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Abstract The daily gas exchange, stomatal conductance,
and water use efficiency of Platycladus orientalis in the test
field of Fangshan county of Shanxi Province in the semi-
arid region of the Loess Plateau were measured with portable
Li-6200 gas analysis system in natural conditions. The
results showed that the diurnal course of net photosynthetic
rate displayed a two-peak pattern, that of stomatal conduc-
tance displayed a hollow pattern, and that of transpiration rate
displayed a signal-peak pattern. Water use efficiency cul-
minated in the early morning. On the basis of two criteria of
stomatal limitation of photosynthesis suggested by Farquhar
and Sharkey, the predominant limiting factor of photo-
synthesis was the stomatal conductance of stomatal limita-
tion in the morning (10:00–12:00). However, the midday
depression of photosynthesis at noon (12:00–14:00) and
the decrease in photosynthesis in the afternoon (16:00–
18:00) were the results of nonstomatal limitation, such as
low carboxylation capacity of the leaf mesophyll.

Keywords Platycladus orientalis, gas exchange, net
photosynthesis rate, water use efficiency, diurnal course

1 Introduction

A discussion on the relationship between plant photosyn-
thesis, water use efficiency, and environment through
research on the plant gas exchange characteristic has caught
the attention of many researchers. A lot of researches have
been made on crop and economic forest [1–5]. The effect of

water stress on plant photosynthesis and stomatal conduc-
tance is researched in experimental materials of potted
nursery plant in an artificial condition. Researches on plant
photosynthesis, gas exchange characteristic, and their
dynamic changes on natural water stress are limited. There
are a few researches done on Platycladus orientalis. This
paper examines the diurnal courses of leaf gas exchange and
water use efficiency of P. orientalis and the relationship
between gas exchange, water use efficiency, and environ-
mental factors in the semiarid region of the Loess Plateau.
At the same time, it discusses the limiting factors of
photosynthesis of P. orientalis on natural water stress and
provides theoretical basis for subsequent research work.

2 Experimental field

The experimental field lies in the runoff forestry experi-
mental station of Beijing Forestry University, which
belongs to the Tuqiaogou small watershed in Fangshan
County, Shanxi Province (37°36′58″N, 110°02′55″N). It
has a continental monsoon climate in warm temperature
zone whose annual air temperature is 7.3°C and whose
annual total air temperature higher than 10°C is 2,223.5°C.
Average altitude, aridity, and annual forest free days are
1,200 m, 1.3, and 140 days, respectively. The climate
during winter and spring is cold and dry, and it is cold
during autumn with little precipitation; precipitation is
mainly concentrated during summer. Local mean annual
precipitation reaches 387 mm and annual potential evap-
oration is 1,857.7 mm, representing the typical character of
the severe spring drought in the semiarid region in the north
of China. Experimental field belongs to the typical
physiognomy of the loess hilly and gully region. Most of
the surface land is covered by Neozoic Quaternary Malan
loess. The soil layer is 50–70 m deep, belongs to medium
soil, has a uniform texture, and is a lossal soil with a pH of
8.0–8.4. Average soil bulk density of the experimental field
is 1.20 g/cm3.
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3 Materials and methods

The experimental materials are three healthy, 12-year-old
P. orientalis species free of plant disease and insect pests.
The plant’s average height is 1.6 m with an average
diameter of 4 cm; the trunk and row spacing is 2 m×3 m.
These stands were located in a 25° hill slope with an
azimuth of N50°, and the average soil moisture on the
measured day was 11.43%.

Gas exchange was observed on July 13, 2002, and once
every 2 h from 08:00 to 18:00. Four healthy leaves are
respectively chosen in four directions from the middle and
upper canopy of every forest. Three steady data are taken in
each leaf every time.

The gas exchange curve of P. orientalis was measured
with a portable Li-6200 gas analysis system (Li-cor Inc.,
USA). Net photosynthesis rate, transpiration rate, stomatal
conductance, intercellular CO2 concentration, leaf temper-
ature, environmental factors, and leaf-to-air vapor pressure
deficit were observed separately. Environmental factors such
as air temperature, photosynthetically active radiation, relative
air humidity and CO2 concentration, and stomatal limiting
value were calculated by the method suggested by Berry
and Downton (a stomatal limiting value equal to 1 represents
the ratio of intercellular CO2 concentration and CO2 con-
centration) [6]. Water use efficiency is equal to the ratio of
net photosynthesis rate and transpiration rate. Through the
photoelectricity method, the quadrature leaf area of P.
orientalis was measured with a Li-3000A leaf area meter.

4 Results

4.1 Diurnal courses of net photosynthetic rate
and stomatal conductance

Diurnal courses of the net photosynthetic rate of P.
orientalis displayed a typical two-peak pattern (Fig. 1a).
The net photosynthetic rate of P. orientalis reached the
peak value of 9.01 μmol/(m2·s) at 10:00, then continuously
decreased with time and reached the valley value of
5.43 μmol/(m2·s) at 14:00. After 14:00, the net photo-
synthetic rate slowly increased and reached the second
peak value of 6.69 μmol/(m2·s) at 16:00, then reached
the lowest value of 2.17 μmol/(m2·s) at 18:00.

Diurnal courses of stomatal conductance of P. orientalis
displayed a hollow pattern (Fig. 1b). Stomatal conductance
of P. orientalis reached the peak value of 0.64 mol/(m2·s)
at 08:00, then continuously decreased with time and
reached the valley value of 0.41 mol/(m2·s) at 14:00.
Stomatal conductance slowly increased from 14:00 to
16:00 and reached the second peak value of 0.56 mol/
(m2·s) at 18:00.

4.2 Relationship between diurnal courses
of environmental factors and gas exchange

Intensive solar radiation is the primary reason for the daily
changes in environmental factors such as air temperature
and relative air humidity. Since 08:00, the photosyntheti-
cally active radiation continuously increased and reached
the peak value of 1,600 μmol/(m2·s) at 14:00, then rapidly
decreased and reached the lowest value at 18:00 (Fig. 2).
Diurnal courses of air temperature gradually increased
from 08:00 and reached the peak value of 38.4°C at 14:00
before decreasing. With the increase in photosynthetically
active radiation and air temperature, relative air humidity
gradually decreased from 08:00 and reached the valley
value of 36.5% at 14:00 before gradually increasing.

The relationship between net photosynthetic rate and
environmental factors is such that when the photosynthet-
ically active radiation reaches 990.6 μmol/(m2·s) at 10:00,
net photosynthetic rate reaches the first peak value; then,
with the increase in photosynthetically active radiation, air
temperature, and vapor evaporation, relative air humidity
and net photosynthetic rate rapidly decrease and reach the
valley value at 14:00. After which, with the increase in
photosynthetically active radiation and air temperature,
relative air humidity and net photosynthetic rate gradually
increased and reached the second peak value at 16:00. With
a further increase in photosynthetically active radiation and
air temperature, relative air humidity rapidly increased and
net photosynthetic rate decreased (Figs. 1a and 2).

The diurnal course of CO2 concentration displays a “W”
pattern curve. CO2 concentration reached the peak in the
morning and improved at night. After sunrise, with the
progress of plant photosynthesis, CO2 concentration
gradually decreased and reached the valley value of
402 μL/L at 12:00 before increasing and reaching the

Fig. 1 Diurnal courses of net
photosynthetic rate and stomatal
conductance of P. orientalis
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peak at 14:00. CO2 concentration reached the second
valley value of 398 μL/L at 16:00 before gradually
increasing. The relationship between CO2 concentration
and net photosynthetic rate is complex. CO2 concentration
gradually decreased with the increase in net photosynthetic
rate and increased with the decrease in net photosynthetic
rate. When net photosynthetic rate reached the valley value
at 14:00, CO2 concentration reached the peak value of
408 μL/L.

The relationship between stomatal conductance and
main environmental factors are shown in Figs. 1(b) and 2.
The direct effect of light on stomatal conductance is
minimal. The increase in sunlight intensity activates stoma
opening and causes the rapid increase in photosynthesis
and transpiration; then, a further increase in solar radiation
causes an increase in air temperature and a decrease in
relative air humidity and partly completes stoma closure.
The decrease in stomatal conductance is relatively brief.
The stomatal conductance trend is basically the same with
that of relative air humidity. There is a close relationship
between stoma opening degree and relative air humidity.
The stomatal conductance trend is converse with that of the
leaf-to-air vapor pressure deficit. When the leaf-to-air
vapor pressure deficit reached the peak, stomatal conduc-
tance reached the valley value. This is similar with the
result of stoma changes researched by Buckley et al. and
Habermann et al. The result showed that the leaf-to-air
vapor pressure deficit is the dominant factor [7–9].
Stomatal conductance decreased at noon but the stoma
did not completely close, and photosynthesis and transpi-
ration were still at a higher level.

4.3 Diurnal courses of transpiration rate and water
use efficiency

Water is the main limiting factor of plant growth in the
semiarid region. Plant transpiration lies on stomatal
conductance and leaf-to-air vapor pressure deficit. The
diurnal course of transpiration rate displays a signal-peak
pattern, and the trend is similar with that of leaf-to-air vapor
pressure deficit (Fig. 3a). With the increase in the leaf-to-air

vapor pressure deficit, transpiration rate was still at a higher
level and reached the peak at 14:00 before gradually
decreasing. With the increase in photosynthetically active
radiation and leaf-to-air vapor pressure deficit, the decrease
in stomatal conductance may be the factor to prevent
further water loss. However, when stomatal conductance
decreased from 12:00 to 16:00, transpiration rate did not
decrease. The latent transpiration rate increased and partly
counteracted the action of stoma closure because the leaf-
to-air vapor pressure deficit increased and peaked from
12:00 to 16:00 [10]. The higher transpiration rate of P.
orientalis prevented the potential harm the photosynthetic
apparatus might cause under high leaf temperature.

Water use efficiency of a plant means the product of
assimilation by consumption of unit water and shows the
water use level of the plant. It is very critical on the plant’s
primary productivity when circumstances are bad and
water resource is not abundant. It becomes especially
important when the water supply of a plant is at a critical
level and leaf temperature continues to rise. Water use
efficiency on signal leaf level is usually expressed by the
ratio of net photosynthetic rate and transpiration rate.

The diurnal course characteristic of water use efficiency
is followed as water use efficiency in the morning is
obviously higher than that in the afternoon; water use
efficiency peaked at 08:00 (Fig. 3b). With the gradual
increase in photosynthetically active radiation, stoma
opening becomes bigger and net photosynthesis rate
increase becomes more rapid. At the same time, relative
air humidity increases and transpiration rate decreases;
hence, water use efficiency is at the highest level. Then,
with the increase in photosynthetically active radiation and
air temperature and an obvious decrease in relative air
humidity, the increase in leaf-to-air vapor pressure deficit
causes stoma partial closure and limits CO2 pervasion from
the outside to the inside of the stoma. Net photosynthesis
rate decreased and water loss due to transpiration con-
tinuously increased; thus, water use efficiency apparently
decreased. Water use efficiency reached a lower value at
14:00. Then, net photosynthesis rate increased and tran-
spiration decreased; water use efficiency reached the
second peak at 16:00. After which, with the rapid decrease

Fig. 2 Diurnal courses of
environmental factors
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in photosynthetically active radiation, the decrease in net
photosynthesis rate led to a further decline in water use
efficiency.

5 Analysis

The primary reason regarding the diurnal course of the net
photosynthesis rate of P. orientalis and midday depression
of photosynthesis at noon is not only stoma closure because
there are two factors causing the decrease in leaf photo-
synthesis rate. The first one is a stomatal limitation factor
such as stoma closure and insufficient CO2 supply caused
by a decrease in stomatal conductance [10–12]; the other is
a nonstomatal limitation factor such as the decrease in
photosynthesis oxygen release rate and transfer between
photosystem and electron [13,14]. Moreover, the decrease
in RuBP regeneration capacity and RuBP carboxylation
enzyme activity is a dominant factor, which causes a
decrease in photosynthesis [15,16]. In essence, nonstoma-
tal limitation factors limit carbon assimilation because of
insufficient assimilation caused by the decrease in photo-
synthesis activity of the leaf mesophyll. Based on the
viewpoint of stomatal limiting value analysis put forward
by Farquhar and Sharkey [10] and the conventional
analysis method of net photosynthetic rate decrease used
by both domestic and overseas researchers [17,18], there
are two criteria of stomatal limitation of photosynthesis: the
change directions of intercellular CO2 concentration and
the stomatal limiting value. The decrease in intercellular
CO2 concentration and the increase in stomatal limiting
value indicate that the decrease in stomatal conductance is
the main reason. However, the increase in intercellular CO2

concentration and the decrease in stomatal limiting value
indicate that a nonstomatal factor is the main reason for the
decrease in photosynthesis. The result is analyzed based on
these two criteria. From 08:00 to 10:00, with the increase in
the photosynthetically active radiation and air temperature,
net photosynthesis rate increased and stomatal conductance
decreased; meanwhile, intercellular CO2 concentration
decreased and stomatal limiting value increased (Figs. 1
and 4). The increase in net photosynthesis rate is not
because of stomatal conductance but due to the decrease in

intercellular CO2 concentration caused by an increase in
photosynthesis capability. From 10:00 to 12:00, net photo-
synthesis rate as well as the trend of intercellular CO2

concentration decreased, whereas that of stomatal limiting
value increased. This means that stomatal limitation is the
predominant limiting factor of photosynthesis. From 12:00
to 14:00 and from 16:00 to 18:00, the decrease in net
photosynthesis rate basically corresponds with the increase
in intercellular CO2 concentration and with the decrease in
stomatal limiting value. This means that the decrease in
photosynthesis at noon and in the afternoon is determined
by nonstomatal limitation factors such as leaf mesophyll
conductance and photosynthesis activity of the leaf meso-
phyll. The midday depression of photosynthesis began at
noon (12:00–14:00) when air temperature and the photo-
synthetically active radiation are both higher. Due to high
air temperature and drought, plant transpiration becomes
difficult, soil water supply is insufficient, leaf water
pressure decreases, and carboxylation capacity declines.
All these lead to the decrease in net photosynthesis rate.

Fig. 4 Diurnal courses of intercellular CO2 and stomatal limiting
value of P. orientalis

Fig. 3 Diurnal courses of
transpiration rate and water use
efficiency of P. orientalis
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6 Conclusions

Based on the results of this study, several conclusions were
drawn:

1. The diurnal course of net photosynthetic rate of P.
orientalis displayed a two-peak pattern. Net photo-
synthetic rate peaked at 10:00 and 16:00 and reached
the valley value at 14:00. The diurnal course of
stomatal conductance displays a hollow pattern, and
stomatal conductance peaked at 08:00 and 18:00 and
reached the valley value at 14:00.

2. Intensive solar radiation is the primary reason for the
daily changes in environmental factors such as air
temperature and relative air humidity. The relationship
between net photosynthetic rate and environmental
factors is such that when net photosynthetic rate
reaches the first peak value at 10:00, then with the
increase in photosynthetically active radiation, air
temperature, and vapor evaporation, relative air hu-
midity and net photosynthetic rate rapidly decrease
(14:00). After which, with the increase in photo-
synthetically active radiation and air temperature,
relative air humidity and net photosynthetic rate
gradually increased and reached the second peak
value (16:00). With a further increase in photosynthe-
tically active radiation and air temperature, relative air
humidity rapidly increased and net photosynthetic rate
decreased.
The diurnal course of CO2 concentration displays a
“W” pattern curve. CO2 concentration gradually
decreased and reached the valley value at 12:00 and
16:00. The relationship between CO2 concentration
and net photosynthetic rate is complex. CO2 concen-
tration gradually decreased with the increase in net
photosynthetic rate and increased with the decrease in
net photosynthetic rate.

3. The relationship between stomatal conductance and
main environmental factors shows that the direct effect
of light on stomatal conductance is minimal. The
increase in solar radiation and air temperature and the
decrease in relative air humidity compel the stoma to
partly close. The decrease in stomatal conductance is
relatively brief. The stomatal conductance trend is
basically the same with that of relative air humidity and
is converse with that of leaf-to-air vapor pressure
deficit. Leaf-to-air vapor pressure deficit is the dom-
inant factor; stomatal conductance decreases at noon,
but the stoma does not completely close and photo-
synthesis and transpiration are still on a higher level.

4. Plant transpiration is dependent on stomatal conduc-
tance and leaf-to-air vapor pressure deficit. The diurnal
course of transpiration rate displays a signal-peak
pattern, and the trend is similar with that of leaf-to-air
vapor pressure deficit. Transpiration rate peaked at
14:00 before gradually decreasing. However, stomatal
conductance decreased from 12:00 to 16:00, but transpi-
ration rate did not decrease. The latent transpiration rate
increased and partly counteracted the action of stoma

closure because leaf-to-air vapor pressure deficit
increased and peaked from 12:00 to 16:00.

5. Regrading the diurnal course of water use efficiency,
water use efficiency in the morning is obviously higher
than that in the afternoon and peaks at 08:00. Then,
with the increase in photosynthetically active radiation,
air temperature, and leaf-to-air vapor pressure deficit
and the apparent decrease in relative air humidity,
water use efficiency decreased evidently. Water use
efficiency reached a lower value at 14:00. Then, net
photosynthesis rate increased and transpiration de-
creased, and water use efficiency reached the second
peak at 16:00. After which, with the rapid decrease in
photosynthetically active radiation, the decrease in net
photosynthesis rate led to a further decline in water use
efficiency.
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