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Abstract The variation of net photosynthetic rate (P,),
transpiration rate (7,), and intercellular CO, concentration
(Ci) with changes in light intensity of Tamarix ramosissima
leaves was studied during the growing seasons of 2012 and
2013 in the extremely arid region of Ejina Oasis, using the
LI-6400 portable photosynthesis measurement system.
Results indicate that Ci decreased and P,, and T, increased
with light intensity. After reaching the light saturation
point, P, decreased gradually with the enhanced greater
light intensity. The apparent maximum photosynthetic rate
increased with CO, concentration, from 17.69 to
27.05 pmol/(m* s); apparent quantum efficiency also
increased, as did the light saturation point of 7. ramosis-
sima leaves. Water use efficiency (WUE) increased initially
but gradually decreased after maximizing with the
enhanced light intensity. 7, and Ci increased with elevated
CO, concentration. P, and WUE increased with CO,
concentration when that concentration was
200-600 pmol/mol. When that concentration increased to
1000 pmol/mol, WUE increased initially but eventually
decreased.
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Introduction

Human activities have caused an increase in atmospheric
CO; content from approximately 280 pmol/mol before the
industrial revolution to 379 pmol/mol at present, and the
increase continues at an annual rate of 1.4 pmol/mol
(Forster et al. 2007; Zhou et al. 2009). CO, is one of the
key factors affecting plant growth, development, and
function. It is the basis of photosynthesis and the regu-
lator of primary metabolic processes, allocation, and
growth of photoassimilates (Kerstiens et al. 1995).
Therefore, elevated CO, concentrations have far-reaching
effects on photosynthesis and yield (Agrell et al. 2000).
Such concentrations cause the greenhouse effect, which
can gradually warm the climate, influence water balance,
alter seasonal precipitation patterns, and vary water
resources regionally (Richard et al. 2001; Duan et al.
2013). Moreover, elevated temperature increases potential
evaporation, causing the most arid regions on earth to
become more arid (Rind et al. 1990). Therefore, water use
efficiency (WUE) of plants in response to elevated
atmospheric CO, concentration has become a worldwide
research focus (Berryman 1994; Ellsworth 1999; Duan
et al. 2013).

WUE is an important index that reflects the energy
conversion efficiency of plant growth, and has been widely
used in plant physiology and ecology (Escher et al. 2008).
The definition and understanding of WUE in different
disciplines and areas are dissimilar (Letts et al. 2008). At
the level of leaves, WUE is represented by the ratio of the
net photosynthetic rate (Pn) and transpiration rate (7r)
(Leakey et al. 2006). Thus, WUE of plant leaves depends
on the coupling processes of photosynthesis and transpi-
ration controlled by stoma (Liu et al. 2005). Photosynthesis
is the basis of growth and development of plants and is also
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a complex biological physical chemistry process influenced
by numerous factors (Bernacchi et al. 2005). Under natural
conditions, it is important to study photosynthetic charac-
teristics, their relationships with photosynthesis, light
radiation, CO, concentration, and other factors (Poorter
and Nagel 2000). The relationship between the diurnal
course of plant photosynthesis and environmental factors
has been studied extensively, but most such studies are
qualitative or involve simple correlation analysis (Chen
et al. 2006). The effect of light intensity on plants is a
research focus on plant physiological ecologists. Various
light intensity conditions can cause plastic responses and
consequently the environmental modification of plants
(Christidis et al. 2013). The carbon source required for
plant photosynthesis is mainly atmospheric CO,; therefore,
CO, concentration has a significant influence on photo-
synthesis. In recent years, there have been numerous
studies regarding elevated CO, and adaptation mechanisms
for plant photosynthesis (Morse and Bazzaz 1994). Tran-
spiration directly drives water migration in the soil-plant—
atmosphere continuum (SPAC) system and is the driving
force of the ecosystem water cycle. Thus, simulating plant
WUE becomes key to assessing the interaction between the
water and carbon cycles in the ecosystem (Letts et al.
2008). Based on the principle of gas exchange of leaves,
the present study establishes a model of WUE response to
CO,. We choose the typical plant Tamarix ramosissima in
an extremely arid region to verify and analyze WUE
change. The goal was to provide a theoretical basis to
present physiological and ecological mechanisms of the
coupling cycle of carbon and water in an extremely arid
region and to establish a model of this cycle under global
change.

Materials and methods
Study site

The test was conducted in the Er Dao Qiao T. ramosissima
forest to the southeast of Ejina Qi town in Inner Mongolia,
from May to October during 2012-2013. Geographic
coordinates in this inland area are 41°58'N, 101°06’E, and
altitude is 920.46 m. The climate is extremely arid, with
annual average temperature of 8.2 °C, annual average
precipitation of 37.9 mm, and amount of evaporation over
3700 mm. The region is one of the most arid regions in
China.

Study materials

We selected the natural 7. ramosissima forest as pastoral
land fenced in 1988. The vegetation coverage exceeds
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70%, 1300 plexus/hm®. Average plant height is ~2 m, and
tree age is >20 a. Soil parent material is river alluvium, and
soil type is T. ramosissima forest soil. Sulfate salt spots are
present locally. The level of underground water is
approximately 2-3.5 m.

Test method

Using the LI-6400-05 conifer chamber of portable photo-
synthesis measurement system (Li-COR Inc., Lincoln, NE,
USA) during the growing seasons of 2012 and 2013, we
selected reciprocal third and fourth mature leaves from T.
ramosissima treetops. We took measurements hourly from
8:00 to 21:00 local time. In each measurement, we ran-
domly selected six to eight branches to determine diurnal
variation of the photosynthetic rate and corresponding
ecological environment elements. We set the flow of the
photosynthesis system to 500 pmol s~' to determine the
response of photosynthetic rate to light intensity and CO,
concentration. Leaf chamber temperature was 30 °C.
Photosynthetic photon flux density (PPED) was set at nine
levels: 2000, 1500, 1000, 500, 200, 100, 50, 20, and
0 umol/(m2 s). CO, concentrations were set at eight levels
in a reference room: 0, 20, 50, 100, 200, 400, 600, and
1000 pmol/mol.

Data analysis and calculation

Plant WUE was analyzed at the leaf scale. WUE was
defined as the ratio of Pn and Tr (type 1), calculated via

WUE = P, /T, (1)

P, and T, are given by subsequent equations.

As early as 1913, Michaelis—Menten proposed a rela-
tionship of biochemical reaction rate and source concen-
tration. Although light is not the source of photosynthesis,
it is its energy source and so can be considered a source.
P, response to light intensity follows the Michaelis—
Menten equation. Farquhar (1980) improved the model
(Eq. 2). As the classic relationship, this equation is widely
used as the characteristic description of P, response to
light intensity.

p _ PPED %O + Py — \/(PPED % © + Pyyax) — 4 % PPED % © % Ppyy % k
=
2k

- Rday

(2)

where P, is net photosynthetic rate; P, is under a certain
CO; concentration the maximum net P, in response to light
intensity; ® is the apparent quantum efficiency character-
izing maximum photosynthetic light energy conversion
rate; k is the angle of light response curves; Rg,y is the dark
respiration rate.
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Results

Intercellular CO, concentration and stomatal
conductance under varying CQO, concentrations
with change in light intensity

Intercellular CO, concentration (Ci) of T. ramosissima
leaves gradually decreased under variable CO, concen-
trations with enhanced light intensity. Ci rapidly declined
when light intensity was increased from 0 to 400 pmol/
(m” s). Ci slowdown eventually decreased and tended to
be constant with enhanced light intensity (Fig. 1a). Early
days of enhanced light intensity are precisely the rapidly
growing period for P, of T. ramosissima leaves. Increas-
ing P, raised CO, consumption, which led to rapid Ci
decline. When light intensity exceeded a certain value, the
increasing P, amplitude slowed and even reached light
saturation. Photosynthesis consumption of CO, and out-
side CO, diffusion reached a balance, such that Ci tended
to stabilize. For different light intensities, Ci of T.
ramosissima leaves increased with CQO, concentration.
This phenomenon may be caused by an increase in
environmental CO,, accelerating the latter’s diffusion into
leaf cells. The diffusion amount far exceeded that
required by increasing P,, which caused elevated Ci of
leaves with increasing environmental CO, concentration.
There was a certain difference in variation of the stomatal
conductance (Gs) of T. ramosissima leaves with varying
CO, concentration and increasing light intensity. Gs
represented a regular change in initial increase and sub-
sequent decrease with increasing light intensity. The
demarcation point of increase and decrease was at the
light saturation point (Fig. 1b).
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Change in photosynthetic rate at different CO,
concentrations with variable light intensity

Figure 2 shows P, of T. ramosissima leaves under different
CO, concentrations with variable light intensity. For each
CO, concentration, this P, had a certain difference from
the variable light intensity. With increasing light intensity,
P, increased and eventually reached saturation. When the
concentration of environmental CO, was varied, light
intensity upon appearance of the light saturation point was
different. This point of the blade was 1200 umol/(m2 s)
when CO, concentration was 200 pmol/mol and was
1700 umol/(m2 s) for CO, concentrations 400 and
600 pmol/mol. The point was 2000 umol/(m2 s) for CO,
concentration 1000 pmol/mol. Within a certain range, the
increasing CO, concentration augmented photosynthesis to
a certain extent. After exceeding the CO, saturation point,
continued increase in CO, concentration had a minimal
effect on photosynthesis.

Table 1 shows that the fit for various treatments reached
an extremely significant level. The apparent maximum
photosynthetic rate increased with CO, concentration, from
17.69 to 27.05 pmol/(m? s); apparent quantum efficiency
also increased, as did the light saturation point of 7. ramo-
sissima leaves. The latter varied from 1458.3 + 2.4 to
2316.4 + 2.1 pmol/(m? s). The light compensation point of
the leaves decreased with increasing CO, concentration.

Transpiration rate under different CO,
concentrations with change in light intensity

Figure 3 shows T, of T. ramosissima leaves under variable
CO,; concentrations with change in light intensity. Under
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Fig. 1 Changes of intercellular CO, concentration (Ci) and stomatal conductance (Gs) to photosynthetic photon efflux density (PPED) in

Tamarix ramosissima leaves under different CO, concentrations
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Fig. 2 Response of net photosynthetic rate (Pn) to PPED in T.
ramosissima leaves under different CO, concentrations

variable CO, concentrations, T, increased with enhanced
light intensity, as did P,. The emission of CO, of leaves
increased, as did stomatal conductance. Leaf temperature
gradually increased, promoting the 7. ramosissima tran-
spiration. For different light intensities and increasing CO,
concentration, 7, variations of T. ramosissima were similar,
with a downward trend. The extent of stomatal opening
influenced leaf water loss, with a significant positive cor-
relation between them. Therefore, leaf T, declined with
elevated CO, concentration, which may have been the
result of increased environmental CO,. The stoma gradu-
ally closed, gradually reducing Gs of T. ramosissima. Leaf
T, decreased accordingly.

Water use efficiency at different CO, concentrations
with change in light intensity

Figure 4 shows WUE variation of T. ramosissima leaves
under different CO, concentrations and light intensities.
Under variable CO, concentrations, WUE of the leaves
increased with enhanced light intensity in the early stage of
that enhancement. After maximum WUE increase, its value
increased and then gradually decreased with enhanced light
intensity, although the decline was minimal. For different

CO, concentrations, light intensity varied when leaf WUE
maximized. CO, concentrations were 200, 400, 600, and
1000 pmol/mol. Respective light intensities were 1500,
2000, 2100, and 2100 umol/(rn2 s) when leaf WUE maxi-
mized. Under different light intensities, WUE initially rose
and then decreased with increasing CO, concentration.
When CO, concentration was 200-600 pmol/mol, WUE
increased with CO, concentration. When CO, concentra-
tion rose to 1000 pmol/mol, WUE declined after light
intensity exceeded 1200 umol/(m2 s). This result is
attributable to P, increase when CQO, concentration
increased to 200-600 pmol/mol. Thus, T, decreased with
increasing CO, concentration, while WUE increased. When
CO, concentration was 1000 pmol/mol, leaf P, decreased
significantly and 7, decreased slightly (Fig. 4). This caused
WUE to decline rapidly.

Discussion and conclusions
Discussion

The effects of increasing CO, concentration are important in
enriching Gs (Liu et al. 2005). According to the measure-
ment results, Gs of T. ramosissima leaves gradually declined
with increasing CO, concentration. Several scholars argue
that reduced stomatal density is the reason that elevated CO,
concentration can reduce Gs (Berryman 1994). A number of
researchers believe that the main reason is not reduced
stomatal density but partial stomatal closure, directly caused
by internal CO, increase in leaves (Morison and Gifford
1983). The present study gives results of short-term high CO,
concentration. Thus, the partial closure of stoma was the
main cause of Gs decrease. With the increasing outside CO,
concentration, it was easier for plant leaves to acquire CO,.
CO, consumption for photosynthesis did not increase sig-
nificantly, which reduced Ci. Plants reduced Ci through
stomatal closure regulation to continuously maintain inter-
cellular CO, partial pressure less than atmospheric pressure
(Morse and Bazzaz 1994). Thus, Gs of T. ramosissima leaves
gradually decreased with increasing environmental CO,
concentration.

Table 1 Parameters of photosynthetic rate in response to light intensity of Tamarix ramosissima under different CO, concentrations

CO, Light saturation Light compensation Apparent quantum efficiency Proax Raay R?
concentrations (pmol m 2s7h (umol m2s7h (umolCOz-umol_lphotons) (umol-m_z-s_l) (umol-m_z-s_l) n=9)
(umol~m0171)

1000 23164 £+ 2.1 7.12 + 0.26 0.084 + 0.0016 27.05 1.78 + 0.04 0.9826%*
600 2262.1 £2.3 11.58 £+ 0.31 0.076 £ 0.0014 25.32 1.89 £+ 0.05 0.9817%*
400 1836.5 + 2.2 21.31 £ 0.37 0.068 + 0.0015 20.57 1.76 £+ 0.06 0.9854%*%*
200 14583 £ 2.4 36.52 + 0.49 0.065 + 0.0019 17.69 1.63 £+ 0.04 0.9876%**

** represent the values that have passed the significance level at 0.05
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Fig. 4 Water use efficiency (WUE) of T. ramosissima under different
CO, concentrations

The photoinhibition phenomenon is relatively common
in photosynthesis of higher plants. Strong light is the major
cause of photoinhibition, whereas temperature, moisture,
nutrient deficiency, and salt stress tend to reduce it
(Demming and Adams 1992). T. ramosissima leaves pho-
toinhibited in variable degrees with increasing light
intensity under different CO, concentrations. The reflection
of solar radiation by shallow and immature leaves is gen-
erally strong, because different colors and developments
weaken solar radiation variably. The color of 7. ramosis-
sima leaves is shallow, which makes their light reflectance
strong, and we determined significant temperature varia-
tion. The reason for this phenomenon may be that intense
light generated significantly high leaf temperature and
excessive transpiration. The plant closes its stoma to reduce
water loss via transpiration. Stomatal closure caused Ci
decline, thereby reducing the photosynthetic rate (Wang

et al. 1998). At the same time, the increasing CO, con-
centration raised the light saturation point and delayed
photoinhibition. This result is consistent with the findings
of Lu (2012). However, the specific reason for this phe-
nomenon remains to be investigated. Nonetheless, the
raising of the light saturation point enhanced the photo-
synthetic ability of T. ramosissima leaves under bright light
conditions, thereby increasing the assimilated amount.
Studies have shown that a short-term increase in CO,
concentration can promote plant photosynthesis to a certain
extent (Morse and Bazzaz 1994). This photosynthesis
declines to the original level, demonstrating photosynthetic
acclimation to long-term high CO, concentrations (Gun-
derson 1993; Ottman et al. 2001). However, other studies
have also indicated that plant photosynthetic capacity does
not demonstrate such acclimation (Zhou et al. 2011). The
present experiment was conducted under short-term
increase in CO, concentration. Whether T. ramosissima
leaves can maintain a high photosynthetic rate under long-
term high CO, concentrations needs further study.

Several studies have shown that elevated CO, concen-
tration that increased plant WUE was caused by such
concentration substantially increasing P, and reducing 7,
(Letts et al. 2008). A number of works have indicated that
WUE increases only because of 7, decrease and not
because of P, increase (Rogers et al. 1984). Other studies
determined that WUE increase was attributable to P,
increase alone (Gunderson 1993).

Conclusions

This paper described the variation of net photosynthetic
rate (P,), transpiration rate (7,), and intercellular CO,
concentration (Ci) with changes in light intensity of Ta-
marix ramosissima leaves during the growing seasons of
2012 and 2013 in the extremely arid region of Ejina Oasis
of Northwest China. We conclude that the Gs of T.
ramosissima leaves gradually decreased with increasing
environmental CO, concentration. There was a certain
difference in variation of the Gs with varying CO, con-
centration and increasing light intensity. Gs represented a
regular change in initial increase and subsequent decrease
with increasing light intensity. The demarcation point of
increase and decrease was at the light saturation point. The
apparent maximum photosynthetic rate increased with CO,
concentration, from 17.69 to 27.05 pmol/(m? s); apparent
quantum efficiency also increased, as did the light satura-
tion point of 7. ramosissima leaves. Leaf T, declined with
elevated CO, concentration, which may have been the
result of increased environmental CO,. The stoma gradu-
ally closed, gradually reducing Gs of T. ramosissima. Leaf
T, decreased accordingly. Therefore, that Ci decreased and
P, and T, increased with light intensity. After reaching the

@ Springer



1409 Page 6 of 6

Environ Earth Sci (2016) 75:1409

light saturation point, P, decreased gradually with the
enhanced greater light intensity. Water use efficiency
(WUE) increased initially but gradually decreased after
maximizing with the enhanced light intensity. 7, and Ci
increased with elevated CO, concentration. The results of
the study determined that for CO, concentrations
200-600 pmol/mol, WUE of T. ramosissima increased with
CO,; concentration. This finding is attributed to the com-
bined results of substantial P,, increase and 7, decrease.
When CO, concentration rose to 1000 pmol/mol, despite
T, decrease, P, was reduced significantly, leading to the
WUE decrease.
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