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Photosynthetic acclimation and leaf traits of Stipa bungeana in response to
elevated CO; under five different watering conditions
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Abstract

Although plant performance under elevated CO, (EC) and drought has been extensively studied, little is known about the
leaf traits and photosynthetic performance of Stipa bungeana under EC and a water deficiency gradient. In order to
investigate the effects of EC, watering, and their combination, S. bungeana seedlings were exposed to two CO, regimes
(ambient, CA: 390 ppm; elevated, EC: 550 ppm) and five levels of watering (-30%, —15%, control, +15%, +30%) from 1
June to 31 August in 2011, where the control water level was 240 mm. Gas exchange and leaf traits were measured after
90-d treatments. Gas-exchange characteristics, measured at the growth CA, indicated that EC significantly decreased the
net photosynthetic rate (Pn), water-use efficiency, nitrogen concentration based on mass, chlorophyll and malondialdehyde
(MDA) content, while increased stomatal conductance (gs), intercellular CO, concentration (C;), dark respiration,
photorespiration, carbon concentration based on mass, C/N ratio, and leaf water potential. Compared to the effect of EC,
watering showed an opposite trend only in case of Px. The combination of both factors showed little influence on these
physiological indicators, except for gs, Ci, and MDA content. Photosynthetic acclimation to EC was attributed to the N
limitation, C sink/source imbalance, and the decline of photosynthetic activity. The watering regulated photosynthesis
through both stomatal and nonstomatal mechanisms. Our study also revealed that the effects of EC on photosynthesis were
larger than those on respiration and did not compensate for the adverse effects of drought, suggesting that a future warm
and dry climate might be unfavorable to S. bungeana. However, the depression of the growth of S. bungeana caused by
EC was time-dependent at a smaller temporal scale.

Additional key words: climate change; carbon balance; gas exchange; respiration; chlorophyll fluorescence.

Introduction

Carbon dioxide (CO,) concentration has been supposed to
increase from 280 ppm in the preindustrial period to 550
ppm by the middle of the century, and it is projected to
surpass 750 ppm by the end of the century (IPCC 2014).
Global redistributions in precipitation amounts and
patterns and increases of heavy rain and drought events
have been also observed (Huntington 2006). Water is
recognized as one of the most important climatic factors
determining plant growth and mortality (Edwards et al.

2012). Elevated CO, and changing precipitation have
together produced profound influences from individual to
ecosystem levels (Morgan et al. 2004, Bonan et al. 2008,
Hooper et al. 2012, Pefuelas ef al. 2013, Manea and
Leishman 2015).

Many studies have reported the morphological and
physiological responses of plants to CO, enhancement and
their interactions with other environmental factors (such as
temperature, watering, ozone, efc.) (Albert et al. 2011,

Received 15 December 2015, accepted 29 April 2016, published as online-first 10 May 2016.

*Corresponding author; e-mail: gszhou@ibcas.ac.cn

Abbreviations: C — COz effect; CA — control, ambient CO2 concentration; Chl — chlorophyll; Ci — intercellular CO2 concentration; Cm
(Ca) — carbon concentration based on mass (area); Chl — chlorophyll; EC — elevated CO2 concentration; Fv/Fo — potential activity of
PSII; gs — stomatal conductance; MDA — malondialdehyde; Nm (Na) — nitrogen concentration based on mass (area); OTCs — open top
chambers; Pn — net photosynthetic rate; Rp — dark respiration; RL — photorespiration; W — watering effect; WUE (= Pn/E) — water-use
efficiency; Ww — leaf water potential.

Acknowledgements: The study was supported by State Key Development Program of Basic Research (2010CB951300) and Strategic
Priority Research Program-Climate Change: Carbon Budget and Related Issues of the Chinese Academy of Sciences (XDA05050408).
We thank J.S. Sun, T.Y. Hu, X.J. Yin, Y.H. Hou, X.H. Sun, Y.M. Zhang, T. Liu, X.M. Lv, and Z.X. Yang for their support and
assistance. We also thank J. Song, B.R. Jia, Y.H. Wang, and F. Zhang for helpful suggestion for writing this article.

164



PHOTOSYNTHESIS TO CO2 AND WATERING IN STIPA BUNGEANA

Biswas et al. 2013, Qaderi et al. 2006, Salazar-Parra et al.
2015). Generally, EC increases plant growth and biomass
by increasing photosynthesis and water-use efficiency
(WUE) and reducing g (Clifford et al. 2000, Kaminski ez
al. 2014, Yan et al. 2014). However, it has been reported
that photosynthesis under prolonged EC declines, an effect
described as photosynthetic acclimation or photosynthetic
downregulation (Long et al. 2004, Ainsworth and Rogers,
2007). This phenomenon can be induced both by stomatal
and nonstomatal limitations. Stomatal limitation is mainly
attributed to stomata closure and, subsequently, to the
decrement of C; (Salazar-Parra et al. 2015). Nonstomatal
limitation is consistent with the imbalance of carbon sinks
and sources, N limitation (Ellsworth et al. 2004,
Ainsworth and Long 2005), or reduction of photosynthetic
capacity (Parry et al. 2003). Furthermore, the response of
photosynthesis to EC largely depends on other
environmental factors, such as water, temperature (Wertin
et al. 2010), or ozone (Talhelm et al. 2014). Water
availability is particularly important in driving individual
or ecosystem functions, especially in water-limited
grasslands (Hovenden et al. 2014). It has substantial and
continuous effects on plant physiological processes, such
as photosynthesis, WUE, and metabolite accumulation
(Yin et al. 2005, Ohashi et al. 2006, Pizarro and Bisigato
2010, Sala et al. 2010, Edwards et al. 2012), and then
changes the carbon partitioning at both leaf and whole
plant levels (Chaves 1991). As mentioned above,
numerous studies have illustrated the effects of CO, and
watering independently; however, fewer studies have been
focused on the interactive effects of EC and water status.
A large number of studies have shown the fertilization
effect of EC on plant growth, while the EC impact on
plants related to drought stress is still under debate (Erice
et al. 2006, Newingham et al. 2013, Duan et al. 2014).
Some studies indicate that moderate water stress generally
enhances the stimulation of photosynthesis induced by EC
(Whullschleger et al. 2002, Xu et al. 2014), while over-
watering may reverse this stimulation (Li et al. 2014).

Materials and methods

Experimental design: S. bungeana seeds were collected
the year before the experiment from the natural grassland
in Ordos, Inner Mongolia, China. The soil type belongs to
castanozem, the soil organic carbon, total nitrogen, and
available nitrogen concentrations (= SE, n = 3) were
1231+ 0.19 g kg'!, 1.45 £ 0.02 g kg, and 81.61 +
0.71 mg kg!, respectively. This region is characterized by
a semiarid, north temperate continental monsoon climate
with a frigid winter and hot summer.

The seeds were sown in plastic pots (10.9 cm in above
diameter, 8.5 cm in below diameter, 9.5 cm in height).
Each pot was filled with ca. 0.6 kg of dry soil and four
plants were planted per pot. All pots were placed in a green-
house [maximum light intensity: ca. 1,000 pmol(photon)
m 2 s°!; day/night temperature: 26-28°C/18-20°C] until

Under stressful conditions, photosynthesis can vary with
species, functional group, environmental conditions, and
resource availability (Ainsworth and Rogers 2007). N
availability can influence plant leaf biochemistry, as well
as photosynthetic capacity, and ultimately, plant growth
(Novriyanti et al. 2012). Furthermore, plant growth is
rather sensitive to water availability, and the interactive
effects of environmental factors are particularly important
in order to ascribe their effects on water use (Zelikova et
al. 2015).

Stipa bungeana, a dominant species of the warm-
temperate steppe in semiarid areas and an important
pasture species, is helpful in stabilization and conservation
of grasslands (Yu et al. 2014). However, this species has
been severely degraded due to climatic change and
improper agricultural development and the region may
suffer severely from climatic change in the future. Gao and
Zhang (1997) found the plant biomass of S. bungeana
responded more to EC than to an increase in the amount of
water. Cheng ef al. (2010) demonstrated that the growth of
S. bungeana was influenced by different climatic factors
and water was the major one. To date, studies on
S. bungeana mainly focus on its community characteristics
and functions, while there is limited information on its
individual response to climate change. In the present study,
we used annual seedlings of S. bungeana and we set a wide
range for the watering gradient (five watering treatments:
-30%, —15%, control, +15%, +30%, relative to the mean
precipitation over the past 30 years in the same growing
season) with ambient (CA) or EC concentrations (390 ppm
and 550 ppm, respectively). The gas exchange and other
leaf traits were measured after the completion of the 90-d
experiment. Specifically, our aims were to test the
hypotheses that (/) the elevated CO; effect on S. bungeana
is determined by the watering status, and physiological
traits in response to watering show higher sensitivity than
to elevated CO,; and (2) there might be significant
relationships among these leaf physiological traits under
different environmental conditions.

the third leaf completely emerged. Subsequently, the
plants were transferred into open-top chambers (OTCs)
located outdoors in the Institute of Botany, the Chinese
Academy of Sciences. The OTCs were regular hexahedron
in shape (85 c¢cm in length of a side, 170 cm in diameter,
and 150 cm in height), with a rain-shelter on the top; the
shelter was larger than the top of the hexahedron and there
was a space between it and the OTC. Pure CO, gas
(99.999%) in a cylinder was used as the gas supply (Chao
Hong Ping Gas Co. Ltd, Beijing, China), and a CO, gas
sensor (eSENSE-D, SenseAir, Delsbo, Sweden) was used
to regulate continuously the CO, concentration every
minute by an electromagnetic valve; the CO, concentration
was recorded for 24 h with a data logger (DAM-3058RTU,
Altai Sci TechDev Co. Ltd., Shanghai, China). The CO,
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concentrations had + 30 pmol mol™! variations relative to
the set points. The air temperature was monitored using
thermocouples (HOBO S-TMB-M006, Onset Computer
Co., Bourne, MA, USA) installed at a height of 75 cm
inside and outside of the chambers. The data for the
meteorological factors were recorded by a logger (HOBO
H21-002) every 30min automatically during the
experiment. The relative humidity in the OTCs was ca.
60%. The monthly mean temperature inside the OTC was
27.7°C and 26.5°C in July and August, respectively;
outside the OTC was 26.9°C and 25.7°C, the differences
were approximately 0.8°C.

This experiment was designed to examine the effects
of two CO; concentrations (CA of 390 ppm and EC of 550
ppm) and five watering treatments: (/) —30% (-30%W,
reduced precipitation by 30% relative to local average
precipitation over 30 years during 1978-2007), (2) —15%
(—-15%W, reduced precipitation by 15% relative to local
average precipitation), (3) control (control, local average
precipitation over 30 years during 1978-2007), (4) +15%
(+15%W, increased precipitation by 15% relative to local
average precipitation), (5) +30% (+30%W, increased
precipitation by 30% relative to local average precipi-
tation), roughly equalling 168, 204, 240, 275, and 311 mm
precipitation during the growing season period, respecti-
vely. The two CO, concentrations were the main plots,
while the five watering patterns were split plots (pots). Six
OTCs were used for the two CO, treatments with three
replicates for each one; every watering treatment was
generated using two pots within each OTC. Thus, every
watering treatment had six replicates at each CO, concen-
tration. Water was added to the soil surface through a
measuring flask at approximately 16:00 h every three days.

Gas exchange and chlorophyll (Chl) fluorescence: The
net photosynthetic rate (Pn), stomatal conductance (gs),
transpiration rate (E), and intercellular CO; concentration
(Ci) were measured by an open gas-exchange system
(LI-6400F,; LI-COR, Inc., Lincoln, NE, USA) equipped
with a leaf fluorometer chamber (LI-6400-40, Li-Cor Inc.).
We measured at least three youngest and fully expanded
leaves from different individuals (one plant per pot) for all
replicates, at 9:00 to 16:30 h daily. All measurements were
performed at a block temperature of 27°C, a chamber air-
flow rate of 500 pmol s!, relative humidity of 50-70%,
irradiance of 1,200 umol(photon) m2 s~! (a saturated PPFD
in the current experiment), and a chamber CO; concen-
tration of either 390 ppm or 550 ppm. The water-use
efficiency (WUE) was determined by the ratio of Px to E.
Dark respiration (Rp) was obtained from measuring the gas
exchange of the dark-adapted leaves after one night in
darkness.

The Chl fluorescence was determined after overnight
dark adaptation. The minimal fluorescence yield (F,) was
measured under sufficiently low irradiance [1.0 pmol
(photon) m2 s!] in order to prevent the induction of any
significant photosynthetic reaction, and the maximal
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fluorescence yield (F) was determined using a 0.8-s
saturating pulse at 8,000 pmol(photon) m2 s! on dark-
adapted leaves. The maximal efficiency of PSII photo-
chemistry was expressed as Fv/Fr, = (Fm — Fo)/Fin (Maxwell
and Johnson 2000). Meanwhile, the steady-state value of
fluorescence (Fs) was determined, and the second
saturating pulse at 8,000 umol(photon) m?s™! was imposed
to determine the maximal light-adapted (Fy,') fluorescence
level. The actinic light was removed and the minimal
fluorescence level in the light-adapted state (Fo) was
determined after 3 s of far-red illumination. The para-
meters monitored were the actual PSII efficiency [®@psn =
(Fn' — Fg)/Fu'], intrinsic PSII efficiency [F,/Fn' =
(Fm' — Fo')/Fn'], and electron transport rate (ETR = ®Dpgy ¥
PPFD X X 0ycaf), Where PPFD is incident irradiation on the
leaf, fis the fraction of incident radiation absorbed by the
leaf sample (approximately 0.85), aiar is used as the
fraction of excitation energy distributed to PSII (generally
it is assumed to be equally distributed between PSI and
PSII). The photorespiration (Ry) was estimated as
1/12 [ETR — 4 (Pn +Rp)] (Valentini et al. 1995, Salazar-
Parra et al. 2015).

C and N content: The leaves used to measured gas ex-
change were harvested for the determination of C and N
content based on mass (Cm, Nm), and area (C, N,),
respectively. The dry samples were previously ground to
powder, and then 8 mg of samples were stored in tin
capsules for Vario EL III elemental analyser (Elementar
Analysensysteme GmbH, Hanau, Germany) to obtain Cp,
and Ny, [% of DM].

Ca [g m72] = DMleaf X Cm/Aleaf
N'd [g miz] = DMleaf x Nm/Aleaf

where DMiear is leaf dry mass and Ajear is total leaf area.

Chl content: The pigments of 0.2 g of fresh leaves were
extracted in 8 ml of 95% acetone. Chl @ and Chl b contents
were determined spectrophotometrically at 663 and
645 nm with the use of a UV-visible spectrophotometer
(UV-2550 Shimadzu Corporation, Japan). The total Chl
content was calculated as the sum of Chl @ and Chl b (Porra
et al. 1989).

MDA content and leaf water potential (¥w): The
youngest fully expanded leaves (ca. 500 mg) was
homogenized in 6 ml of 10% TCA solution. The
homogenate was centrifuged at 4°C, 4,000 x g for 10 min.
Then, the supernatant of 2 ml was obtained and mixed with
2 ml of 0.6% thiobarbituric acid (TBA). The mixture was
incubated at 100°C in a shaking water bath for 15 min, and
the reaction was terminated by placing the reaction tubes
in an ice-water bath. The samples were then centrifuged at
4°C, 4,000 x g for 5 min. The absorbance of the super-
natant was read at 450, 532, and 600 nm (Hernandez and
Almansa 2002) using a spectrophotometer (UV-2550,
Shimadzu Corporation, Japan). The amount of MDA was
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calculated according to Cakmak and Horst (1991). The leaf
water potential (Ww) was measured with Dewpoint
Potentiometer WP4-T (Decagon Devices, Inc., Pullman,
WA, USA).

Statistical analyses were performed using SPSS 16.0
statistical software (SPSS Inc., Chicago, IL, USA). The
data are presented as the mean with standard error (+ SE)
for each treatment. The differences between the treatments
at the same CO, concentration or watering treatments were

Results

Significant differences in the photosynthetic responses of
S. bungeana to EC and different watering treatments were
detected. EC depressed Px (Fig. 14) and WUE (Fig. 1D)
by an average of 16.2 and 34.9%, respectively, and
promoted gs and C; by 59.9 and 60.7%, respectively
(Fig. 1B,C). Px, gs, and C; showed significantly positive
correlations with the watering treatment, while WUE
showed a negative correlation with watering only under
the CA. EC and adding water both showed significant
stimulation of the dark respiration (Rp) in S. bungeana
(Fig. 1S, supplement available online), however, the

compared using one-way analysis of variance (ANOVA).
The combined effects of the CO, concentration and
watering were tested using two-way ANOVA, followed by
Duncan's multiple-range test. Statistical significance was
determined to be 0.05 unless otherwise noted. The corre-
lations of Py and gs, Px and Ny, Px and F./Fp,, Chl and Ny,
WUE and Wy, Py and Rp+RL, Ny and Wy, Cn and Wy,
MDA and ¥y, Chl and ¥, were tested with linear regres-
sion analysis. The significant differences of the slopes
were analysed with analysis of covariance (ANCOVA).

effects on photorespiration (R.) and F./F, were not
obvious (Figs. 1S, 2), except for F,/Fy, that was signifi-
cantly lower under EC and the +30%W conditions.
Overall, watering and CO, treatments in combination
showed only significant influence on g and C;, watering
or CO, treatments alone showed significant influence on
PN, &8s, Ci, WUE, and RD.

Compared to CA, the S. bungeana grown at EC had a
lower nitrogen concentration based on mass (Ny) and
slightly higher carbon concentration based on mass (Cr)
by —11.6 and +1.55%, respectively (Fig. 34,C). However,
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Fig. 1. Net photosynthetic rate (Pn), stomatal conductance (gs), intercellular CO2 concentration (Ci), and water-use efficiency (WUE)
of Stipa bungeana grown under ambient (390 ppm) and elevated (550 ppm) CO2 concentrations with watering treatments. Values are
mean + SE (n = 3). Different letters above bars denote statistically significant differences between watering treatments at £<0.05 level
according to Duncan's multiple range test under the same CO2 concentration. * — differences between CO; treatments under the same
watering treatment. C — COz effect; W — watering effect; CxW — CO:z and watering effects in combination.
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Fig. 2. Maximal efficiency of PSII photochemistry (Fv/Fm) of
Stipa bungeana grown under ambient (390 ppm) and elevated
(550 ppm) COz2 concentrations with watering treatments. Values
are mean + SE (n = 3). Different letters above bars denote
statistically significant differences between watering treatments
at P<0.05 level according to Duncan's multiple range test under
the same COz concentration. * — differences between CO; treat-
ments under the same watering treatment. C — CO2 effect; W —
watering effect; CxW — COz and watering effects in combination.

EC had a significant influence on Ny, only under the
control and the +30%W conditions, and on Cy, only under
the +15%W. Under EC, the nitrogen concentration based
on area (N,) and the carbon concentration based on area
(C,) both showed higher values under the water stress
conditions and lower values in the well-irrigated plants,
which were not significant (Fig. 3B,D). The carbon
concentration based on mass (Cy) displayed a slight
increase of 1.55% on average under EC, while the increase
was significant only in the +15%W treatment (Fig. 3C).

Discussion

Climate change could affect the physiological behavior of
S. bungeana. The objective of this experiment was to
reveal the influence of climate change (CO, and watering)
on S. bungeana physiological traits, its underlying mecha-
nisms, carbon balance (carbon gain = Py; carbon losses =
respiration) and the adaptability to future climate
conditions. Photosynthetic parameters and other physio-
logical indicators, which were sensitive to one or two or
neither factors to some extent, were used to detect these
differences between plants and environmental stresses.

In general, the effect of elevated CO, concentration on
Py varies depending on the plant functional group and
environment (Ainsworth and Rogers 2007). For C; plants,
a CO; increase can result in higher Py (Salazar-Parra et al.
2015). A meta-analysis of FACE measurements showed an
increment ca. 37% in Py for C; grass at 200 ppm above
ambient CO, (Ainsworth and Rogers 2007). However,
many previous studies have also reported that plants grown
under long-term elevated CO, concentration can exhibit
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Exposure to EC increased the C/N ratio by 16% on average
(Fig. 28, supplement available online); in the control and
the +30%W conditions, the increase were significant. The
Chl and MDA content both decreased ca. 10.5 and 13.4%,
respectively, on average under EC (Figs. 3S, supplement
available online; 44). Nevertheless, EC showed only a
significant effect on the MDA under the —15%W and
control conditions. The Wy, showed an increase of 6.9% in
response to EC, which was not significant (Fig. 48). The
Cm, C/N, and ¥, showed a significantly positive corre-
lation with the watering treatment, while Ny, N,, Chl, and
MDA showed a significantly negative correlation with
watering, while the watering effect on C, was unclear.
Overall, the watering and CO, treatments in combination
showed the only significant influence on the MDA content.
The watering or CO, treatments alone showed significant
influence on Ny, Cm, C/N, Chl, MDA, and ¥, while only
the watering alone displayed an obvious influence on N,.
Across the treatments, Py significantly increased with
increasing gs and F,/Fn, (Fig. 54,C), but it decreased with
increasing Ny, (Fig. 5B). In general, WUE was negatively
correlated with ¥y, under CA (Fig. 6). Overall the ratio of
Pn/R was higher under CA than EC (Fig. 7), indicating the
EC effects on respiration were larger than on
photosynthesis. EC enhanced the influence of N, on Py
compared to CA, while it reduced the g; and F./Fpn,
influence on Px. The Chl content was significantly positi-
vely correlated with Ny, (Fig. 4S, supplement available
online), and EC lowered the correlation, but not signifi-
cantly. N, MDA, and the Chl content were all signifi-
cantly negatively correlated with ¥, (Fig. 84,C,D), while
Cn, was positively correlated with ¥, only at CA (Fig. 8B).
EC promoted the correlation between MDA and Chl with V',
and declined the correlation between Ny, and Cy, with Wy

downregulation (a decreasing photosynthetic potential)
(Long et al. 2004, Crous et al. 2008). We analyzed this
phenomenon from the following perspectives. First,
stomatal limitation mainly results from the closure of the
stomata and the decline of C; (Salazar-Parra et al. 2015).
Our results of gas exchange showed that under EC during
this growth stage, Pn showed average decline of 16.2%,
while g and C; had increments of 60% and 60.7%, on
average, respectively, indicating the photosynthetic
downregulation of S. bungeana did not result from
stomatal limitation. Second, nonstomatal limitation is
mainly ascribed to metabolic limitation, such as N limi-
tation, an imbalance between carbon sinks and sources
(Ellsworth et al. 2004) or a decrease in photosynthetic
capacity (Irigoyen et al. 2014). Leaf nitrogen is usually a
useful parameter for evaluating photosynthetic capacity
(Aranjuelo et al. 2011) and photosynthetic down-
regulation under elevated CO, is often associated with a
decrease in Ny, (Ellsworth et al. 2004, Li et al. 2013). The
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Fig. 3. Nitrogen and carbon concentration based on mass (Nm, Cm) and area (Na, Ca) of the Stipa bungeana grown under ambient
(390 ppm) and elevated (550 ppm) CO2 concentrations with watering treatments. Values are mean + SE (n = 3). Different letters above
bars denote statistically significant differences between watering treatments at P<0.05 level according to Duncan's multiple range test

5

under the same CO> concentration.

— differences between CO: treatments under the same watering treatment. C — COz effect;

W — watering effect; CxW — CO2 and watering effects in combination.

significant decline of leaf Ny, under EC in this experiment,
which might be due to growth dilution and a direct
negative effect on N assimilation (Shi et al. 2015), could
result in a lower Rubisco protein content. Meanwhile, we
found that the leaf Chl content declined under EC (Lewis
et al. 2004). Thus, the photosynthetic downregulation in
S. bungeana may be caused by N limitation, to some
extent. Salazar-Parra et al. (2015) regarded the C/N ratio
as an important indicator of plant source/sink balance, and
the increase of C/N implies the decline of the plant’s sink
capacity for carbohydrate metabolism. In order to balance
C source and sink, elevated CO; concentration reduces Py
and limits the strength of C sink increase (Aranjuelo ef al.
2013). We detected ca. 16% increase in S. bungeana leaf
C/N exposed to EC, indicating the imbalance of carbon
source/sink and confirming the photosynthetic down-
regulation phenomenon. In Cs plants, the most significant
effect of elevated CO; on leaf photosynthetic apparatus is
areduction of the Rubisco content and activity (Long et al.
2004, Vu and Allen Jr. 2009). In our experiment, F./Fp,
experienced a slight decline under EC, suggesting the
change in photochemistry of PSII might be unfavourable

for photosynthesis, and photosynthetic downregulation
might relate to the decline of photosynthetic activity.
Furthermore, respiration can inhibit the potential
photosynthetic activity of plants (Salazar-Parra et al.
2015). In this experiment, EC significantly increased leaf
Rp, especially under restricted water conditions, sug-
gesting the enhancement of S. bungeana respiration contri-
buted to photosynthetic acclimation. Third, the previous
studies on the effects of climate change on S. bungeana
mainly involved perennial seedlings or communities. In
our view, differences existed between annual and
perennial seedlings of S. bungeana in terms of their growth
habit and their responses to climatic change. The roots of
perennial seedlings may be more fibrous and more widely
distributed, and thus might influence the function of the
aboveground plant parts and their sensitivity to climatic
change. Nevertheless, this opinion needs to be confirmed.
Moreover, the EC effects on the physiological traits of
S. bungeana were closely related to the watering
conditions.

In this study, the negative influence of water deficit on
leaf photosynthesis was prominent in S. bungeana. The
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Fig. 4. Malondialdehyde (MDA) content and leaf water potential
(Ww) of Stipa bungeana grown under ambient (390 ppm) and
elevated (550 ppm) CO:2 concentrations with watering treat-
ments. Values are mean + SE (n = 3). Different letters above bars
denote statistically significant differences between watering
treatments at P<0.05 level according to Duncan's multiple range
test under the same COz concentration. * — differences between
COz treatments under the same watering treatment. C — COz
effect; W — watering effect; CxW — COz and watering effects in
combination.

mechanism of leaf photosynthesis responding to watering

(Ghannoum 2009). The role of the two factors on photo-
synthesis was not conclusive, some studies indicated that
stomatal limitation contributed more to the depression of
photosynthesis under drought (Schulze 1986, Marques da
Silva and Arrabaca 2004). von Caemmerer et al. (2004)
suggested the stomata had no effect on photosynthesis
change, and others thought the two factors existed
simultaneously (Kaiser 1987, Flexas and Medrano 2002,
Kauffman et al. 2007, Xu et al. 2011). In the current
experiment, Py and gs (stomatal limitation) showed
significant (P<0.05) positive correlation for both CA and
EC as well as for the change in watering (Fig. 54).
Meanwhile, an extremely significant (P<0.01) positive
correlation between Py and F,/Fp, (PSII activity limitation)
under EC was found (Fig. 5C). Moreover, there was a
significant negative relationship between Py and Ny, (N
limitation) under both CA (P<0.05) and EC (P<0.01)
(Fig. 5B), and we also observed a significant positive
correlation between Ny, and Chl content (Fig. 4S), sug-
gesting the direct negative influence of N, on photo-
synthesis with an increased amount of water available.
Additionally, the decrease of the C/N ratio under drought
conditions confirmed that S. bungeana experienced
problems with adjusting the sink/source balance. These
results suggested that the stomatal and nonstomatal
limitations to carbon assimilation of S. bungeana under
different watering conditions were comparable. There was
no significant interaction between EC and watering on
S. bungeana photosynthesis, which might result from
unfavourable CO, and water supplies for interaction
effects. Generally, watering resulted in significant
differences of the physiological traits in S. bungeana
during this experiment. Gao and Zhang (1997) thought a
10% relative increase in watering was rather small for arid
regions, thus, the effect of increased watering was limited.
However, in the current experiment, we set a wider
watering gradient (from —30% to +30%) that comprised
both decreased and increased water supplies. The above
conclusion confirmed our first hypothesis.

is divided into stomatal and nonstomatal factors Most previous studies reported that elevated CO, could
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Fig. 5. Relationships between net photosynthetic rate (Pn) and stomatal conductance (gs, 4), nitrogen concentration based on mass
(Nm, B), maximal efficiency of PSII photochemistry (Fv/Fm, C) in ambient (full symbols) and elevated (open symbols) CO2 concentration
under different watering treatments. Symbols represent mean + SE (n = 3).
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ameliorate the negative effect of drought and lead to an
improvement in plant water status, and thus maintain
photosynthesis (Vu and Allen Jr. 2009, Streit ez al. 2014).
However, Duan ef al. (2014) did not observe this effect.
Our results showed that under a water deficit condition
(-30%W and —15%W), Px declined by 21.3 and 28.5% on
average, under CA and EC, respectively. Thus, the
negative impact of a water deficit on S. bungeana photo-
synthesis was lesser under CA than under EC, indicating
EC did not ameliorate the negative effect of the water
deficit on photosynthesis in S. bungeana. In this experi-
ment, EC significantly increased gs, which suggested that

S. bungeana might suffer increased water loss at the leaf
level or greater water stress in the future climate. The
mechanism of increased g; at elevated CO, concentrations
remains unclear. Pataki et al. (2000) and LeCain et al.
(2003) attributed this phenomenon to increased soil water
availability under elevated CO, (the increases of the soil
water content ranged from 4.5 to 10.7% in our
experiment). The increased leaf area under elevated CO,
could also potentially explain the increase in gs (Zeppel et
al. 2012) (data not published yet). We also observed that
EC induced a significant decrease in WUE by ca. 34.9%,
which likely resulted from the decrease in Py and increase
in g, or might result from the specific growth period of
S. bungeana. However, given the high variance during the
measurements and the lack of consistent results across the
CO; treatments, we had no strong basis for this conclusion.
Decreased watering caused a significant increase in WUE
and enhanced the drought tolerance, which is in agreement
with previous studies (Wullschleger et al. 2002, Ogaya and
Pefiuelas 2003). Simultaneously, under the CA, WUE was
negatively correlated with ¥, until a lower ¥, threshold
of —2.81 MPa (Fig. 6), which had been reported frequently
(Limousin et al. 2010, 2015; Maseyk et al. 2011), while
under EC there was no obvious relationship between WUE
and ¥v. Moreover, we observed insignificant interactions
with WUE, suggesting that EC was unfavourable to
improve water use of S. bungeana and could not moderate
the negative effects of a water deficit.

The mechanisms of respiration in response to environ-
mental changes can be elaborated from molecular,
biochemical, and physiological aspects (Ryan 1991,
Ellsworth et al. 2004, Leakey et al. 2009, Crous et al.
2011). Meanwhile, the effect of drought on respiration was
also related to the growth rate of plants (Galmés et al.
2007, Giméno et al. 2010): faster-growing species are
often more restricted in respiration than slower-growing
species. However, the responses of leaf respiration to
elevated CO; and drought alone or in combination are
highly variable (Galmés et al. 2007, Gimeno et al. 2010).
This experiment found that Rp was significantly stimulated
by ca. 35.2% under EC, which was consistent with a
previous study (Leakey et al. 2009). Increased watering
alone also had a significant positive impact on Rp;
however, CO, and watering in combination showed no
significant impact. Rp might be affected by increasing
adenylate restriction, which has been attributed to
decreased demand of respiratory products, such as ATP
(Ellsworth et al. 2004, Atkin and Macherel 2009). In this
experiment, there was the increase of MDA (an indicator
of'tissue cell damage) and decline in ¥\, under water deficit
conditions. Thus, we assumed that drought might cause
some damage to cell structure and impact mitochondrial
structure indirectly (Germ et al. 2007), which would then
be reflected in lowered respiration. To some extent, leaf or
plant carbon balance can be determined by
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photosynthesis and respiration (Lawlor and Tezara 2009).
Leaf respiration and photosynthesis responses to climate
changes are crucial to predict the change of plant carbon
exchange with the atmosphere (Crous ef al. 2011) and the
leaf carbon balance (Limousin et al. 2015). Previous
studies indicated that, in general, Pn/R ratio remained in a
steady state under climate change (Cox 2001). However,
some researchers found that the responses of respiration
and photosynthesis are not equal (Ziska and Bunce 1998,
Sanhueza et al. 2015). Our results showed that watering
alone or CO, and watering in combination had no sig-
nificant effect on Pn/R (P=0.273 and 0.638, respectively),
while EC decreased it markedly (P=0.028). From Fig. 7,
the dots below the y = x line imply Pn/R was lower than 1,
which means the leaf carbon balance was negative after the
treatments. These results indicated that EC and drought
effects on respiration were larger than on photosynthesis
and might decrease the fraction of Py converted to plant
biomass (McDowell 2011), therefore carbon losses might
be larger than carbon gains. Thus, the results of the present
study suggest that EC might be unfavourable for the
growth of S. bungeana to some extent. However, consi-
dering the promotion of Py in June (data not published)
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and the larger biomass at the harvest stage (Fig. 58S,
supplement available online) under EC, the CO; effect on
S. bungeana appears to be time-dependent at a smaller
temporal scale (one growing season in this experiment).
Plant growth capacity has a close relationship with
physiological traits, such as N, Cn, Chl content, MDA
content, and Wy. Plant ¥y, is a direct indicator/parameter
for estimating leaf water status and drought can reduce it
(Vogt and Losch 1999), while the effect of EC on Wy
depends on water relations (Valerio et al. 2011). In the
present experiment, drought significantly reduced Wy, and
EC significantly increased 'y, which is in agreement with
the result of the prior study (Sicher and Barnaby 2012).
Our previous analysis indicated that EC did not show the
stimulation effect with differential watering treatments
compared to CA, indicating the adverse effect of future EC
on ¥, in S. bungeana. MDA content is an indicator for the
extent of tissue cell damage under environmental stress
(Munné-Bosch and Alegre 2003, Ogweno ef al. 2008). In
our experiment, drought significantly increased the MDA
content, which is consistent with previous studies (Zhang
et al. 2007), indicating that the water deficit under such
growth condition might have disturbed the intercellular
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redox balance and resulted in oxidative stress. EC led to a
significant decrease in MDA, indicating that EC could
prevent membrane damage to a certain extent. However,
under reduced watering (—30%W, —15%W) conditions, the
MDA content increased 53.3 and 73.4%, on average, with
the CA and EC, respectively. These results indicated that
the compensatory effect of EC to drought was not obvious
and confirmed the conclusion that EC could weaken the
adaptability of S. bungeana to a future warm and dry
climate. Altered photosynthesis due to EC and watering is
closely related to the N, Crm, and Chl contents (Luomala
et al. 2005, Watanabe et al. 2011). Other physiological
traits showed close relationships with ¥, (Fig. 8), which
confirmed the second hypothesis. N, MDA, and Chl all
showed significant negative relationships with plant ¥y,
along watering and CO, change, while C, represented
significant positive relationship with plant Wy, only under
CA, indicating that photosynthesis may be closely related
to water relations under CO» and watering in combination.
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