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Different growth and physiological responses to experimental warming
of two dominant plant species Elymus nutans and Potentilla anserina
in an alpine meadow of the eastern Tibetan Plateau
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Abstract

The effects of experimental warming on the growth and physiology of grass Elymus nutans and forb Potentilla anserina
were studied by using open-top chambers (OTCs) in an alpine meadow of the eastern Tibetan Plateau. The warming
treatment increased mean air and soil surface temperatures by 1.53°C and 0.50°C, respectively, but it reduced soil
relative water content in the surface layer. Experimental warming enhanced the growth and gas exchange of E. nutans,
while it reduced those of P. anserina. Experimental warming resulted in an increased efficiency of photosystem II (PSII)
in E. nutans, while decreasing it in P. anserina; significantly stimulated non-photochemical quenching, antioxidative
enzymes and non-enzymes in both species; and significantly reduced malondialdehyde content in E. nutans, while
promoting it in P. anserina. The results of this study indicated that the two species showed different growth responses to
experimental warming and their different physiological performances further indicated that experimental warming
alleviated the negative effect of low temperature on the growth and development of E. nutans, but limited the
competitive ability of P. anserina in the study region.
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Introduction

Evidence indicated that the global mean surface
temperature of the Earth has increased over last century
by approximately 0.6°C, and the annual mean tempera-
ture will continue to rise at a more rapid rate as a result of
increasing gas concentrations in the coming decades
(IPCC 2007). The stresses of this warming could have
been marked by ecological effects on terrestrial eco-
systems, as well as on individual species, e.g., from the
viewpoints of plant physiology and production (Peters
and Lovejoy 1992).

Plant responses to experimental warming can be due
to direct or indirect temperature effects (Jonasson et al.
1999, Rustad et al. 2001). Some plants will grow better
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than others under a changing climate, and the changes
in the exchanges of mass, energy and momentum
resulting from atmospheric warming will influence the
establishment, survival and reproduction of plants
(Woodward 1992, Loik et al. 2004). Indeed, our initial
results from a warming experiment in the eastern Tibetan
Plateau indicated an increase in soil temperature and a de-
crease in soil moisture content for plots in OTC, and
experimental warming increased the cover degree and
biomass accumulation in the grasses, but reduced them in
the forbs (Shi er al. 2008). Similar responses of different
plant groups to a warming experiment have also been
demonstrated in the Tibetan Plateau (Zhang and Welker
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1996, Zhou et al. 2000) and other cold regions (Harte and
Shaw 1995, Arft et al. 1999, Henry and Molau 1997,
Loik et al. 2000).

Plant physiological processes are highly sensitive to
temperature and plant can acclimate to prevailing
temperature at both short- and long-term temporal scales.
A change in temperature will result in an immediate
alteration of each physiological process (Atkin et al.
2006). Thus, prediction of ecosystem responses to cli-
matic warming in a future world strongly relies on our
understanding of plant physiological acclimation (Zhou
et al. 2007). Acclimation of physiological processes has
been reported in the literature when plants were exposed
to changed temperatures (Edward and Smith 1988,
Battaglia et al. 1996, Loik et al. 2004, Xiong et al. 2000,
Bolstad et al. 2003, Lee et al. 2005, Yamori et al. 2005).
Among physiological parameters, light-saturated photo-
synthetic rate, apparent quantum yield of the photochemi-
cal efficiency of photosystem II and activities of
antioxidant enzymes are temperature-dependent and the
most sensitive parameters in response to global warming

Materials and methods

Study site: The study site (30 x 30 m) was selected in
a livestock-excluded pasture (since 2002) where vege-
tation types and micro-topography were fairly consistent,
located at Kakagou, Songpan County, Sichuan Province
(3,400 m a.s.l., 32°51'N, 103°33'E). The annual mean
August temperature there was 15.38°C. There was no
absolute frost-free period. The annual mean precipitation
was 717.7 mm, of which 80% occurred from May to
October. The soil at the site was typical mountain brown
one. The major plant species in the study site included
some perennial grasses such as E. nutans, Deschampsia
cespitosa and Festuca ovina, and an annual forb Arenaria
serpyllifolia, as well as some perennial forbs such as
P. anserina, Geranium pylzowianum, Thlaspi arvense
and Rumex acetosa.

Experimental design: This experiment followed the
methods of the International Tundra Experiment using
OTCs as a passive warming device to generate an
artificially warmed environment. On March 28, 2006,
five OTCs were installed at the study site, and a control
plot was also established close to each OTC. The OTCs,
which were 1.5 m high (just higher than the highest
plants at the study site) with vertical sides, were
constructed with 3 mm thick translucent Plexiglas. This
material had high solar transmittance in visible
wavelengths (about 90%), and low transmittance in the
infrared (heat) range (<5%). Both the warmed and the
control plots were 1.5 X 1.5 m in size. The distance
between the OTC plots and control plots varied from 3 to
4 m, and the distance between two OTC plots ranged
from 10 to 15 m.
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(Atkin et al. 2005, Xiong et al. 2000, Jarvis et al. 2004,
Xin and Browse 2000). Such acclimation may vary for
functional groups with different evolutionary back-
grounds and survival strategies (Loik et al. 2000). In this
regard, the changes in aboveground biomass accumu-
lation exhibited by grasses and forbs exposed to
a warming manipulation in the eastern Tibetan Plateau
(Shi et al. 2008) lacks a mechanistic explanation.

The present study is an in-depth research based on our
previous work. In the present study, we examined the
different growth responses for the grass E. nutans and
forb P. anserina exposed to experimental warming. The
objective of this study was to identify how the two
species were adapted to the elevated temperature by
different physiological adjustments. The reasons for
choosing the two species included: (/) they belong to two
different functional groups, E. nutans is a graminoid
whereas P. anserina is a forb; (2) they naturally coexist
within our study site; (3) they are two dominant plant
species at the study site (Shi ez al. 2007, 2008).

OTC performance was assessed in situ by simultane-
ous measuring of the air temperature at a height of 15 cm
above ground, soil surface temperature at 5-cm
belowground, soil relative water content at 0—5 c¢cm and
10-15 cm belowground both inside and outside of
randomly selected OTC's. Measurements were taken
continuously at 30-min intervals throughout the experi-
mental period between May and October by alternating
among sensors connected to a data logger (Campbell
AR5, Avalon, USA).

Growth parameters: It is difficult to count the tiller
number of E. nutans, so the biomass of E. nutans was
measured by harvesting five 0.25 m’® square subplots in
each of the warmed and the control plots, and the biomass
of P. anserina was assessed by harvesting 50 individuals
in both the warmed and the control plots (n = 10 per
replicate). The measurements were carried out on August
31, 2008. All the plant samples were oven-dried for 72 h
at 80°C and then weighed.

Physiological measurements: Because of the short
growing season in the study site, which lasts just from the
end of May to the end of September, the biomass
accumulation of most alpine plants reaches and keeps
peak values in late August, and all the physiological and
chemical variables of the plants are relatively stable
during this period. So we measured the physiological and
chemical characters of the two plant species at their
developmental stages once a week starting from August
16 to August 30, 2008 (3 times in total).



GROWTH AND PHYSIOLOGICAL RESPONSE TO WARMING OF ELYMUS NUTANS AND POTENTILLA ANSERINA

Gas exchange: To characterize warming-induced shifts
in carbon acquisition and instantaneous gas exchanges of
the two species, the fully expanded and exposed leaves
were measured between 08:00 and 11:30 h (local time) on
clear days under controlled optimal conditions using an
open-mode portable photosynthesis system (model
LI-6400, Li-Cor, Inc., Lincoln, NE, USA). Three
individuals per replicate were randomly selected for
sampling at each time. A series of five measurements
taken on the same leaf were averaged for each individual,
and the mean value of the three individuals was used as
one replicate for statistical analysis. The photon flux
density (PFD) was maintained at ca. 1,000 = 50 pmol
m? s using the LI-6400 artificial light source, and
temperature was maintained at 15 + 1.5°C, with a relative
humidity of 36-55% inside the leaf chamber during the
measurement. The CO, concentration within the leaf
measurement chamber was maintained at 300 = 10 pmol
mol'. The net photosynthetic rate (Py), transpiration rate
(E), stomatal conductance (g;) and intercellular CO,
concentration (C;) were measured. The resultant net
photosynthetic rates were expressed on a projected leaf
area basis (unit leaf area). After the measurements, the
measured leaves were collected and their projected areas
were determined with a scanner and a UTHSCSA
ImageTool analysis system (University of Texas Health
Science Center, San Antonio, TX, USA).

Px-PAR response curve: All measurements were made
by the same sampling method as described above. The
block temperature was held at 15 + 1.5°C and the relative
humidity was at 36-55%. The response to PAR was
measured at 0, 20, 50, 80, 100, 200, 300, 400, 600, 800,
1,000; 1,200; 1,600; 1,800, and 2,000 pmol m~” s,
respectively. The light-response curve of photosynthesis
was fitted to a nonrectangular hyperbola (Hirose and
Werger 1987):

Px = [@I + Poax— (0 + Py’ — 4010P,10)*°1/20 — Ry

where ¢ is the initial slope of the curve, 7 is the
photosynthetically active radiation (PAR), Py, is the
maximum net photosynthetic rate, ¢ is the convexity, and
Rp is the dark respiration rate. First, from the linear
regression of the photosynthetic rate on PAR at 0-200
umol m?2 s™', @, Rp, and photosynthetic light compensa-
tion point (LCP) were obtained as the slope, y intercept
and x intercept of these regressions, respectively. Then, a
nonrectangular hyperbola was fitted to the whole curve
using the ¢ and Rp values to obtain P, and 6 (Hikosaka
et al. 2004).

Measurements of chlorophyll (Chl) fluorescence: To
evaluate the photoinhibition of the two plant species in
both the OTC plots and the control plots, Chl fluo-
rescence was measured on the same leaves as those used
for gas-exchange measurements, using a modulated
fluorometer (PAM-2100, Walz, Effeltrich, Germany), as

described by Bilger ef al. (1995). The leaves were kept in
clip cuvettes for dark adaptation for 30 min before the
measurements. The intensity of the saturation pulse to
determine the maximal fluorescence emission in the
presence (F,,’) and in the absence (F,) of quenching on
the upper surface of the leaf was 8,000 pmol m*s ™', 0.8 s
duration, whereas the ‘actinic light” was 600 pmol m 2 s "
The minimal fluorescence yield of a dark-adapted sample
(Fp), minimal fluorescence yield of a pre-illuminated
sample (F,’) and actual fluorescence intensity at any time
(F) were measured according to Van Kooten and Snel
(1990). Then the ratio F./F,, (where F, = F, — F) were
determined according to Rosenqvist and van Kooten
(2003), qp = (F’ — F)/(F’ — F¢’), NPQ = F/F,” — 1 and
yield = (F," — F)/F,’ were determined according to
Bilger and Bjorkman (1990).

Assessments of malondialdehyde (MDA): The
concentration of MDA was measured as described by
Heath and Packer (1968). Fresh leaves (0.3 g), five
replicates for each species, were homogenized in 5 ml of
5% trichloroacetic acid (TCA) solution each time. The
homogenate was centrifuged at 4,000 x g for 10 min.
Then, 1 ml of supernatant was mixed with 2 ml 0.6%
thiobarbituric acid (TBA), which was boiled for 10 min
and then cooled at room temperature. The mixture was
centrifuged at 3,000 x g for 15 min and the supernatant
was assayed for the MDA concentration. The absorbance
of MDA was measured at 532, 600, and 450 nm. The
MDA concentration can be estimated by using the
formula C [umol 171] =6.45 (A532 — A6()0) -0.56 A450. The
MDA concentration was expressed as pmol g~'(DM).

Assays of antioxidant enzymes: Fresh leaf samples
(0.4 g), five replicates for each species, were ground in
liquid nitrogen using a mortar and pestle. The ground
samples were homogenized on an ice bath in 4 ml of
single extraction solution containing 50 mM Tris-HCI
(pH 7.0), 1 mM EDTA, 20% glycerin, 1 mM ascorbic
acid (AsA), 1 mM dithiothreitol (DTT), 1 mM gluta-
thione (GSH), and 5 mM MgCl,, and extracted at 4°C
each time. The homogenate was centrifuged at 8,000 x g
at 4°C for 15 min. This method was modified from that
described by Knorzer ef al. (1996) and Lei et al. (2006).
The supernatant was stored in a volume of 0.4 ml at
—70°C for the analysis of antioxidant enzymes. All
experiments were performed at 15°C and completed
within 2 days each time.

Superoxide dismutase (SOD, EC 1.15.1.1): The SOD
activity was measured spectrophotometrically based on
the inhibition in the photochemical reduction of nitroblue
tetrazolium (NBT) (Giannopolitis and Ries 1997),
modified as follows: The reaction mixture contained
50 mM Tris-HCI buffer (pH 7.8), 0.1 mM EDTA, and
13.37 mM methionine. 5.7 ml of the reaction mixture was
mixed with 200 pl 0.1 mM riboflavin (containing 50 mM
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Tris-HCIL, 0.1 mM EDTA, pH 7.8) and 0.1 ml of the
enzyme source. Finally, riboflavin was added and the
reaction was initiated by placing the glass test tubes under
fluorescent lamps. The reaction was terminated after
30 min by removing the test tubes from the light source.
Nonilluminated identical tubes were used as blanks. An
illuminated blank without protein gave the maximum
reduction of NBT, thus, the maximum absorbance at
560 nm. In this assay, 1 unit of SOD was defined as the
amount of enzyme inhibiting the photoreduction of NBT
by 50%.

Catalase (CAT, EC 1.11.1.6): A modification of the
procedure of Aebi (1984) was used to analyze the CAT
activity. The CAT activity was determined by directly
measuring the decomposition of H,O, at 240 nm. The
reaction mixture contained 50 mM Tris-HCl buffer
(pH 7.0) and 0.1 mM EDTA. The amount of 2.9 ml of the
reaction mixture was mixed with 50 pl enzyme solution,
then, 50 pl 750 mM H,0, was added to stimulate the
reaction. The absorbance at 240 nm was read every 30 s.
The CAT activity was followed by decreasing absorbance
between 0.5 and 3 min.

Peroxidase (POD, EC 1.11.1.7): The guaiacol peroxi-
dase (G-POD) activity was measured using a modifica-

Results

Warming effects of OTCs: On average from 2006 to
2008 between May and October, air and soil surface
temperatures were 1.53°C and 0.50°C higher in the OTC
manipulation than in the controls, based on data logger
measurements (Table 1). Experimental warming caused
the decline of soil relative water content at 0—5 cm depth,
and the average values in the warmed plots and the
control plots were 38.92% and 52.44%, respectively.
However, warming manipulation had little effect on soil
relative water content at 10-15 cm depth in the warmed
plots compared to the control plots (Table 1). The

tion of the method of Chance and Maehly (1995). The
assay mixture contained 50 mM Tris-HCI (pH 7.0),
0.1 mM EDTA, 10 mM guaiacol and 5 mM H,0,. Then,
50 pl of the enzyme solution was added to the reaction
mixture, and the reaction was stimulated in a total volume
of 3.0 ml. The changes in the absorbance of the brown
guaiacol at 470 nm between 0.5 and 3.5 min were
recorded for calculating the POD activity.

Ascorbate peroxidase (APX, EC 1.11.1.11): The APX
activity was measured using a modification of the
procedure made by Nakano and Asada (1981). The
reaction mixture contained 50 mM Tris-HCl buffer
(pH7.0), 0.1 mM EDTA and 0.1 mM H,0,. Then,
2.93 ml of the reaction mixture was homogenized with
50l of the enzyme solution, and the reaction was
stimulated by 20 pl of 30 mM AsA (a total volume of
3 ml). The H,0,-dependent oxidation of ascorbate was
followed by a decrease in the absorbance at 290 nm
within 1 min.

Statistical analysis: Data were processed separately for
the two species (Xiao et al. 2003). Standard error (SE) of
each treatment was calculated. To test the temperature
effects, #-test was performed for each species. The SPSS
16.0 for Windows was used for all statistical analyses.

physiological measurements were carried out from
August 16 to August 30, 2008, during which period air
temperature and soil surface temperature both remained
at a steady level at the study site (Fig. 1).

Growth properties: The two species showed different
responses to experimental warming in biomass accumula-
tion compared to the control. Experimental warming
significantly promoted the biomass accumulation of
E. nutans (Fig. 2A4), but significantly reduced it in
P. anserina (Fig. 2B).

Table 1. Mean soil temperature at 5 cm below ground and mean air temperature at 15 cm above ground, mean soil relative water
content at 0—5 cm and 10—15 cm below ground between May and October in the warmed plot and the control plot in 2006 to 2008.

Year Temperature [°C] Soil relative water content [%]
Soil Air 0-5[cm]  10-15 [cm]

2006 OoTC 12.01 8.87 36.17 45.76
Control 1148 7.26 50.34 48.29
Difference 053 1.61 -14.17 -2.53

2007 OTC 12.03 8.73 42.03 53.58
Control 11.56  7.33 55.52 54.18
Difference 046 1.40 —-13.49 —-0.60

2008 OTC 12.27  9.07 38.58 46.22
Control 11.75 7.48 51.46 50.34
Difference 052 1.59 —-12.88 -4.12
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Photosynthetic parameters: Py, E, g, Pm.x, Rp, and
AQY of E. nutans, and LCP of P. anserina significantly
increased in the warmed plots compared to those in the
control plots (Table 2). However, the Py, E, g5, Puax, Rp
and AQY of P. anserina, and the LCP of E. nutans
significantly decreased in the warmed plots compared to
those in the control plots (Table 2).

35
Non-heated (Soil)
30 + Non-heated (Air)

25
20
15

——Heated (Soil)
—— Heated (Air)

Temperature [1C]

15 17 19 21 23 25 27 29 3
Time from 15 August to 31 August 2008 [d]

Fig. 1. Mean soil temperature at 5 cm below ground and mean
air temperature at 15 cm above ground between 15 August and
31 August 2008 in the warmed plot and the control plot.

Chl fluorescence parameters: The two species showed
different responses of F,/Fp, Yield, q, and NPQ in the
warmed plots and the control plots. Experimental
warming significantly increased F,/F,, yield and q, of

Discussion

In any given community, some species will grow better
than others under a changing climate; as a result,
competitive balances will shift, due to changes in species
growth (Alward et al. 1999, Sternberg et al. 1999). In the
present study, the biomass accumulation of E. nutans
exposed to experimental warming significantly increased.
However, the biomass accumulation of P. anserina

40 1.20
_ E. nutans A P. anserina A B —
bl L A T ] =
e 30 090 E
= T % 1 =
w 20 L 4060 °*J
o [
g B g
S 10F 40.30 5
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oTC Control oTC Control

Fig. 2. Effects of experimental warming on biomass
accumulation of E. nutans (A) and P. anserina (B). The values
are means = SE (n =5 per replicates), biomass of P. anserina
was measured by harvesting 10 individuals per replicate. The
treatments (OTC and control) for each species with different
letters are significantly different at P<0.05 according to #-test.

E. nutans (Fig. 34,B,C), and NPQ of P. anserina
(Fig. 3D), but significantly reduced F,/Fy, yield and g, of
P. anserina (Fig. 34,B,C).

MDA and activities of antioxidant enzymes:
Experimental warming significantly suppressed MDA of
E. nutans, but significantly promoted MDA of
P. anserina in the warmed plots compared to that in the
control plots (Table 3). The contents of all antioxidant
enzymes of the two species were increased in the warmed
plots compared to the control plots. Significant increases
in SOD and APX were detected in E. nutans, and
significant increases in SOD, CAT, POD, and APX were
in P. anserina (Table 3).

significantly decreased in the warming treatment. The
results from our study were corroborated with our
previous works (Shi et al. 2008), and also coincided with
some warming experiments carried out in cold-climate
ecosystems; that is, while grasses were particularly stimu-
lated by experimental warming, the effects on forbs were
less pronounced or even negative (Campbell ef al. 1995,

Table 2. Effects of experimental warming on photosynthetic parameters of E. nutans and P. anserina. All the measurements were
done once a week starting from August 16 to August 30, 2008. The values are mean = SE (n = 15 per replicate). Py — net
photosynthetic rate; £ — transpiration rate; g — stomatal conductance; C; — intercellular CO, concentration; Py,,, — maximum net
photosynthetic rate; Rp — dark respiration rate; AQY — apparent quantum yield; LCP — photosynthetic light compensation point. The
treatments (OTC and control) for each species with different letters are significantly different at P<0.05 according to z-test.

Photosynthetic parameters  E. nutans P. anserina

OTC Control OTC Control
Py [pmol m2s™'] 8.86 + 1.44° 7.22 +1.95° 7.46 £1.57° 9.08 + 1.99°
E[mmolm?2s™] 5.16 +0.68° 3.51+0.57° 5.93 £0.74° 6.95 +0.82°
gs [mol m?s ] 0.50 +£0.12° 038+ 0.07° 0.56+0.18° 0.71 £0.10°
C; [umol mol ] 136.48 £ 6.11° 135.72 £ 3.03° 134.88 + 4.49° 138.48 +7.73°
Pinax [pmol m 2 s7'] 10.80 + 1.04° 8.57+0.85° 8.28 £0.93° 10.61 +0.72°
Rp [pmol m 2 s7'] 0.76 + 0.25° 0.58+0.12° 0.87+0.18° 1.05 +0.33
AQY [mol(CO,) mmol™]  0.043 +0.003" 0.027 + 0.003° 0.031 + 0.003° 0.048 + 0.005°
LCP [umol m2 s7'] 17.40 £ 2.26° 21.71 +£3.14° 28.06 £ 2.59" 21.78 £ 1.62°
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Fig. 3. Effects of experimental warming on chlorophyll fluorescence of E. nutans and P. anserina. F,/F;, — maximal PSII efficiency
(A); yield — actual photochemical efficiency of PSII in the light (B); qp, — photochemical quenching (C); NPQ — non-photochemical
quenching (D). All the measurements were done between 09:30 to 12:00 h (local time) after the same leaves had been used for gas-
exchange measurements once a week from August 16 to August 30, 2008. The values are means + SE (n = 15 per replicate). The
treatments (OTC and control) for each species with different letters are significantly different at P<0.05 according to z-test.

Table 3. Effects of experimental warming on MDA and activities of antioxidant enzymes of E. nutans and P. anserina. All the
measurements were done once a week starting from August 16 to August 30, 2008. The values are mean + SE (n = 15 per replicate).
MDA - malondialdehyde; SOD — superoxide dismutase; CAT — catalase; POD — peroxidase; APX — ascorbate peroxidase. The
treatments (OTC and control) for each species with different letters are significantly different at P<0.05 according to #-test.

E. nutans P. anserina
Parameters OTC Control OTC Control
MDA [pmol g”'(DM)] 13.1 +1.41° 15.5+1.32° 29.7 + 1.75° 26.7 +2. 04
SOD [unit mg(protein)] 29.41+538 1929 £3.13°  36.10 £4.29° 23.75 + 4.72°
CAT [nmol(H,0,) mg(protein) min™'] 4753+225%  41.87+4.23%  39837+42.49" 306.14 +23.70°
POD [umol(guaiacol) mg ™' (protein) min™'] 375.15+£25.43" 366.87 +24.05" 60.43 + 8.38" 40.79 + 6.42°
APX [pmol(AsA) mg™' (protein) min™'] 11.21+1.58*  5.62+0.87° 10.55 £ 1.72° 8.23 +1.35°

Dormann and Woodin 2002, Harte and Shaw 1995,
Zhang and Welker 1996, Parsons et al. 1995, Walker
et al. 1994, Gunn and Farrar 1999).

The different growth forms of E. nutans and
P. anserina could be due to their different responses of
Py to experimental warming. In this study, significantly
positive warming effect on leaf Py was observed in
E. nutans. Py responses of the two species to experi-
mental warming explained quite well the warming effects
on their growth. The different growth forms of E. nutans
and P. anserina also could be due to their different
morphologies. While the photosynthetically active bio-
mass of E. nutans was distributed more or less uniformly
over the canopy height, the leaves of P. anserina were
restricted to the lower parts of the canopy close to soil
surface (Shi et al. 2008). Additionally, experimental
warming dried the soil surface layer in our study, and this
may also have contributed to species-specific changes in
growth forms. Plants responded to drought in a number of
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ways, which had been reviewed by Chaves et al. (2002).
Generally, drought had a negative influence on plant
growth (Haupt-Herting and Fock 2002, Shah and Paulsen
2003). P. anserina could not tolerate a hot and dry
environment, which might be one of the reasons why the
growth of P. anserina was hampered in the present study.

The responses of gas exchange to experimental
warming have been shown to vary largely for different
species (Loik et al. 2000, He and Dong 2003, Xiao et al.
2003). In this study, the E, g, Puax Rp, and AQY of
E. nutans significantly increased and the LCP of this
species significantly decreased in the warming treatment.
The results indicated that experimental warming
enhanced the gas exchange of E. nutans. The positive
effects of warming on gas exchange of some plant species
had been reported by other studies (Chapin and Shaver
1996, Bergh and Linder 1999, Loik et al. 2004).
However, the gas exchange of P. anserina significantly
decreased in the warming treatment and this could be
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attributed to the effect of warming on soil drying, which
had been reported by Loik et al. (2000). Giorio et al.
(1999) demonstrated that the decrease of gas exchange
under the condition of water stress owed to the limitation
of stomata or photosynthetic organelles. Based on this
conclusion, we found that the stomatal conductance of
P. anserina significantly decreased in the warming
treatment of this experiment, but its C; was kept almost at
the same level between the two treatments. The findings
suggested that the limitation of photosynthetic organelles
was the key factor which reduced the gas exchange of
P. anserina in the present study.

The in vivo Chl fluorescence provided basic informa-
tion on the functioning of the photosynthetic apparatus,
as well as on the capacity and performance of
photosynthesis. Experimental warming tended to enhance
the PSII efficiency of E. nutans in terms of increases in
Fu/F, yield and q, which were related to higher
excitation energy transferring through PSII, chloroplast
electron transport rate and activity. Our results suggested
that E. nutans showed a stronger adaptability to the
warming treatment. In contrast, experimental warming
impaired the PSII efficiency of P. anserina. Reductions
in PSII efficiency are species-specific and depend upon
temperature and water stress (Valentini et al. 1995). Our
results were in agreement with that of Loik and Harte
(1996), who reported that the effects of warming on soil
drying could result in a loss of excitation energy transfer,
and cause an impairment of the PSII efficiency of plant
species.

In general, various types of environmental stresses
mediated their impacts through oxidative stress caused by
the generation of activated oxygen species, AOS
(Smirnoff 1998), which were highly reactive and toxic
molecules that could cause oxidative damage to
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