Japan. Jour. Crop Sci. 59(4) : 830—837 (1990)

Interactive Effects of Soil Water Regime with Above-Ground
Conditions on Photosynthesis in Wheat Plants

I. Photosynthesis as affected by soil water regime and the
above-ground conditions changing with time of day

Hui-lian Xu, Atsuhiko KUMURA*,
Tohru YaMacisti and Ryuichi IsHn
(Faculty of Agriculture, the University of Tokyo,
Tokyo 113, Japan)

Received April 30, 1990

Abstract . Wheat plants were grown outdoors and in an environment-controlled walk-in growth chamber under
two levels of soil water. The photosynthetic rates of leaf blades (Pn) and ears (Pg) were measured at every one
hour intervals in the light stronger than photosaturation point. Photosynthesis was depressed by soil water deficit
during the day irrespective of above-ground conditions. The depression was much larger in leaf blades than in
ear, and among the uppermost three leaves the lower the leaf position was, the larger the extent of depression
was. The aspect of the diurnal variation of Pn depended on above-ground conditions. On clear days with higher
air temperature and lower air humidity, Pn decreased with time in the daytime and recovered in the latter half
of the afternoon. On rainy day, Pn depression was not apparent. The diurnal variation of Pg of ear was not
apparent under all conditions. The extent of Pn depression in the daytime was smaller in the second leaf than
in the third leaf and larger in the flag leaf than in the second leaf. Under the soil water deficient condition Pn
depression was larger and Pn recovery was smaller than under the well watered condition. The pattern of diurnal
variation of Pn seemed to be determined primarily by above-ground conditions and only slightly affected by the
soil water regime, which suggested, in a sense, that these two factors affected Pn almost independently. However,
in details, the combined effects of the soil water regime and above-ground conditions were mainly additive but
partly synergistic.

Key words : Above-ground environment, Diurnal change, Ear, Leaf position, Midday depression, Photosynthe-
sis, Water stress, Wheat.
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conditions, however, soil water deficit does not
occur alone but usually together with other

Soil water deficit is one of the largest con-
straints in wheat crop growing all over the

world?. For this reason, the effects of soil
water deficit on photosynthesis have been
investigated!213:14.15.16.17.18) = [jnder field

* Present address : Kokushikan University, Machida,
Tokyo 194-01, Japan.

environmental stresses such as low air hu-
midity, high air temperature, high solar radi-
ation and sometimes with dry wind. Thus, the
authors intended to examine interactive effects
between soil water deficit and above-ground
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environmental factors. The objective of the
present study was to clarify the combined
effects of the soil water regime and the above
-ground conditions during the daytime on
photosynthesis of leaves and ear.

Materials and Methods

Two experiments (Exp. I and Exp. II) were
conducted. Exp. I was conducted under out-
door conditions in 1984/1985. Exp II was
conducted under controlled conditions in the
winter of 1985. A winter wheat (Triticum
aestioum L. cv. Asakaze-komugi) was used in
both experiments.

Exp. 1

Seeds were sown in 1/2000 a Wagner pots
on 15 November 1984. Compound fertilizer
(N:P,O;: K,0=13:12:10) was applied 6
g per pot. The seedlings, after established,
were thinned to 10 plants per pot. A plastic
pipe having many small holes at the side wall
was inserted vertically into the soil of a pot,
and the soil was supplied with water through
the small holes as evenly as possible. The
plants were grown outdoors with sufficient
water supply until the anthesis stage in the
next year. Then, the pots were transferred into
a vinyl house and divided into two groups. In
one of them, water was withheld for three days
to reduce the soil water content to 409, of field
capacity. After that the soil water content was
controlled at the level of 409 in the daily
average by supplying an appropriate amount
of water every evening. The plot having this
soil water regime was named “‘soil water deficit
plot”.

In the other group, the soil water content
was regulated to 759, of the field capacity in
the daily average. This plot was named ‘‘con-
trol plot™.

On the 6th (May 9), 8th (May 11), and
11th (May 14) day from the start of soil water
deficit treatment, the photosynthetic rates of
the uppermost three leaf blades and ear were
measured under outdoor conditions at one-
hour intervals according to Kuroda et al'?. At
the time of measurement, sample leaves were
temporarily irradiated with an artificial light,
the intensity of which was larger than the
photosaturation point (1000 gmol m~% s~ in
photosynthetic photon flux). At other times,
the leaves were in natural light. A transparent
acrylic water bath was put between the assimi-

lation chamber and the lamp, in order to
minimize the irradiation heat. Temperature
inside the assimilation chamber was not
controlled and so changed with the ambient
air terperature (23—30°C). The assimilation
chamber was supplied with air containing
definite CO, (350 ppm). The air humidity at
the inlet of the assimilation chamber was 4 mg
H,O/L. The humidity at the outlet varied
with the transpiration rate, with the maximum
of 11 mg H,O/L. The time required for one
measurement was 3—35 min. Since the mea-
surement time was so short, the authors regar-
ded the obtained photosynthetic rate as that
close to the photosynthetic activity under the
internal condition of leaves just before attach-

ing the assimilation chamber. Ear photosyn- '

thesis was measured using a cylindrical assimi-
lation chamber fitting ear (200 mm long with
a 25 mm diameter). The flow rate of air into
the assimilation chamber was 1.5 L/min.

The photosynthetic activity of leaf blade
was expressed as apparent photosynthetic
rate, because the rate of respiration was negli-
gible compared with that of photosynthesis.
The photosynthetic activity of ear was expres-
sed as gross one because the respiration rate
was not negligible (709, of the gross photosyn-
thesis). Respiration rate of ear was measured
after measuring photosynthesis. The light res-
piration was not measured, and the above-
mentioned respiration refers to dark respira-
tion only.

Water potential (1) of leaf blade and ear
was determined by the pressure chamber
method* at two-hour intervals. Stomatal (gg)
and mesophyll (g,) conductances for CO,
transfer were calculated according to the ordi-
nary procedure®!%16),

Climatic factors, such as air humidity, air
temperature, and solar radiation were record-
ed continuously on days when photosynthesis
was measured under outdoor conditions.

Exp. 11 :

Seeds were sown in 1/5000 a plastic pots on
August 20, 1985. Compound fertilizer (N : P,
O;: K,0=13:12:10) was supplied with 2 g
per pot. The seedlings were thinned to 6 plants
per pot at an early stage of growth. The plants
were grown outdoors with sufficient water
supply until the booting stage (November 5),
and then transferred into a cabinet in the
Center of Environment Regulation System for
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Biology of the University of Tokyo, where the
temperature and light intensity were
controlled at 25/20°C (day/night) and 600
umol m~% s7!, respectively.

Two days after anthesis (November 30),
the pots were divided into two groups differing
in soil water content as in Exp. 1. The
photosynthetic rate of the uppermost three
leaf blades and ear, and the respiration rate of
ear were measured by the same method as in
Exp. I. The measurement was conducted in
the growth cabinet on December 9. Light
intensity at the time of measurement was 900
pumol m~% s7!. Temperature inside the assimi-
lation chamber was not controlled but near to
the cabinet air temperature (25%2°C). The
CO, concentration and humidity of the sup-
plied air were similar to those in Exp. I. Water
potential was determined by the same method
as in Exp. L.

In both the experiments, the pots were
arranged so close that plants formed a stand
similar to those in fields. The plant materials
used for measuring photosynthesis and water
potential were sampled from the central parts
of the pots.

The climatic conditions were considerably
different among measuring days as shown in
Fig. 1.

Results

1. Effects of the soil water regime on photosyn-
thesis

As shown in Figs. 2, 3, 4, 5 and 6, curves
representing photosynthesis of soil water defi-
cit plot always ran lower than those of control
plot. In order to evaluate the extent of depres-
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sion in photosynthesis caused by soil water
deficit, percentage depression of photosythesis
was calculated as 100 X [(Daily mean of
control plot) — (Daily mean of soil water defi-
cit plot) ] /" (Daily mean of control plot) . In all
the four cases, depression of photosynthesis
was much larger in leaf blades than in ear.
Comparing the leaves at different positions,the
lower the position was, the larger was the
extent of depression. These are consistent with
our previous results’®. The depression of
photosynthesis by soil water deficit was ac-
companied by the decreases of gg, g, and .

2. Effects of the above-ground environment on
photosynthesis

7) Leaf photosynthesis In Exp. I, the
pattern of diurnal changes of leaf photosyn-
thesis (Pn) varied from day to day. On the
clear days, 1. e. May 9 and 11, Pn decreased
with the time of day but it turned to increase
at a time in the afternoon. Of these two days,
the extent of depression and recovery was
much larger on May 11, which was character-
ized by higher air temperature, lower air
humidity and stronger solar radiation (Fig. 1).
On the heavily cloudy day, i. e. May 14, the
variation of Pn in daytime was very small and
no midday depression was detected (Fig. 4).

In the processes of depression and recovery
of Pn, ¢, g, and g, also showed depression
and recovery. However, it seemed that there
was a difference in the correspondence of Pn
to two kinds of conductance between depres-
sion and recovery. In the process of depression
of Pn, percentage depression of gq was larger
than that of g, in most cases (Table 2). On
the other hand, in the process of the recovery

1.6

—
no

SR(cal m%min!)
<
o

(=
S

11

13 15 17

Time of day

Fig. 1. Diurnal changes of air temperature (Ta), air humidity (RH) and solar radiation (SR)

on measuring days.
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stomatal (gs) and mesophyll (g,,) conductan-
ces, and water potential () in the uppermost
three leaves of well watered (solid line ) and
water stressed (broken line ) plants (May 9,
Exp. I). Pn, mg CO, dm~2 h-'; g, and g, cm
s7'; 1, MPa.

of Pn on May 11, when midday deression and
recovery of Pn were most outstanding, per-
centage recovery of g, was much larger than
that of g5 in most cases (Table 3).

Comparing the three days in Exp. I, the
extent of Pn depression was the largest on
May 11 followed by May 9 and May 14 in this
order, reflecting the patterns of diurnal
changes of Pn described above (Table 2). The
difference in the extent of depression of Pn
among the three days perfectly corresponded
to variations of gg, gy, and i, i. e., the extent
of depression of these leaf factors was in the
order of May 11>May 9>May 14.

In Exp. II, Pn continued to decrease gradu-
ally during the light period, being ac-
companied by depression of gg, g,,, and .

The extent of depression of Pn was also
different among leaf positions. Interestingly, it
was consistently smaller in the second leaf
than in other two leaves on all of the four
measuring days. The difference in the extent
of depression of Pn among leaf positions did
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stomatal (gs) and mesophyll (g,) conductan-
ces, and water potential () in the uppermost
three leaves of well watered (solid line) and
water stressed (broken line) plants (May 11,
Exp. I).

See Fig. 1.

not correspond to the variation of 1 as shown
in Table 2. The extent of recovery of Pn after
midday depression seemed to be also different
among leaf positions. On May 11 when diur-
nal variation of Pn was the most outstanding,
the higher the leaf positions, the larger was the
degree of recovery.

The extent of depression and recovery of Pn
varied with the soil water regimes. Except for
May 14 when the diurnal change in Pn was
negligible, the extent of depression of Pn was
larger in the soil water deficit plot without
exception (Table 2). The extent of recovery of
Pn after midday depression on May 11 was
smaller in the soil water deficit plot than in the
control plot in all of the three leaves (Table
3).

2) Ear photosynthesis The pattern of
diurnal change of ear photosynthesis was
rather inverse to that of leaves, i. e. it increased
first and then decreased. Generally, the extent
of variation in photosynthesis was much smal-
ler than that of leaf photosynthesis. In Exp. II,
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Fig. 4. Diurnal changes of photosynthesis (Pn), Fig. 5. Diurnal changes of photosynthesis (Pn),

stomatal (gs) and mesophyll (g,) conductan-
ces, and water potential () in the uppermost
three leaves of well watered (solid line) and
water stressed (broken line) plants (May 14,

stomatal (gs) and mesophyll (gm) conductan-
ces, and water potential () in the uppermost
three leaves of well watered (solid line) and
water stressed (broken line) plants (Exp. I1.).

Exp. I). See Fig. 1.
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Fig. 6 Diurnal changes of gross photosynthesis (Pg) in ears of well watered (solid line) and
water stressed (broken line) plants (May 9, 11 and 14 in Exp. I, and Dec. 9 in Exp. II).

Table 1. Percentage depressions (100X (Maximum-Minimum)/ (Maximum) )of photosynthesis
(Pn), stomatal (g,) and mesophyll (g,)conductances, and absolute descrease of water

potential (y) by soil water deficit.

Flag leaf 2nd leaf 3rd leaf Ear
Day —
Pn g, y Pnog g ¢ Pnog gy Pg
(%) (MPa) (%) (MPa) (%) (MPa) (%)
Exp. I May 9 19 16 25 0,52 24 20 32 0.52 32 32 34  0.54 8
May 11 20 22 23 055 25 25 27 0.58 35 37 36 0.56 7
May 14 Il 13 I5 0.50 24 20 32 0.51 45 43 52 0.53 6
Exp.11 Dec. 9 18 15 23 0.65 30 33 32 0.64 49 45 55 0.62 9
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Table 2. Percentage depressions (100X (Maximum-Minimum)/(Maximum) Jof photosynthesis

(Pn), stomatal (g,) and mesophyll (g,)conductances, and absolute midday descrease of

water potential (1) in the daytime.

Water Flag leaf 2nd leaf 3rd leaf
Day
regime  Pn g, g ¢y Po gy g ¢y Pn g, g ¢
(%) (MPa) (%) (MPa) (%) (MPa)
Exp. 1 May 9 WW 36 32 43 0.49 22 20 27 0.3¢4 35 33 40 0.44
WS 45 57 60 0.49 29 34 43 0.45 38 50 50 0.4
May 11 WW 56 52 57 0.95 39 33 44 0.81 64 48 53 0.76
WS 70 72 68 0.88 54 46 50 0.83 67 65 66 0.80
May 14 WW 5 4 6 0.05 5 5 4 0.06 9 15 5 0.10
WS 6 9 8 0.08 3 6 2 0.07 7 11 7 0.12
Exp.11 Dec. 9 WW 21 20 21 0.26 14 12 20 0.26 32 25 40 0.32
WS 26 24 31 048 22 28 27 0.51 45 53 42 0.55
WW, well watered ; WS, water stressed.
Table 3. Percentage recovery [100X (Final-Minimum)/(Minimum) Jof photosynthesis (Pn),

stomatal (gs) and mesophyll (g,) conductances, and water potential () (May 11).

Water Flag leaf 2nd leaf 3rd leaf
regime
Pn gn 8 12 Pn gn & v Pn g, g ¥
(%) - (MPa) (%) (MPa) (%) (MPa)
WWwW 68 80 27 0.58 63 73 29 0.55 47 68 33 0.51
WS 58 70 35 0.63 36 41 27 0.60 23 22 25 0.52

WW  well watered ; WS, water stressed.

where leaf photosynthesis decreased with time,
ear photosynthesis was kept almost constant
throughout the light period (Fig. 6).

Discussion

1. Characteristics of and physiological bases
for depression of photosynthesis caused by soil water
deficit.

The trend of photosynthesis well coincided
with those of g¢ and gy, 1. ., g5 and g,, were
decreased by soil water deficit and the extent
of decrease was larger in the lower leaves.

Leaf water potential was also decreased by
soil water deficit. However, the extent of
decrease in ¢y was little different among the
three leaf positions. Therefore, the extent of
decrease in 9 did not account for the differ-
ence in the extent of Pn depression among the
three leaf positions. The authors have suggest-
ed that the larger photosynthetic depression
by soil water deficit in lower leaves was not
due to. the larger decrease in i but probably
attributable to the lower adjusting abili-

ty!®1718 The result obtained in the present
paper seems to support this view.

Ear photosynthesis was less affected by soil
water deficit than that of leaves. This is consis-
tent with the results reported in our other
paper'®.

2. Characteristics of and physiological bases for
the effects of above-ground environmental conditions
on photosynthesis

The pattern of diurnal change in leaf photo-
synthesis was quite defferent among the four
measuring days, where the diurnal changes of
the above-ground conditions were largely
different. From this, the pattern of diurnal
change of leaf photosynthesis is considered to
be primarily decided by that of the above-
ground environmental conditions.

Comparing the time courses of Pn and 4 in
Figs. 2—35, correspondence botween Pn and
is not necessarily perfect, particularly in Fig. 2.
However, on the whole, Pn varies in nearly
parallel with 4, which suggests that the pat-
tern of diurnal change in the former is primar-
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ily determined by the diurnal variation of leaf
water status. This further suggests that the
above-ground environmental condition affects
Pn mainly through leaf water status.

Comparing the above ground environmen-
tal conditions on May 9, 11 and 14 in Exp. I,
it is certain that water loss from leaves was the
largest on May 11, followed by May 9 and 14
in this order. Corresponding to this, the extent
of decrease of i+ showed the same order
(Table 3). From this, the decline of  in the
daytime is thought to be brought about by a
force of the above-ground environment to take
water away from leaves, which is large at high
air temperature, low air humidity and strong
solar radiation. Thus it seems that a kind of
water stress given by such an above-ground
environment causes decrease of .

However, the aspect of Pn depression
brought about by such above-ground environ-
mental conditions differs from that by soil
water deficit. As described above, the extent of
Pn depression caused by soil water deficit was
larger in the 2nd leaf than in the flag leaf.
Contrasting to this, the extent of Pn depres-
sion in the daytime, which was striking on
clear days, was consistently larger in the flag
leaf than in the 2nd leaf. This trend was
difficult to be accounted for by 4 because the
correspondence between Pn and ¢ was not
consistent (Table 2).

One possible explanation for the larger Pn
depression in the flag leat might be an injury
of the photosynthetic mechanisms by strong
solar radiation. Since plants were arranged so
close as to form a stand in our experiments, it
is certain that flag leaves were exposed to
stronger solar radiation than the second ones
were. If such a situation resulted in an injury
of photosynthetic mechanisms of the flag leaf,
it could be a reason for the larger depression
of Pn in this leaf on clear days. It is known
that strong irradiation brought about an
injury of photosynthetic mechanisms of
mesophyll»#3567%1D " However, we have to
make further examination to reveal this point.

3. The combined effects of the above-ground
condition and the soil water regime

Roughly viewing, Pn curves representing
water deficit plots always run parallel with
those for control plots under various above-
ground conditions. So, it seems that the soil
water regime and the above-ground condition

affect photsynthesis almost independently, or
in other words additively (Figs. 2—5).

Examining the details, however, the extent
of depression of Pn in the daytime or the light
period was larger in water deficit plots than in
control plots consistently (Table 2). Further,
the extent of recovery of Pn after midday
depression was smaller in the water deficit plot
on May 11, Exp. I (Table 3). These facts
show that a part of the combined effect of the
soil water regime and the above-ground condi-
tions is synergistic.

From the above, we conclude that the soil
water regime and the above-ground condition
affect leaf photosynthesis mainly additively
but partly synergistically in the way that Pn
depression caused by the above-ground condi-
tion is enhanced by soil water deficit.
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