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Abstract

 

The effects of soil-water availability on leaf light
acclimation and whole-plant carbon gain were examined in

 

Arisaema heterophyllum

 

 Blume, a riparian deciduous forest
understorey plant. Photosynthesis, above-ground morphol-
ogy and ramet biomass accumulation (relative growth rate:
RGR of a corm for a full leaf life-span) were measured
on plants raised under three light treatments combined
with two soil water conditions. The two higher light treat-
ments during growth (high: max. 550

 

m

 

mol photons m

 

–2

 

s

 

–1

 

;
medium: 150

 

m

 

mol photons m

 

–2

 

s

 

–1

 

) resulted in a twofold
increase in RGRs, 30% higher photosynthetic capacities
and 20% less photosynthetic low-light use efficiency than
those under a low light condition (50

 

m

 

mol photons m

 

–2

 

s

 

–1

 

).
Leaf area was the smallest and leaf mass area ratio was
the largest under the high light treatment. Water stress
decreased both photosynthetic rate and leaf area and,
hence, RGR in all the light regimes. However, water stress
did not alter the general patterns of physiological and mor-
phological responses to different light regimes. We esti-
mated that higher photosynthetic low-light use efficiency
and larger leaf area in the low light leaf would lead to a
threefold carbon gain as compared with the high light leaf
under simulated low light conditions. Both experimental
and simulation results suggest that the physiological and
morphological acclimations tend to be beneficial to carbon
gain when light availability is low, whereas they favor
increased water use efficiency when light availability is
sufficiently high.
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Introduction

 

Morphological and physiological plasticity to the light envi-
ronment have been suggested to be beneficial for plant
growth (Björkman 1981; Givnish 1988; Pearcy and Sims
1994). Light acclimation responses of plants can be roughly
divided into two categories: (1) changes in biomass alloca-
tion patterns, and (2) change in carbon economy through
physiological and/or morphological adjustments (Hunt and
Lloyd 1987; Givnish 1988; Osunkoya and Ash 1991; Pearcy
and Sims 1994). These responses can be found in shoot/root
ratio and shoot architecture (King 1991; Lambers and
Poorter 1992; Walters et al. 1993a; Sims and Pearcy 1994;
Valladares and Pearcy 1998; Pearcy and Valladares 1999),
and leaf anatomy and physiology (Nobel 1976; Björkman
1981; Sims and Pearcy 1989; Chazdon and Kaufmann 1993;
Terashima and Hikosaka 1995). Many previous studies
have revealed that these acclimation responses contribute
to acquisition and utilization of light. However, adaptive
significance of such responses have to be evaluated quanti-
tatively in terms of fitness components such as biomass
accumulation through measurement of actual growth (Jurik
and Chabot 1986; Popma and Bongers 1988; Rice and
Bazzaz 1989; Thompson et al. 1992a, b; Walters et al. 1993b;
Kitajima 1994; Laing et al. 1995; Huante and Rincon 1998),
or estimation of carbon gain (Rice and Bazzaz 1989; Sims
et al. 1994).

Our previous study with 

 

Arisaema heterophyllum

 

 Blume
(Araceae), a threatened perennial herbaceous species
grown in riparian forest understorey (diffuse transmittance
of 

 

<

 

30%) and in neighboring deforested open sites (

 

>

 

80%),
showed that leaf morphological and photosynthetic charac-
teristics acclimate to the given light environment (Muraoka
et al. 1997). Moreover, some plants in the understorey
could reach a similar biomass accumulation as those in the
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open site despite the large difference in light availability
(Muraoka et al. 1997). This suggests leaf acclimation
responses compensate for the shortage of light in the under-
storey environment.

In natural habitats, however, concurrent change of
water availability with light environment (Osmond 1983;
Valladares and Pearcy 1997) and among-year variation in
meteorological conditions (Abrams et al. 1994) affect leaf
morphological and physiological properties. Our previous
study with 

 

A. heterophyllum

 

 showed that responses of leaf
morphological and physiological characteristics and whole
plant biomass accumulation to light environments were
affected highly by the amount of precipitation (Muraoka
et al. 1997). In the deforested open site, light-saturated
photosynthetic rate (

 

A

 

max

 

), leaf mass per area (LMA),
and individual biomass accumulation [relative growth rate
(RGR) of corm] were reduced in a dry year by 33%, 30%,
and 62%, respectively. In the forest understorey, 

 

A

 

max

 

and RGR were reduced by 27% and 65%, respectively (no
significant change in LMA). Because there were no sig-
nificant changes in leaf longevity between the wet and dry
years in both sites, the reduction in RGR was expected to
be due to reduced photosynthetic capacity. Under drought
conditions, carbon gain during the life of a leaf can be
reduced mainly by low photosynthetic capacity because of
inhibited leaf development and low stomatal conductance
(e.g., Hsiao 1973; Davies and Gowing 1999), and by reduced
leaf area.

The objective of this research was to evaluate the effects
of water availability on light environment, leaf morpholog-
ical and physiological characteristics, and whole plant car-
bon gain in 

 

A. heterophyllum

 

. Water stress could (1) alter
the leaf acclimation responses to light, and/or (2) reduce
whole-plant carbon gain by physiological and morphologi-
cal changes. Evaluating these possibilities could help us to
understand the relationship between the ecophysiological
properties and a suitable environment for growth for
this threatened species. We raised 

 

A. heterophyllum

 

 plants
under controlled light and water conditions using a growth
cabinet, and measured leaf photosynthetic characteristics,
leaf and shoot morphology, and individual biomass accu-
mulation. Model estimation was also used to examine the
effects of leaf morphological and physiological responses to
light and water availability to the potential carbon gain of
the whole plant.

 

Materials and methods

 

Plant materials and growth conditions

 

Arisaema heterophyllum

 

 is a threatened perennial herba-
ceous species that grows in humid floodplains throughout
eastern Asia, including Honshu and Kyushu Island in Japan
(Environmental Agency 1997). The species is found mainly
in riparian deciduous broadleaf forest understorey, but
there are some plants in neighboring deforested open sites
(Oshima et al. 1997). A plant (ramet) of 

 

A. heterophyllum

 

has a single palmately compound leaf on a monopodial
pseudostem, which emerges from a corm below ground in
mid-spring (late April) and defoliates by mid-summer (mid-
August). 

 

A. heterophyllum

 

 plants were collected from the
forest understorey and deforested open sites of the Kokai
River in Mitsukaido city (36

 

∞

 

0

 

¢

 

N, 140

 

∞

 

1

 

¢

 

E; altitude 10.5–
12.5 m), Ibaraki Prefecture, Japan. About 40 corms were
extracted in late August or early September in 1996, and
were transferred to the laboratory and kept under moist
conditions at 4

 

∞

 

C until use. On 13 January 1997, the corms
were potted into clay pots (15 cm diameter 

 

¥

 

 15 cm height,
one corm per pot) with a mixture of field soil and vermicu-
lite (2 : 1 vol/vol) and were transferred to a growth cabinet
in the National Institute for Environmental Studies (about
10 km east of the natural habitat).

All plants were raised in one growth cabinet (ca. 2.5 

 

¥ 

 

5

 

¥ 

 

2.5 m) in which light, air temperature, humidity, and CO

 

2

 

concentration could be controlled. Six corms with similar
biomass (11.0 

 

± 

 

3.3 g fresh weight; mean 

 

± 

 

SD) were placed
in each of the six growth regimes prepared by combining
three light and two soil-water conditions. The light regimes
were high light with a maximum photosynthetically active
photon flux density (PPFD) of 550

 

m

 

mol m

 

–2

 

s

 

–1

 

 and a
daily PPFD of 26.8 mol m

 

–2

 

day

 

–1

 

 (approximately 77% of
daily PPFD at the deforested site), medium light with
150

 

m

 

mol m

 

–2

 

s

 

–1

 

 and 8.0 mol m

 

–2

 

day

 

–1

 

, and low light with
50

 

m

 

mol m

 

–2

 

s

 

–1

 

 and 2.7 mol m

 

–2

 

day

 

–1

 

. The daily PPFD of the
medium light condition corresponded to the light environ-
ments at the forest edge and the well-illuminated forest
understorey, and that of the low light condition corresponds
to deeply shaded forest understorey in the natural habitat.
Light was supplied by halogen lamps (400 W Metal halide
lamps; Toshiba Corporation, Tokyo, Japan) for 16 h per
day, in which light incidence was increased or decreased
in a stepwise manner (four steps) in the “morning” or
“evening”, respectively. About 30 min was provided for
each light level in the “morning” and “evening” in the
growth cabinet. A neutral density filter (shade cloth) was
used to produce the medium  and low light treatments. Soil
water regimes were “wet” with daily irrigation and “dry”
with intermittent irrigation per 7–10 days. Soil water con-
tent (vol/vol) was 26.3 

 

± 

 

3.4% in the wet regime and 6.4

 

 ±

 

3.6% in the dry regime at the evening of the day before
irrigation. The dry regime was kept “wet” for 2 days after
irrigation. Hereafter, the plants grown in wet regimes are
referred to as high light, wet (HW), medium light, wet
(MW), and low light, wet (LW) plants, and those grown in
the dry regimes are as high light, dry (HD), medium light,
dry (MD), and low light, dry (LD) plants. Nutrients were
supplied in about 1-week interval for all plants at 1/1,000
strength solution of a commercial fertilizer, HYPONeX
(Murakami Bussan CO., Tokyo, Japan). CO

 

2

 

 concentration,
temperature, and relative humidity of the air inside the
growth cabinet were kept at 350

 

m

 

mol mol

 

–1

 

, 25/20

 

∞

 

C (day/
night), and 70%, respectively. To avoid the influences of het-
erogeneity of environmental conditions in the growth cab-
inet to plant growth (Potvin and Tardif 1988; Potvin et al.
1990), the position of individual plants was rotated in the
cabinet once a week.
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Plant growth and morphology

Fresh weight of the corms was measured immediately
before they were potted (fw

 

1

 

) and after leaf senescence
(fw

 

2

 

). The fw

 

2

 

 thus included the fresh weight of both the
maternal corm and its daughter corms. Relative growth rate
(RGR) of the corm was calculated as an index of individual
biomass accumulation for one growth period. Dry weight
(dw) of the corms was estimated from fw as dw 

 

=

 

 0.243 

 

¥ 

 

fw
(Muraoka et al. 1997), and RGR (g g

 

–1

 

one growth period

 

–1

 

)
was calculated as,

(1)

Although the difference in moisture content could affect
the ratio of dw to fw of the corms after leaf senescence and
such a difference could affect the values of RGR, dw of the
corms after leaf senescence was not measured by drying
because we did not want to reduce the population size of
this threatened species; the corms were reburied into the
surface soil in the natural habitat after all the experiments
were finished.

The processes of leaf bud break (started on 1 February
1997), leaf emergence, and senescence (yellowing) were
monitored for the individual plants at intervals of 2 to
3 days. Leaf longevity was determined as the number of
days between the date of leaf emergence and the date when
more than 90% of whole leaf had senesced.

Leaf area (LA), basal diameter (BD), and length of
pseudostem (L) were measured for the fully matured plants.
Because we planned to measure the whole plant biomass
accumulation for a full leaf life-span, we did not measure
plant biomass directly during the life of a leaf. Leaf area was
measured by tracing the leaf shape onto a transparent plas-
tic sheet, which was then photocopied to a sheet of paper.
The paper was cut along the photocopied leaf edge and then
the area of the pieces were measured by a leaf area meter
(AAM-7, Hayashi Denko, Japan). A single leaflet was
harvested from each plant before the leaf yellowed, to
minimize the effect of decreasing leaf area on whole plant
carbon gain. After measuring the area of the leaflet with the
leaf area meter, it was dried at 70

 

∞

 

C for more than 24 h and
weighed to obtain LMA. LMA was used to estimate the
gas-exchange parameters on a leaf dry mass basis and total
leaf biomass {

 

M

 

leaf

 

 

 

=

 

 LMA 

 

¥ 

 

LA}. The basal diameter and
length of the pseudostem were used to estimate its biomass
(

 

M

 

stem

 

), by an empirical equation {

 

M

 

stem

 

 

 

=

 

 0.034

 

 ¥ 

 

[3.14

 

 ¥

 

(BD/2)

 

2

 

 ¥ 

 

L

 

]; 

 

r

 

2

 

 

 

=

 

 0.972}. Root biomass was not measured to
avoid destructive damage to plants.

Leaf gas exchange

Photosynthetic light-response curves and dark respiration
(

 

R

 

) were measured for leaflets with a portable gas exchange
measuring system (LI-6400; Li-Cor Inc., USA). Measure-
ments were conducted periodically (7–10-day intervals) to
find the maximum capacity of photosynthesis during the life
of a leaf. For the plants in the dry regimes, measurements
were taken both before and 1 day after the irrigation. Here-

RGR dw dw2 1= -ln ln

 

after, the measurements before the irrigation are referred to
as HDd, MDd and LDd, whereas those after the irrigation
are HDw, MDw, and LDw. Net CO

 

2

 

 assimilation rate (

 

A

 

)
and leaf conductance for water vapor (

 

g

 

lw

 

) were calculated
according to Field et al. (1991). The clamp-on leaf chamber,
which has a transparent window, allowed us to measure
photosynthesis using the light (PPFD 

 

< 

 

600

 

m

 

mol m

 

–2

 

s

 

–1

 

)
provided in the growth cabinet. Such measurements
enabled us to measure photosynthesis and leaf conductance
under the growth light qualities quickly for many sample
plants (20–30 plants on a day). Incident PPFD beside the
leaf chamber was measured with a photon sensor (LI-
190SA). Incident PPFD to the leaf chamber was changed by
combining the stepwise decrease of incident light in the
growth cabinet and the shade cloth. Because high light inci-
dence over 600

 

m

 

mol m

 

–2

 

s

 

–1

 

 in the growth cabinet increases
the leaf temperature, we used the red-blue LED light source
of the LI-6400 to measure the photosynthetic rate at high
light intensities. Preliminary measurements showed there
was no difference in photosynthetic rate between the two
light sources in high light, if the leaf temperatures were sim-
ilar. Leaves were illuminated at each level of PPFD at least
15 min before gas exchange measurements were made. CO

 

2

 

concentration, air temperature, and relative humidity of the
air entering the leaf chamber were adjusted to those in the
growth cabinet. Apparent quantum yield (

 

a

 

) was calculated
by linear fitting of the photosynthetic light response curves
at low PPFDs of 0–60

 

m

 

mol m

 

–2

 

s

 

–1

 

. The light compensation
point (LCP) was calculated as the 

 

x

 

-intercept of this linear-
regression. 

 

R 

 

was measured during the “night” (20

 

∞

 

C) in
the growth cabinet.

Chlorophyll content

Measurements of chlorophyll content and chlorophyll

 

a

 

/

 

b

 

 ratio were taken for the fully matured leaves. Leaf
discs (0.785 cm

 

2

 

) were collected and then transferred to a
deep freezer (–80

 

∞

 

C) until use. In order to extract chloro-
phylls, the leaf discs were transferred to 4.9 ml of 

 

N

 

,

 

N

 

-
dimethylformamide, and held in darkness at 4

 

∞

 

C for 3 days.
Chlorophyll concentration in the extract was measured with
a spectrophotometer (UV-200S, Shimadzu, Japan), using
the method of Porra et al. (1989).

Estimation of photosynthetic carbon gain

To evaluate the effect of physiological plasticity on carbon
gain, the daily net carbon gain was estimated from the
empirical data of leaf photosynthesis, dark respiration, and
the leaf area of this study. The light-photosynthesis curves
were fitted by the equation of Thornley (1976), as shown
below:

(2)

where 

 

A

 

 is the net CO

 

2

 

 assimilation rate on a leaf area basis
at a given PPFD (

 

I

 

) in the growth cabinet, R is the dark

A
I I I

R=
+ - +( ) -

-
a a qa

q
GA GA GAmax max max

2
4

2
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respiration rate, a is the apparent quantum yield of the
light–photosynthesis curve, GAmax is the light-saturated rate
of gross photosynthesis (i.e., Amax + R) and q is the convexity
factor. We assumed that A responded quickly to the changes
of incident light in the growth cabinet. Moreover, based on
a preliminary measurement, we also assumed that A did not
decrease significantly at midday, as was found in natural
high light (Muraoka et al. 2000). Night time (8 h) respiration
was calculated by assuming that R was constant for 24 h. We
did not take into account the influence of leaf orientation on
light interception of the plants kept at high light intensities
(Muraoka et al. 1998) because these plants did not incline
their leaflets remarkably.

The effect of physiological light acclimation on the
potential daily carbon gain on a leaf area basis (Aday/area) in
the growth cabinet was evaluated by simulating the daily
net photosynthesis of each leaf type under every light con-
dition provided in the growth cabinet. In addition, the com-
bined effects of photosynthetic and morphological light
acclimations on the daily whole leaf carbon gain (Aday/plant)
was examined using the data of gas exchange parameters
averaged for three to five sample leaves with the leaf area of
six plants from each of the growth regimes. These estima-
tions were conducted for the wet treatment.

Influence of water stress on carbon gain through physi-
ological changes were evaluated by calculating the daily car-
bon gain (Aday/area) of the HW, MW, LW, and watered or

unwatered HD, MD and LD leaves under their original
light conditions. The combined influence of physiological
and morphological changes because of water stress on
whole leaf carbon gain was evaluated by estimating Aday/
plant from the gas exchange parameters averaged for three
to five sample leaves and the leaf areas of six individual
plants for each growth regime.

Results

Leaf longevity and biomass accumulation

Leaf longevity was shorter under higher light conditions
and ranged from 105 (low-light plants) to 85 days (high-
light plants), but a statistical significance was observed only
between low-light and high-light plants (P < 0.001, Table 1).
There was no significant difference in leaf longevity
between wet and dry regimes.

RGR of both water treatments responded similarly to
light availability (Table 1). RGR was the lowest in low-light
plants, either in wet or dry regimes. RGR was slightly higher
in MW plants than in HW plants, though the difference
was not statistically significant. Drought treatment resulted
in 30–85% reduction of RGR in all light regimes (P <
0.0001).

Table 1. Summary of plant growth characteristics grown under three light (low, medium, and
high) and two soil water (wet and dry) conditions. Mean ± SD for six plants are represented for
each growth regime (the data do not have SD values when they are for only one sample plant).
Bold values indicate significant difference between the soil water regimes for each light regime
(Student’s t-test, P < 0.05). The lower case letters represent a significant difference among the light
regimes for each soil water regime (Scheffe’s a posteriori test, P < 0.05)

PPFD (mol m–2 day–1) 2.7 (Low) 8.0 (Medium) 26.8 (High)

Leaf longevity (days) Wet 104.0 ± 10.3a 96.8 ± 9.2a 81.2 ± 15.1b
Dry 107.0 ± 7.0a 96.0 ± 8.6b 88.0 ± 5.1c

RGR (g g–1 one growth period–1) Wet 0.52 ± 0.23a 1.09 ± 0.25b 0.87 ± 0.36a,b
Dry 0.08 ± 0.27a 0.33 ± 0.26a,b 0.55 ± 0.28b

LMA (g m–2) Wet 24.7 ± 0.7a 26.8 ± 5.7a 45.6 ± 6.1b
Dry 24.7 ± 4.0a 28.7 ± 2.0a 39.0 ± 8.2b

LA (cm2) Wet 255.9 ± 28.5a 270.9 ± 64.9a 190.4 ± 47.9b
Dry 227.4 ± 38.0a 194.8 ± 58.0a 125.3 ± 25.3b

LA/Mcorm (cm2 g–1) Wet 502.5 ± 85.5a 463.0 ± 69.3a 242.7 ± 40.7b
Dry 371.0 ± 80.6a 317.5 ± 49.7a 201.7 ± 60.6b

Mleaf  (g) Wet 0.63 ± 0.08a 0.78 ± 0.22a 0.87 ± 0.25a
Dry 0.55 ± 0.09a 0.54 ± 0.24a 0.48 ± 0.14a

Mleaf/Mcorm (g g–1) Wet 1.24 ± 0.19a 1.28 ± 0.45a 1.10 ± 0.35a
Dry 0.91 ± 0.22a 0.87 ± 0.12a 0.75 ± 0.16a

L (cm) Wet 58.2 ± 8.1a 55.2 ± 7.8a 35.2 ± 3.1b
Dry 60.6 ± 3.3a 50.4 ± 5.0b 30.3 ± 4.9c

Mstem (g) Wet 0.96 ± 0.14a 1.03 ± 0.21a 0.89 ± 0.14a
Dry 1.06 ± 0.14a 0.94 ± 0.15a 0.37

Mstem/Mcorm (g g–1) Wet 0.44 ± 0.03a 0.40 ± 0.05a 0.26 ± 0.03b
Dry 0.41 ± 0.03a 0.36 ± 0.02a 0.15

L/BD (cm cm–1) Wet 75.6 ± 8.7a 70.1 ± 8.2a 37.9 ± 5.3b
Dry 76.5 ± 7.9a 62.6 ± 9.0b 29.5

LA/BA (cm2 cm–2) Wet 559.7 ± 109.6a 559.4 ± 139.2a 274.5 ± 74.7b
Dry 459.8 ± 85.1a 368.1 ± 45.3b 181.4
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Leaf gas exchange characteristics and chlorophyll content

The light-saturated rate of net CO2 assimilation on a leaf
area basis (Amax/area) showed its maximum at a leaf age of
40 days. Figure 1 shows the light-response curves of A/area
and the leaf conductance for water vapor (glw) of 40-day-old
leaves. A/area was saturated at PPFD of approximately
300, 400, and 800 mmol m–2 s–1 in LW, MW and HW leaves,
respectively (estimated by eye). The light response of glw

also differed among the leaves from the different light
regimes. If PPFD was <300 mmol m–2 s–1, then the glw of MW
and LW leaves increased rapidly with increasing inci-
dent PPFD as compared with HW leaves. If PPFD was
>600 mmol m–2 s–1, then glw of MW and LW leaves tended to
decrease. Water stress reduced both A/area and glw at PPFD
> 100 mmol m–2 s–1 for plants in all the light regimes.

Table 2 shows the effects of light and water regimes on
the leaf physiological characteristics. In the leaves from wet
regimes, Amax/area (P = 0.0001), R/area (P < 0.05), and LCP
(NS) were the lowest under low light conditions. Apparent
quantum yield tended to be higher under low light condi-
tions. These values did not differ between high light and
medium light conditions. Across the light conditions, Amax,
on a leaf mass basis (Amax/mass), glw, and intrinsic water-use
efficiency (Amax/glw) at light saturation did not differ signifi-
cantly. In HDw, MDw and LDw leaves, Amax/area, Amax/
mass, and glw were 30% lower than in HW, MW, and LW

leaves (P < 0.01). Under Dw conditions, Amax/area tended to
be higher at the higher light regime (P < 0.05). Amax/area,
Amax/mass, and glw in the Dd regimes were about 50% or less
than those in the wet regimes (P < 0.001). Chlorophyll con-
tent was higher at lower light regimes (P < 0.0001), but there
was no effect from soil water regimes. The chlorophyll a/b
ratio did not show a significant relationship with light and
water treatments.

Biomass allocation and allometry of the 
aboveground parts

LMA increased with an increase in light availability and
there was a significant difference between high-light and
low-light plants (P < 0.0001, Table 1 ). Water availability did
not affect LMA. LA was the smallest under high light con-
ditions in both wet and dry regimes (P < 0.0001). LA in HD
and MD plants were smaller than those in HW and MW
plants by about 30% (P < 0.05, 0.06, respectively). The ratio
of LA to initial corm biomass (Mcorm = dw1), which repre-
sents the investment in leaf area of the whole plant (we used
Mcorm as an index of plant size because we did not measure
the plant biomass during plant growth), was also the small-
est under high light conditions (P < 0.001). Water stress
reduced it by 24% in low-light (P < 0.05) and by 30% in
medium-light (P < 0.01) plants, but this was not the case in

1

Fig. 1. Light-response curves of net CO2 assimilation rate (A) and leaf
conductance for water vapor (glw) for the leaves (n = 3–4) of Arisaema
heterophyllum plants grown under three light and two soil water con-
ditions. Data obtained at the leaf age of maximum photosynthetic

capacity are plotted. W Wet, empty circle; Dw watered dry, filled circle;
Dd dry, triangle. Lines for the net CO2 assimilation rate were fitted by
Eq. 3 of Thornley (1976) and those for leaf conductance were fitted by
eye. Arrows indicate the maximum PPFD in each growth light regime
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high-light plants. Leaf biomass (Mleaf) did not differ among
the light regimes, though it was decreased by 13–44%
because of water stress at all light regimes (Table 1). The
index of biomass investment to leaf, expressed as the ratio
of Mleaf to Mcorm, did not differ among the light regimes.
However, Mleaf/Mcorm in dry plants were 30% lower than in
the wet treatment at all light regimes (P < 0.05).

Stem biomass (Mstem) did not differ among the light and
water regimes (Table 1), but Mstem/Mcorm was the lowest in
the high light regime. Stem length (L) and the ratio of L to
BD, which represents stem morphology, were smaller under
higher light conditions (P < 0.0001), though they were not
affected significantly by water stress. The ratio of LA to
stem basal area (BA), which represents the load for water
transport from the roots through the stem to the leaf (i.e.,
the inverse of the “Huber value”; Tyree and Ewers 1991),
was lower under higher light (P < 0.001) and in dry regimes
(P < 0.01).

Effects of photosynthetic light acclimation and soil water on 
carbon gain

Effects of light acclimation were examined for plants in the
wet regime (Fig. 2a, b). Under simulated low light condi-
tions, both Aday/area and Aday/plant were the largest for
plants grown in the low light treatment compared with the

other treatments. Under simulated medium and high light
conditions, Aday/area did not differ among plants grown in
any treatment, but Aday/plant was the smallest for plants
grown in the high light treatment.

Soil water deficit resulted in significant decreases of 60%
in Aday/area in HDd and MDd leaves compared with those
in HW and MW leaves (P < 0.0001), but this was not the
case for LDd leaves (Fig. 2c). The difference in estimated
carbon gain among the three light conditions was signifi-
cantly larger under wet or Dw conditions than under Dd
conditions. The differences of Aday/plant between the water
regimes tended to be larger at greater lighter intensities, and
Aday/plant in HD and MD plants was lower than HW and
MW plants by 70–80% (P < 0.0001, Fig. 2d). Under wet or
Dw conditions, Aday/plant was larger in plants grown in
higher light environments (P < 0.0001). However, under Dd
conditions, Aday/plant was almost similar across the light
conditions.

Discussion

Contribution of light acclimations to biomass accumulation

RGR and estimated carbon gain reached their maximum
under medium light conditions and they were close to those

Table 2. Summary of leaf characteristics related to photosynthetic gas exchange for plants grown
under three light and two soil water regimes (wet and dry). Leaf gas exchange measurements for
the plants in dry regime were made before (Dd) and after (Dw) hydration. Mean ± SD for three
to four leaves are represented for each light and soil water condition. The different lower case
letters indicate the significant difference among the growth light regime under each soil water
condition. Data that represent only a value have less than three sample leaves

PPFD (mol m–2 day–1) 2.7 (Low) 8.0 (Medium) 26.8 (High)

Amax/area (mmol m–2 s–1) Wet 9.61 ± 0.34a 12.03 ± 0.64b 13.30 ± 1.05b
Dw 6.74 ± 0.93a 8.20 ± 2.32a 11.20 ± 1.49b
Dd 3.71 ± 0.56a 3.75 ± 1.16a 5.23 ± 1.33a

Amax/mass (mmol g–1 s–1) Wet 0.40 ± 0.02a 0.52 ± 0.14b 0.31 ± 0.03a
Dw 0.26 ± 0.05a 0.29 ± 0.08a 0.32 ± 0.12a
Dd 0.14 ± 0.02a 0.13 ± 0.04a 0.115 ± 0.03a

R/area (mmol m–2 s–1) Wet 0.47 ± 0.19a 0.54 ± 0.34a 0.85 ± 0.15b
Dw 0.25 0.34 0.63 ± 0.24
Dd 0.25 ± 0.07a 0.36 ± 0.14a 0.36 ± 0.20a

a (mmol CO2 mmol–1 photons) Wet 0.061 ± 0.019a 0.048 ± 0.001a 0.042 ± 0.010a
Dw 0.067 0.039 0.034 ± 0.008
Dd 0.060 ± 0.020a 0.029 ± 0.003a 0.018 ± 0.006a

LCP (mmol m–2 s–1) Wet 9.1 ± 2.7a 10.4 ± 3.7a 17.1 ± 5.0a
Dw 3.7 8.7 15.7 ± 7.3
Dd 4.1 ± 2.7a 9.7 ± 4.7a 14.5 ± 6.6a

glw (mol m–2 s–1) Wet 0.249 ± 0.052a 0.284 ± 0.036a 0.234 ± 0.059a
Dw 0.107 ± 0.042a 0.172 ± 0.105a 0.223 ± 0.063a
Dd 0.041 ± 0.014a 0.041 ± 0.021a 0.055 ± 0.020a

Amax/glw (mmol CO2 mol–1 H2O) Wet 38.6 ± 6.5a 42.4 ± 17.8a 56.8 ± 17.8a
Dw 63.0 ± 22.1a 47.8 ± 22.1a 50.2 ± 23.7a
Dd 90.5 ± 40.0a 91.5 ± 55.2a 95.1 ± 66.5a

Chl a+b (mmol m–2) Wet 0.645 ± 0.149a 0.693 ± 0.123a 0.460 ± 0.070b
Dry 0.711 ± 0.121a 0.672 ± 0.08a 0.470 ± 0.073b

Chl a/b Wet 3.14 ± 0.26a 3.77 ± 1.13a 3.62 ± 0.56a
Dry 3.48 ± 0.54a 2.95 ± 0.23a 3.33 ± 0.14a
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under high light conditions (Table 1, and Fig. 2). This result
is consistent with our previous study in natural habitats,
which showed that RGR reached its maximum level at 20–
30% of diffuse transmittance (Muraoka et al. 1997). Similar
results of whole plant biomass accumulation reaching its
maximum at intermediate light environments have been
reported for Alocasia macrorrhiza (L.) G. Don (Sims et al.
1994), for West African pioneer and non-pioneer shade
tolerant tree species (Veenendaal et al. 1996), and for rain
forest tree species (Poorter 1999; Valladares et al. 2000). The
carbon gains under medium light and low light conditions
were supported by the leaf photosynthetic and morpholog-
ical adjustment to the light environment (Table 2, Fig. 2).
The higher A/area at low PPFD and the lower R/area
resulted in larger Aday/area of LW and MW leaves than that
of HW leaves under simulated low light (by +200%) and
medium light (by +40%) conditions (Fig. 2). These conse-
quences suggest that a physiological acclimation to low light
contributes to the whole-plant carbon gain. The high glw at
low PPFD in low-light leaves is also important as an accli-
mation to low light environments because it increases light
utilization efficiency.

Larger LA (and LA/Mcorm) under low light and medium
light conditions, a morphological response to low light, also
contributed to whole-plant carbon gain. It has been fre-
quently suggested that a high ratio of leaf area to plant
biomass (leaf-area ratio) plays an important role in carbon
gain, especially in a light-limited environment (Popma and
Bongers 1988; Lambers and Poorter 1992; Walters et al.

1993b; Kitajima 1994; Sims and Pearcy 1994; Poorter 1999).
Leaf size can give the plant a dilemma, i.e., increasing car-
bon gain, but also increasing water loss. With the same Mleaf

per plant biomass, or R/mass, an increase in leaf area would
increase the amount of light capture, which will lead to an
increase of whole plant carbon gain. On the other hand, a
larger LA inevitably increases transpirational water loss,
especially in high light, if the leaf orientations are the same
(Parkhurst and Louks 1972; Givnish 1979). Arisaema het-
erophyllum exhibited no significant change in leaf biomass
allocation under different light regimes. In addition, Amax/
mass did not differ. This species increased potential carbon
gain through increasing LMA and Amax/area in response to
high light. Our estimation showed that physiological and
morphological acclimation to high light may result in an
equivalent increase in Aday/area by 10% as compared with
that in LW leaves when simulated under high light condi-
tions (Fig. 2). Thus, the reduced leaf area in A. hetero-
phyllum in high light seems to be beneficial to reduce
transpirational water loss.

Leaf life-span also is one of the most important factors
that determines the carbon gain of a leaf and a whole plant,
especially in a light-limited environment (Chabot and Hicks
1982; Jurik and Chabot 1986; Williams et al. 1989; Kikuzawa
1991; Sims et al. 1994). In this study, leaf longevity re-
sponded to the given light environment, but there was no
significant effect of water availability on leaf longevity
(Table 1). This result is consistent with that observed in
natural populations (Muraoka et al. 1997).

2A–D

Fig. 2a–d. Effects of light 
acclimation responses (a, b) and 
soil water conditions (c, d) on 
potential carbon gain of 
Arisaema heterophyllum plants. 
Carbon gain was estimated on a 
leaf area basis (Aday/area, mean ± 
SD for three to five leaves) and in 
whole leaf (Aday/plant, mean ± 
SD for six plants). For panels a 
and b, the different capital letters 
indicate the significant difference 
among the different simulated 
daily PPFD for each leaf type 
(Scheffe’s a posteriori test, 
P < 0.05) and the different lower 
case letters indicate significant 
difference among different leaf 
types under the same simulated 
daily PPFD (Scheffe’s a 
posteriori test, P < 0.05). For 
panels c and d, the different 
capitals indicate significant 
difference among the growth 
light conditions for each soil 
water condition (Scheffe’s a 
posteriori test, P < 0.05) and the 
different lower case letters 
indicate the significant difference 
among the soil water conditions 
for each growth light condition 
(Scheffe’s a posteriori test, 
P < 0.05)
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Influences of water availability on light acclimation and 
biomass accumulation

The drought treatment showed striking influences on
photosynthetic capacity, morphology, and biomass accu-
mulation of A. heterophyllum, but acclimation traits and the
degree of influence differed among the light conditions. The
causes of the reduction of RGR by water stress are different
among the light regimes (Fig. 2). In the low light regime, LA
was the factor that reduced RGR, whereas both photosyn-
thetic rate and LA reductions affected RGR in medium
and high light regimes in response to lower water availabil-
ity. The reduction in LA as well as Mleaf is a general response
of plants subjected to drought (Schulze 1986). In our exper-
iment, reduction of RGR through water stress was the larg-
est in the medium light regime and somewhat less in the low
light regime. It is possible that, in the low  and medium light
regimes, the larger L/BD (Table 1) and/or larger LA/BA,
which are the adaptive responses of shoot architecture to
low light environment in an understorey vegetation, could
have increased hydraulic resistance and reduced leaf water
potential (Tyree and Ewers 1991) and thereby inhibited leaf
growth.

The large decrease of Aday/plant in HD and MD leaves
was caused by the low Amax/area due to small glw and LMA;
glw affects both the instantaneous photosynthetic activity
and the capacity, and LMA affects the capacity. The smaller
LMA in HD plants should be due to the inhibited expansion
of leaf cells during leaf development (Bradford and Hsiao
1982; Ellsworth and Reich 1992; Abrams et al. 1994). In con-
trast, as can be seen by the small effect of soil water on a in
low-light leaves (Table 2), the Aday/area of LD plants was
not decreased remarkably by drought.

Conclusion

In Arisaema heterophyllum, water stress reduced the mor-
phological and photosynthetic capacity for carbon gain, but
the plants did not alter their general response to light. The
morphological and physiological plasticity of A. heterophyl-
lum leaves increases carbon gain under low light conditions,
while they are likely to save excess transpiration in high
light or in drought. This plasticity to light and water avail-
ability is beneficial to survive in natural habitats where envi-
ronmental conditions vary spatially and temporally.

Our results also suggest that a “suitable” environment
for plant growth depends on the carbon-based cost-benefit
relationship and water use in a plant. The low light envi-
ronment that occurs below dense stands of Pleiobrastus
chino Makino and Solidago altissima L. would lead to an
extremely small or negative RGR in A. heterophyllum. In
contrast, high light conditions, such as those in the open site,
would strengthen the effect of water availability. Moreover,
A. heterophyllum can not acclimate its leaf water relation
characteristics to the contrasting light environments (H.
Muraoka, personal observation). Thus, in A. heterophyllum,
medium light and wet conditions are the most favorable for
biomass accumulation, which can be found in the forest

edge or relatively well illuminated forest understorey of the
natural habitat (Muraoka et al. 1997).
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