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An accurate prediction of variations in water consumption from a field and in the crop growih affected 

by the climate change due to global warming is important for the continuous agricultural activities. 

Components of water consumption in a farrnland, i.e. transpiration from the crop surface and evaporation 

from the soil surface, are influenced by the structure of crop canopy. In this study, the combined effects of 

elevated temperature and carbon dioxide (C02) concentration on the geometry and longevity of leaves of 

maize were examined through an experiment with growih chambers. Three treatments, i.e. TLCL (air 

temperature day/night: 28/22'C, C02 concentration: 350ppm), TLCH (28/22'C, 750ppm), and THCH 
(32/26'C, 750 ppm), were performed in different closed chamber respectively, and sixteen of maize (Zea 

mays L. cv. Pioneer G-98) planted in a pot were grown in each treatment. The cumulative thermal time 

from emergence of plant until the expansion of the ith leaf became larger in the order, TLCH<TLCL< 

THCH. The longevity of the ith leaf became longer in the order, TLCL<TLCH<THCH. Area of the ith leaf 

in THCH was clearly smaller than that in TLCL and TLCH. 

INTRODUCTION 
Global warming will cause more or less change in a 

climate of an agricultural area and must also influence 

environrnents of the crop growih such as soil moisture 

and nutrient contents and micrometeorology in a 
farmland. It is necessary to predict how the growth 

environment will change so that a man can continue 

agricultural activity coping with the climate change. 

Furthermore a prediction of variations in water con-

sumption from a field and in the crop growih affected by 

the climate change is important for the continuous 
agricultural activities. The prediction makes it possible 

to plan the irrigation under the condition affected by 

global warming. If the amount of water available for 

agriculture at ptesent is lower than that predicted for 

the condition the countermeasure such as selecting 
other cultivation crops and constructing an irrigation 

facility will be necessary. 

Water consumption from a fannland, i.e. evapotran-

spiration, consists of transpiration from the crop surface 

and evaporation from the soil surface; both are affected 
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by the structure of crop canopy. The growih and yield 

of crop are influenced by the conditions of the sur-

rounding atmosphere and soil, e.g. Traore et al. (2000) , 

Polly (2002). Therefore, the modeling of effects of the 

climate change on the growth of a plant and on the 
formation of a crop canopy is useful for estimating the 

influence of the climate change on evapotranspiration by 

using a simulation model. 

Crop plants gather to make a canopy. The geomet-

ric structure of a crop canopy is characterized by such 

factors as planting density, Ieaf area density, and the 

structure of an individual plant characterized by the ori-

entation, area, and direction of leaves and crop height. 

The characteristics of green leaf are necessary for evalu-

ating the photosynthesis or transpiration. Area of green 

leaves of a plant, A. , at a time t is calculated as: 

(1) A. =A. - A. 

where A. is the cumulative area of parts which expanded 

until the time t and A. is the cumulative area of parts 

which yellowed until the time t. The areas of expanded 

and yellowed part of a leaf can be expressed with the 

area of a fully expanded leaf and the ratios of the area of 

expanded and yellowed part to the fully expanded area. 

Therefore, the equation (1) can be rewritten as: 

N 

A.= ~A (2) ( R. i - R.,, ) 
~"*, ' 

i=1 

where A is the fulh, ex"anded area of the ith leaf R_, 

,", ' . " , '**. and R.,i are the ratios of expanded and yellowed part of 

the ith leaf, respectively. The number i denotes the 

position of nod on which the leaf sprouts. N is the total 

number of leaves of a plant. Dwyer et al. (1992) and 

Lizaso et al. (2003) have expressed the parameter A 
~"*, ' 

for maize (Zea mays L.) as a function of a nodal posi-

tion. 
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Temporal variation of area of green leaves of a plant 

can be modeled if the parameters in equation (2) are 

expressed with a function of meteorological elements 

such as air temperature and solar radiation. Lizaso et al. 

(2003) have taken into account the stress factors due to 

water, nutrient and oxygen shortage in the calculation 

for the expansion of a leaf. In this study, the combined 

effects of elevated temperature and carbon dioxide 
(C02) concentration on the geometry and longevity of 

leaves of maize, which is cultivated under various cli-

mate conditions in the world, were examined through an 

experiment wlth growih chambers. 

MATERIALS AND METHODS 
The experiment was conducted in three closed 

growth chambers at Biotron Institute of Kyushu 
University (E130' 14', N33' 38') , Japan. Air temperature 

and C02 concentration in the chambers (treatments) 

were set as shown in Table I . A set value of relative 

humidity was 700/0 in all chambers. Sixteen Wagner pots 

wlth an area of 0.05m' were placed in each chamber, 

and they were arranged with a density of 8 pots per 

square meter. Mixture of Andosols and Masa (sandy 
soil) (1:1 volume) was put into each pot with 10g of 

chemical fertilizer (N-P-K; 160/0-160/0-160/0) as basal 

dressing. The soilHTloistufe characteristic curve of the 

Table 1. Meteorological condition in chambers. 

(Day time: 8 AM~ PM) 

Chamber No. 
(Treatment) 

Air temperature ('C) CO (ppm) 
day/night 

1 

(TL C L) 

2 

(TLCH) 
3 

(THCH) 

28/22 

28/22 

32/26 

350 

700 

700 

soil is shown in Fig. I . The volume of the soil in a pot 

was about 0.011 m". Readily available moisture, which is 

the difference of volumetric water content between the 

field capacity (suction of 6.19 kPa) and the wilting point 

(390 kPa), was 0.135. 

Three seeds of maize (Zea mays L. cv. Pioneer 

G-98) were sown in each pot on June 11, 2004. 
Emergence of seeding occurred 3 days after sowing 
(DAS) in all treatments, and seedlings were thinned to 

one plant per pot five days after seeding emergence. 

The soil surface had been covered with white plastic 

beads since 10DAS for preventing soil surface evapo-

ration. Irrigation water was applied through the PVC 

tube of inner diameter 30mm that stuck into the soil 

surface. The change from the vegetative to reproductive 

period occurred at about 30DAS. The silking and matu-

rity stages were found on 58 and 96 DAS, respectively. 

Observation of leaves was conducted for judging 

expansion and yellow changing of a leaf every 1-3 days. 

We counted up the number of leaves when half the area 

of a leaf expanded or yellowed following the definition of 

longevity by Lizaso et al. (2003) . A pot was weighed 

before watering to check the soil moisture condition and 

to calculate the transpiration rate. On 27, 45, 58 and 96 

DAS, four plants were sampled from each treatment for 

the measurement of biomass and leaf area. Pots were 

moved next position in a chamber to eliminate the effect 

of the structure of the chamber such as a shade of a 

frame on a wall after every weighing. 

Air temperature and humidity were measured every 

10minutes using a humidity and temperature logger 

(Sensor: HA9630, Logger: HA3631; NIHON SHlNTECH 
Co., Ltd.) in each chamber, and the amount of solar 

radiation was measured every 3 minutes with a pyra-

nometer (LI-200SB, LI-COR, inc.) in the chamber 2 for 

the treatment TLCH. 

RESULTS AND DISCUSSION 
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Fig. 1. Soil-moisture characteristic curve 

of the mixed soil. 

Meteorology and soil moisture conditions 
The average of the daily mean temperature during 

the whole experiment period were 25, 25, and 29'C for 

treatment TLCL, TLCH, and THCH, respectively. 
Relative humidity in TLCH was unexpectedly higher 
than the expected value. There was no significant dif-

ference in the amount of solar radiation among the 
chambers. Daily solar radiation did not exceed 10.0MJ 

m~2 d-* (Fig. 2). The average of it in TLCH during the 

whole experiment period was 5.83 MJ m~2 d-l 

Figure 3 shows the time courses of volumetric water 

contents obtained from the change of a pot weight. 

These values denote the mean water content over the 

whole soil in a pot. Mean soil moisture in a pot came to 

high content irnmediately after an irrigation. Soil mois-

ture was kept in a relatively lower level for all treat-

ments until 30 DAS because of less amounts of irrigation 

water and transpiration loss. The water content near 

the soil surface, however, was actually high during this 

period. The water content in THCH was less than the 

value that corresponded to the wilting point (390 kPa) at 
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Fig. 5. 

Number and area of leaves (for a plant) 

Figure 4 demonstrates the time courses of the num-

ber of expanded, green, and yellowed leaves in the treat-

ments. These values were the average for the four 
plants, which were sampled at 96DAS. The number of 

green leaves was obtained by subtracting the number of 

yellowed leaves from that of expanded leaves. The 
number of expanded leaves in THCH was larger than 

that in TLCL and TLCH by 60 DAS although emergence 

of seeding occurred at the same day in all treatments. 

The mean numbers of expanded leaves for TLCL, TLCH 

and THCH were 18.8, 19.0 and 19.3, respectively. The 

appearance of the first yellowed leaf in THCH was ear-

lier than that in TLCL and TLCH. The number of 
yellowed leaves in THCH was smaller than that in TLCL 

and TLCH from 60DAS. The number of green leaves at 
the maturity stage became larger in the order, TLCL< 

TLCH<THCH. This resulted from the fact that the 
longevity of a leaf became longer in the same order. 

The total green areas per plant at the four sampllng 

times are show in Fig. 5. The vertical bar on a symbol 

denotes standard deviation. There was no significant 

difference among treatments at the first and second 

samplings (27 and 45 DAS). From the silking period 

(the third sampling, 58DAS) to the maturity stage (the 

fourth sampling, 96 DAS), there was clear difference due 

to the effects of the growih environment. The decrease 

in the green leaf area for THCH was smaller than that in 

other treatments during the period from 58 to 96 DAS. 

This difference among treatments might occur due to 

the differences in the longevity discussed above and in 

the areas of a leaf discussed below. 

o 40 80 

Days after sowing 

Time courses of area of green leaves of a plant. 

Growth of leaves 
The effective temperature, which is obtained by 

subtracting the base temperature, is used for evaluating 

the effect of air temperature on the growth and 
development of plant. The base temperature is adopted 

depending on species, variety and growth stage of a 

plant. As for maize, Borr~s et al. (2003) have used the 

thermal time from the silking for which the base 
temperature of O 'C was used to evaluate the growth of 

kernel, Verheul et al. (1996) have used 6 'C for evalu-



48 T. HARAGUCHI et al. 

~, 
S 
~ 300 

.. 
E~~~J 

~ 200 

;S. 

* 
15 
~ 100 
~ 
'~ 

~ O 

E~~ eA 
D~A 
OA 

eA 
eaA 

l~AA 
~:B~IE~~~A~0~A 

5 10 15 20 
Leaf number 

~~ 
'~ 

~ 400 

~ 
Up~ 

E~ 

'~~~ 

~'~ 

~ 200 

"> 

~~ 

~s 
~ 

o o 

~ 

AAAAAAAOAA 
e8eBBDD A8 D DD ~~0 

DD 

5 10 15 
lxaf nu*ber 

a) Cumulative solar radiation 

20 

a) Cumulative solar radiation 

~ 1 
.O 1000 

~ h~ 
L) 

"E 

~5 

"~~ 500 

~~ 

~ 
~ 

~ 
O 

r~IL~Jj~ ~DO 

AAO B A8 
AA~e~~~8 

n06 
IS 
~ 

5 10 15 20 
Leaf number 

1500 

~ 1 
SD 

~ h;~ 

U 1000 
"~ 

~ 
~ 

~ 500 

~ 
'S 

o 
O 

A 
g 

AA 
B 

O 
D 

A 

~ 

AAAA AA A AA 

e~~8aE:eDDDD 

i] 

b) Cumulative thermal time 

Fig. 6. Cumulative solar radiation and cumulative ther-

mal time from emergence of plant until expan-

sion of each leaf. 

Fig. 7. 
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time 

ating the rate of leaf appearance under chilling condi-

tion, Assuero et al. (2004) have used 10'C for the 

evaluation of the effect of phosphorus-deficient on 

growih of leaves while most study (e.g. Wilson et al., 

1995; Machado et al., 2002; Gungula et al., 2003) have 

used the base temperature of 8 'C. 

The thermal time of a day was calculated by multi-

plying the effective temperature and one day. The 
effective temperature was the difference between daily 

mean air temperature and a base temperature of 8 'C. 

The cumulation of the thermal time and daily solar radi-

ation from emergence of plant until the expansion of the 

ith leaf for the fourth-sampling plants, CRs. and CT~, are 

illustrated in Fig. 6a and 6b, respectively. There was no 

significant difference in the relations among three treat-

ments for the first - sixth leaf. The differences among 

treatments increased with increasing the leaf number, 

LN. CR*. of a leaf of which LN was 7-19 in THCH was 
smallest while CT,. of that leaf was largest. CR*. in TLCH 

was almost equal to that in TLCL, and CT,. in TLCH was 

smaller than that in TLCL for the eleventh - nineteenth 
l e af. 

The cumulative value of solar radiation and therTnal 

time during the longevity period of the ith leaf, CRSL and 

CT,L, was shown in Fig. 7a and 7b. The longevity period 

is the period from the expansion to yellow coloring of a 

leaf. CR*L and CT*. fdr a leaf of larger LN are not illus-

trated in this figure because the yellow coloring of the 

leaves was not recognized until the harvest day (the last 

sampling). CRs' of a leaf of which LN was 5-11 and CT,. 

in THCH was larger than that in TLCL and TLCH 
because of the longest longevity; the average longevity 

of leaves in TLCL, TLCH, and THCH was 57, 59 and 68 

days, respectively. We can see the tendency that CRSL 

and CT,L increased with the increasing LN for the first -

fifth leaf and slightly decreased for other leaves. 

Figures 8 and 9 show the length and maximum 
width of a leaf in TLCL, TLCH and THCH at four sarn-

plings, i.e. 27, 45, 58 and 96 DAS. The length became 

longer from 27 to 45DAS and from 45 to 58DAS for 
some LN due to extend of a leaf. There was no signifi-

cant difference in the distribution of a leaf length 

between plants sampled at 58 and 96 DAS. The size of 

the maximum width of the ith leaf varied little from a 

sampling to next one although some leaves did not fully 

expand for all treatments. The length and maximum 
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width of a fully expanded ith leaf are shown in Fig. 10a 

and 10b, respectively. The length and maximurn wldth 

in TLCH were slightly larger than that in TLCL. The 

length in THCH was smaller for the leaves of 1-11 LN 

and was larger for the leaves of 14-19 LN than TLCL 

and TLCH. The maximum width in THCH was clearly 
smaller than that in TLCL and TLCH. 

Area of green part of the ith leaf at the 27, 45, 58 

and 96 DAS in TLCL, TLCH and THCH are shown in Fig. 

1la, 1lb and 1lc, respectively. Area of a leaf that 

located in higher nodal position of shoots sampled at 27 

and 45 DAS became larger until the next sampling in all 

treatments. There was little change from 58 to 96 DAS 

in TLCH, while some leaves became larger in TLCL and 

THCH during this period. Figure 12 shows areas of the 

ith leaf which fully expanded in all treatments. Area of 

the ith leaf in TLCH was equal to that in TLCL for the 

first - eighth leaf and was larger a little than that in 

TLCL for the leaf of which LN was 9-19. Area of the ith 

leaf in THCH was clearly smaller than that in TLCL and 

TLCH for the leaf of which LN was 1-14. This reduction 

of leaf area in THCH must have caused not by water 

stress, but by higher air temperature. 

The ratios of the area of an expanded leaf to the 

product of maximum width and length of the leaf in all 

treatments are shown in Fig. 13. There was not signifi-

cant difference in the ratio among treatments except for 

the fifteenth - nineteenth leaf, for which the area in 
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THCH was clearly larger than that in TLCL and TLCH. 

The relationship between the ratio and LN can be 
described in a single formula for all treatments, and an 

area of the ith leaf can be estimate by using the forrnula, 

measurements of maximum width and length, and its 

LN. 

CONCLUSIONS 
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The experiment was conducted to examine the 
combined effects of elevated temperature and carbon 

dioxide (CO.) concentration on the geometry and 
10ngevity of leaves of maize with growth chambers. 

Three treatments, i.e. TLCL (air temperature day/night: 

28/22 'C, CO, concentration: 350ppm), TLCH (28/22'C, 

750ppm), and THCH (32/26'C, 750ppm), were per-
formed in different closed chamber respectively, and 

sixteen of maize (Zea ma~/s L. cv. Pioneer G-98) 
planted in a pot were grown in each treatment. The 

cumulative thermal time from emergence of plant until 

the expansion of the ith leaf became larger in the order, 

TLCH<TLCL<THCH. The longevity of the ith leaf 
became longer in the order, TLCL< TLCH< THCH. 
Area of the ith leaf in THCH was clearly smaller than 

that in TLCL and TLCH. 
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