentages were 10
% and 37 % in cv. Apo. The lower reduction in daily average biomass
gain in cv. Apo appeared to be associated with the greater KN:KL ratio,
compared with cv. IR64. To confirm that, we conducted a regression
analysis, where the daily average biomass gain was regressed against the
KN:KL ratio with treatment categories (CT, MD, SD) and canopy nitrogen
content (Nc) as covariates. Treatments were introduced as a covariate to
account for the aforementioned effect of stress levels on biomass gain.
Only Nc was introduced to account for the effect of both canopy nitrogen
and LAI on light interception (thus, on biomass gain), because LAI was

4.1. Growth and yield responded differently to water deficit in two rice
cultivars
Compared with dry land cereals such as wheat and maize, rice is very
sensitive to water deficit (Pantuwan et al., 2002; Centritto et al., 2009;
Praba et al., 2009). Nevertheless, rice genotypes cultivated for aerobic
condition had better adaptation to water-limited conditions than low
land rice cultivars (Bouman et al., 2005; Suralta and Yamauchi, 2008).
Our results confirmed this in terms of a smaller decrease of
above-ground dry weight, grain yield and harvest index by water deficit
in aerobic cultivar cv. Apo compared with lowland cultivar cv. IR64
(Tables 1 and 2). In general, our results were consistent between the
tank and field experiments, although the absolute values of each
parameter differed between the two experiments (Tables 1 and 2).
In this study, we aimed to identify the above-ground morphological
characteristics that determine the differences in adaptation to aerobic
6
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Fig. 3. Cumulative leaf area index (LAI) calculated from the top of the canopy
versus relative photosynthetically active radiation (PAR) penetrated for (A)
IR64 and (B) Apo grown under three water treatments: control (CT; circles),
mild drought (MD; squares), and more severe drought (SD; triangles). Mea
surements were determined at stem-elongating (S; open symbols) and flowering
(F; filled symbols) stages. Curves are drawn from Eq. (1) with KL fitted for each
treatment of each cultivar, based on data pooled from three replicates.

Fig. 5. Cumulative leaf area index (LAI) calculated from the top of the canopy
versus the leaf nitrogen content per unit area (SLN) for IR64 (A) and Apo (B)
grown under three water treatments: control (CT; circles), mild drought (MD;
squares), and more severe drought (SD; triangles). Measurements were deter
mined at stem-elongating (S; open symbols) and flowering (F; filled symbols)
stages. Curves are drawn from Eq. (2) with SLN0 and KN fitted for each treat
ment of each cultivar, based on data pooled from three replicates.

Fig. 4. Relationship between canopy light extinction coefficient (KL) and leaf
angle in IR64 (black) and Apo (grey) grown under three water treatments:
control (CT; circles), mild drought (MD; squares), and more severe drought (SD;
triangles). Values of leaf angle were averaged from the top three leaves of each
replicate. Data was obtained from stem-elongating (S; open symbols) and
flowering (F; filled symbols) stages. Linear regression lines were for each
cultivar and overall data.

Fig. 6. Relationship between canopy nitrogen extinction coefficient (KN) and
canopy light extinction coefficient (KL) in IR64 (circles) and Apo (triangles).
Data was obtained from stem-elongating (open symbols) and flowering (filled
symbols) stages. Linear regression lines were for each cultivar and overall data.

severely limited shoot growth in rice plants was related to its largely
restricted root growth when grown under relatively dry conditions
(Ouyang et al., 2021). Nevertheless, the shoot growth was only slightly
inhibited by MD in cv. Apo (Table 1), while the root growth was also
heavily impeded by the same level of treatment (Ouyang et al., 2021).
Those results indicated that below-ground tissue only partly accounted
for the above-ground biomass accumulation in response to water deficit.
Inhibition of shoot growth in response to low water availability is aimed
at improving the water balance by limiting water loss, but can lead to
yield losses (Claeys and Inzé, 2013). Compared with cv. IR64, the shoot
growth in cv. Apo was less affected by water-deficit treatments

conditions between the two rice cultivars. Thus we did not intend to
induce severe drought stress on the rice plants. The mild drought stress
(MD; 0 to − 5 kPa) we imposed to the rice plants was similar to the
control treatment used for dryland cereals (Mian and Nafziger, 1994;
Bahrun et al., 2002), which is considered to be sufficient for plant
growth. However, shoot growth traits in cv. IR64 were strongly inhibi
ted by MD, including decreased stem and leaf dry weight, leaf area and
panicle dry weight (Table 1). Our previous study suggested that the
7
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Table 4
The effects of water deficit on biomass gain and daily average biomass gain between stem-elongating and flowering stages in two rice cultivars grown in the tank
experiment.
Cultivar

Treatment

IR64

CT
MD
SD
CT
MD
SD

Apo

Above-ground biomass (g DM m−

2

ground)

Stem-elongating

Flowering

608.2 ±
452.7 ±
415.5 ±
530.5 ±
496.3 ±
432.6 ±

846.9 ± 20.6
632.0 ± 27.8
553.6 ± 10.4
992.0 ± 26.9
909.6 ± 45.4
764.8 ± 26.2

31.6
17.2
14.1
14.4
23.2
13.3

Biomass gaina (g m−
238.7
179.3
138.0
461.5
413.3
332.2

2

ground)

± 17.3
± 18.9
± 14.7
± 30.3
± 58.9
± 27.3

Daily average biomass gainb
g m−

2

ground day-1

11.9 ±
9.0 ±
5.8 ±
17.1 ±
15.3 ±
10.7 ±

% of control

0.9
0.9
0.6
1.1
2.2
0.9

75.1
48.2
89.6
62.7

CT denotes control condition while MD and SD denote mild drought treatment and more severe drought treatment, respectively.
a
Biomass gain from the period between stem-elongating and flowering stages was calculated as the above-ground dry matter (DM) (mean ± standard error of three
replicates) differences between the two stages.
b
Daily average biomass gain was calculated as the biomass gain from the period between stem-elongating and flowering stages divided by the growth duration
between the two stages.

lowland rice cultivar, was shorter, had more erect leaf (i.e. smaller leaf
angles) at the upper part of the canopy, and more leaf area located at the
bottom of plant canopy than cv. Apo (Table 1; Figs. 1 and 2). As a
consequence, the vertical light distribution throughout the canopy was
relatively more uniform in cv. IR64 than in cv. Apo, as indicated by a
smaller KL in cv. IR64, compared with cv. Apo (Table 3). The values of KL
we found here for cv. IR64 and cv. Apo were similar to the values pre
viously reported for other rice cultivars (Okami et al., 2016; Gu et al.,
2017). Both rice cultivars showed non-uniform nitrogen distributions
within the canopy (KN > 0), particularly at the flowering stage (Table 3;
Fig. 5). The non-uniformity of nitrogen within the canopy has been re
ported for many crops (Bertheloot et al., 2008; Archontoulis et al., 2011;
Gu et al., 2017). The gradient of SLN is triggered by the light environ
ment within a canopy and leaf aging (Hirose and Werger, 1987; Okami
et al., 2016). Our results supported this by viewing a positive correlation
between KN and KL (Fig. 6). Thus, the steeper SLN gradient in cv. Apo (i.
e. a higher KN) was associated with a more attenuated light climate
within the canopy (i.e. a higher KL), compared with cv. IR64. Further
more, the variation in canopy nitrogen distribution between cv. IR64
and cv. Apo was mainly resulted from the difference in the nitrogen
content in the lower leaf layers (Fig. 5), as SLN at the top of the canopy
(SLN0) was not much different between the two cultivars under control
condition (Table 3). In addition, cv. Apo had low leaf area portioned to
the lowest canopy layer where there is low light intensity (Figs. 1 and 3).

Fig. 7. Relationship between leaf area index and canopy nitrogen content for
IR64 (black) and Apo (grey) grown under three water treatments: control (CT;
circles), mild drought (MD; squares), and more severe drought (SD; triangles).
Measurements were determined at stem-elongating (S; open symbols) and
flowering (F; filled symbols) stages.

(Table 1). This might be attributed to the fewer tillers and less tran
spiring leaves in cv. Apo than in cv. IR64 (Table 1). Our previous study
showed that cv. Apo has fewer stomata, lower stomatal conductance,
and higher transpiration efficiency than cv. IR64 (Ouyang et al., 2017).
Moreover, the harvest index was also less sensitive to water deficit in cv.
Apo than in cv. IR64 (Table 2). Therefore, the yield advantage of cv. Apo
under water-deficit conditions was attributed to multiple traits that
enable to maintain biomass production and harvest index under stress.

4.3. Cultivars differed in light and nitrogen distributions within the
canopy in response to water deficit
Water-deficit stress occurring during canopy development will
modify many of the canopy characteristics in comparison with wellwatered plants (Pantuwan et al., 2002; Archontoulis et al., 2011). In
our study, canopy structures in terms of plant height, leaf angle and leaf
area distribution were affected by water-deficit treatments (Figs. 1 and
2; Table 1). Among those structural traits, leaf angle was reported to be
most important in determining KL (Yin and van Laar, 2005; Archontoulis
et al., 2011). Reported effects of water deficit on leaf angle were not

4.2. Variations in canopy structure, vertical light and nitrogen distribution
Introducing the semi-dwarf plant type with erect leaves for lowland
rice cultivation allows good penetration of light into the lower parts of
the canopy (Dingkuhn et al., 1991; Peng et al., 2000). IR64, as a modern

Table 5
Multiple regression analysis of daily average biomass gain between stem-elongating and flowering stages as a function of treatment (CT, MD, SD), Nc and KN:KL ratio
(Daily average biomass gain = b0 + b1CT + b2MD + b3SD + b4Nc + b5KN:KL), based on data of two rice cultivars. Regressions were made for stem-elongating and
flowering stages.
Stage
Stem-elongating
Flowering

Intercept

Regression coefficient

b0

b1§

b2§

b3§

b4

b5

R2

No. of data points

13.7
2.4

0
0

− 4.7*
− 2.4

− 11.0***
− 8.6*

− 0.83
1.0

35.0***
32.5*

0.85
0.84

18
18

Significance level: * P < 0.05, *** P < 0.001.
§
Treatments (CT, MD and SD) as a category variable were quantified by introducing three dummy variables, with the CT as the reference level; so, the regression
coefficient b1 was nil while values of b2 and b3 indicate the decrease of daily average biomass gain in MD and SD treatments, respectively, relative to the CT treatment.
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consistent across species or even within species (Werner et al., 1999;
Lonbani and Arzani, 2011). Lonbani and Arzani (2011) observed both
increase and decrease in flag leaf angle under water-deficit stress in
different wheat cultivars. This different response may arise, depending
on whether leaf angle is adjusted to contribute to reduced levels of
photoinhibition under stress. This contribution did not seem to be
relevant to our experiment because cv. Apo had larger leaf angles (Fig. 2;
thus presumably had stronger photoinhibition), yet had more biomass
accumulation than cv. IR64 (Table 5). Nevertheless, larger leaf angle on
the upper part of the canopy would intercept more light and create light
deprivation of the lower leaves, therefore resulting in higher KL (Arch
ontoulis et al., 2011). Our results support this latter view given the
positive correlations between KL and leaf angle (Fig. 4). The leaf angles
of the three upper leaves in cv. Apo were less affected by water deficit,
therefore resulting in a smaller increase of KL for cv. Apo than for cv.
IR64 (Table 3; Fig. 2).
We observed an increased KN under water-deficit treatments
(Table 3). The lower SLN at the lower part of the canopy under water
deficit was not related to low nitrogen availability, as the reduction of
canopy nitrogen content under water-deficit treatments was mainly
caused by the heavily reduced leaf area, but not the canopy averaged
nitrogen content (Table 3). Therefore, the change in KN could be trig
gered by the higher KL within the canopy (Hirose and Werger, 1987;
Okami et al., 2016) and faster ageing of the leaves at the lower part of
the canopy (Hikosaka et al., 1994) under water-deficit treatments. Still,
water-deficit treatments increased the difference in nitrogen distribu
tion between cv. Apo and cv. IR64, resulting in a more strongly
increased value of KN under water deficit in cv. Apo than in cv. IR64
(Fig. 5; Table 3). Our results indicate that there are genotypic variations
in plant architecture and leaf nitrogen distribution in response to water
deficit between the two rice cultivars.

(2003) reported that low internal nitrogen availability is the main factor
that increases the KN:KL ratio. However, our results indicated that ni
trogen availability was only partly responsible to the response of the KN:
KL ratio to water deficit. Increases in the KN:KL ratio under water-deficit
treatments were observed in both cultivars, yet, average canopy nitro
gen content (SLNc) was affected by water-deficit treatments only in cv.
IR64 but not in cv. Apo (Table 3). The development of vertical nitrogen
distributions in the canopy are viewed as plastic responses that optimize
nitrogen utilization with respect to canopy carbon assimilation (Dreccer
et al., 2000; Bertheloot et al., 2008). Thus, the increase of the KN:KL ratio
indicates an improvement of nitrogen distribution by water deficit in
rice canopy. Furthermore, our results indicated that the differential re
sponses of daily average biomass gain to water-deficit treatments in two
rice cultivars was most significantly associated with the variable
response in the KN:KL ratio (Table 5). Cv. Apo exhibited a better adap
tation to water deficit than cv. IR64 by showing a higher increased value
of the KN:KL ratio under water deficit treatments (Table 3). Interestingly,
yield under all treatments were higher in cv. Apo than in cv. IR64
(Table 2). As grain yield depends mainly on assimilate accumulation
during the grain-filling phase, higher yield in cv. Apo suggests that the
higher KN:KL ratio favourable for canopy carbon assimilation may have
continued for a large part of the post-flowering phase.
5. Conclusions
The aerobic and lowland rice cultivars displayed distinct canopy
architecture, canopy nitrogen and light profile parameters, i.e. the
extinction coefficients for nitrogen (KN) and for light (KL), and their ratio
(KN:KL). Differences in leaf angle were responsible for the variation in
light profile between the two cultivars. Under the control condition,
differences in the KN:KL ratio between the two rice cultivars appeared to
be responsible for the differences in their daily average biomass gain and
yield although the aerobic cultivar (cv. Apo) had low number of tillers
and low biomass at the late vegetative stage. Associated with its parti
tioning of less nitrogen to the shaded leaves, the KN:KL ratio of cv. Apo,
compared with the lowland cultivar (cv. IR64), was higher, resulting in a
more efficient use of nitrogen at the canopy scale in the aerobic cultivar.
Under water deficit, cv. Apo maintained erect leaves at the upper part of
the canopy. “Apo” also allocated less nitrogen to the shaded leaves and
this resulted in a higher KN:KL ratio than under the control condition.
Such adjustment allowed a better optimizing of nitrogen utilization over
the canopy and therefore minimized the impact of water-deficit stress on
biomass gain and yield in cv. Apo. Our results suggest that improving
above-ground architecture and nitrogen allocation pattern in the canopy
are needed to improve biomass gain and yield performance of rice under
declining water availability. Further studies are needed to verify the
relationship between the canopy traits and biomass gain using more
genotypes. Nevertheless, our results suggest that besides the KL-deter
mining above-ground architecture that has previously been attended to
in rice ideotype breeding (Dingkuhn et al., 1991; Peng et al., 2000; Virk
et al., 2004), the nitrogen allocation pattern in the canopy (KN) and the
KN:KL ratio are also very important for improving biomass production
and yield of rice, especially under water-deficit conditions.

4.4. Associations of daily average biomass gain with canopy nitrogen vs
light profiles
Theoretically, the nitrogen content in an specific leaf was positively
correlated with its photosynthetic rate, as it determines several photo
synthetic capacity parameters (Harley et al., 1992; Yin et al., 2009; Gu
et al., 2012). However, such relationship only applies when the leaf is
exposed to saturating light, as leaf nitrogen affects little the net photo
synthesis under low light conditions (such as in shaded leaves) (Field,
1983). According to an optimization theory, within a dense canopy, the
canopy photosynthesis can be maximized if the leaf N distribution fol
lows the light distribution, i.e. KN:KL = 1 (Hirose and Werger, 1987;
Anten et al., 1995; Goudriaan, 1995; Sands, 1995). In our study, across
stages, the averaged value for the KN:KL ratio in control conditions was
0.21 (Table 3), indicating the vertical distributions of nitrogen in the
two rice cultivars were far from the optimized. Such phenomenon was
also observed in other rice cultivars (Gu et al., 2017), and in other
monocots (Anten et al., 1995). Nevertheless, the nitrogen distribution in
cv. Apo exhibited a better acclimation to light distribution by showing a
higher KN:KL ratio than cv. IR64 (Table 3). A higher KN:KL ratio indi
cated a more efficient use of nitrogen at the whole plant level, in terms of
the whole canopy photosynthetic carbon assimilation (Field, 1983;
Anten et al., 1995). Therefore, the possibility of enhancing canopy
photosynthesis and biomass production by increasing KN:KL ratio should
be considered, if no other factors are involved. Our study supported this
idea in view of a higher daily average biomass gain between
stem-elongating and flowering stages in cv. Apo than in cv. IR64 in
control conditions (Table 4), even though the above-ground dry weight,
canopy nitrogen content and leaf area index at the stem-elongating stage
was higher in cv. IR64 than in cv. Apo (Tables 3 and 4).
Changes in the relationship between nitrogen and light have been
related to leaf area index and nitrogen status (Dreccer et al., 2000; Yin
et al., 2003; Shiratsuchi et al., 2006; Gu et al., 2017). Lötscher et al.
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Comparison between aerobic and flooded rice in the tropics: agronomic performance
in an eight-season experiment. Field Crops Res. 96 (2–3), 252–259.
Praba, M.L., Cairns, J.E., Babu, R.C., Lafitte, H.R., 2009. Identification of physiological
traits underlying cultivar differences in drought tolerance in rice and wheat.
J. Agron. Crop. Sci. 195 (1), 30–46.
Sands, P.J., 1995. Modelling canopy production. I. Optimal distribution of
photosynthetic resources. Funct. Plant Biol. 22 (4), 593–601.
Schakel, K.A., Hall, A.E., 1979. Reversible leaflet movements in relation to drought
adaptation of cowpeas, Vigna unguiculata (L.) Walp. Funct. Plant Biol. 6 (3),
265–276.
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