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Abstract The paper mainly studied the short-term influ-

ences of experimental warming, nitrogen addition, and their

combination on physiological performance of P. tabulae-

formis seedlings. Free air temperature increase system of

infrared heaters was used to raise monthly average soil and

air temperature by 2.6 and 2.1 �C above the ambient.

NH4NO3 solution was added for a total equivalent to

25 g N m-2 a-1. Experimental warming and nitrogen

addition induced a significant increase in leaf nitrogen

concentration, Amax, U, antioxidant enzymes activities, ASA

and free proline contents, but both of them sharply decreased

AOS and MDA level. Interestingly, the interaction of

warming and nitrogen fertilization further improved leaf

nitrogen concentration, Amax, U, and antioxidant compounds

accumulation, and also resulted in lower rate of O2
- pro-

duction than either single warming or fertilization. Obvi-

ously, the beneficial effects of warming and N fertilization

alone on leaf physiology of P. tabulaeformis seedlings were

magnified by the combination.

Keywords Soil warming � Nitrogen fertilization � Pinus

tabulaeformis � Leaf nitrogen content � Photosynthesis

Abbreviations

Amax Maximum rate of photosynthesis

AOS Active oxygen species

APX Ascorbate peroxidase

ASA Ascorbic acid

CAT Catalase

H2O2 Hydrogen peroxide

LCP Photosynthetic light compensation point

U Apparent quantum yield

LMR Leaf mass ratio

MDA Malondialdehyde

O2
- Superoxide radical

POD Peroxidase

Rd Dark respiration rate

SLA Specific leaf area

SOD Superoxide dismutase

UF Unwarmed fertilized

UU Unwarmed unfertilized

WF Warmed fertilized

WU Warmed unfertilized

Introduction

Increasing concentrations of CO2 and several other radi-

atively active gases have the potential to induce global

warming. It is estimated by IPCC (2007) that the average

global surface temperature will increase by 2–4.5 �C above

the pre-industrial levels by 2100. The expected rapid

change of climate is likely to affect growth, morphology,

and physiology of plants. Previous studies showed that

growth, photosynthesis, leaf N content, and biochemical

reaction of plants were directly and indirectly influenced by

warming (Hansen et al. 2006; Tegelberg et al. 2008). On

the other hand, nitrogen deposition is another crucial

environmental change, and it is seriously affecting terres-

trial and aquatic ecosystems. Nitrogen also acts as one of
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the key resources likely to regulate plant responses to cli-

mate warming (Lewis et al. 2004).

Substantial efforts are made to study ecological and

biological effect of climate warming and nitrogen deposi-

tion on plant growth and physiology (Nakaji et al. 2001;

Pérez et al. 2005; Larssen et al. 2006; Han et al. 2009). It is

generally accepted that warming always promotes plant

photosynthetic capacity in cold regions (Han et al. 2009).

Similarly, nitrogen load usually be helpful for photosyn-

thesis of trees unless the amount of available N in forest

soil exceeds the requirement for tree growth (Yao and Liu

2006). Leaf photosynthesis is closely related to leaf N

content, and high leaf N content always improves plant

photosynthesis (Brown et al. 1996). On the other hand,

active oxygen species (AOS) metabolism was also closely

related to photosynthesis (Foyer et al. 2002). When

absorbed light energy could not be exploited by photo-

synthetic machinery, AOS were always synthesized and

accumulated by plant. Accumulation of AOS can attack

membrane lipids, cause oxidized fatty acid reaction prod-

ucts like malondialdehyde (MDA), and disrupt normal

metabolism (Benson and Bremner 2004). In order to con-

trol AOS, antioxidant defense systems composed of both

enzymatic and non-enzymatic antioxidants are developed.

AOS and antioxidant defense systems are deeply affected

by environment, such as temperature and nutrient status

(Ahmad and Hellebust 1988; Tegelberg et al. 2008).

Antioxidant systems, reactive species and MDA are

important aspects of plant physiology, which likely influ-

ence photosynthesis and plant growth, but in previous

studies, little attention had been paid to these aspects.

Therefore, our study would be helpful to understanding the

combined effects on conifer tree species.

Warming and nitrogen deposition are expected to

increase simultaneously in the future. In recent years, a few

studies concerning the combinative effects of warming and

N addition on soil microorganism, nitrogen mineralization,

carbon sequestration, and plant have been done (Mäkipää

et al. 1999; Majdi and Öhrvik 2004; Flury and Gessner

2011). However, the interactive effects of warming and

nitrogen deposition on plant physiology, such as photo-

synthesis, leaf nitrogen, especially AOS metabolism are

poorly understood.

Tibetan Plateau and its surrounding subalpine ecosys-

tems are susceptible to climate change, so the future

climate warming and nitrogen deposition must bring great

influences on the subalpine coniferous forest, especially on

seedlings (Wang 2004). Pinus tabulaeformis is an impor-

tant species in the southeast of the Qinghai-Tibetan Plateau

of China, and widely used in reforestation programs at

present. Our previous study shows that warming and

nitrogen addition increase plant growth, and their combi-

nation further promote growth of P. tabulaeformis

seedlings (Zhao and Liu 2009). We hypothesize that

warming combined with nitrogen will be more helpful to

leaf physiology than warming and nitrogen alone. Changes

in leaf morphology, N concentration, photosynthesis and

antioxidant metabolism were studied in P. tabulaeformis

seedlings in order to better understand the mechanisms of

plants to adapt to nitrogen deposition and global warming

in the subalpine forest ecosystems in the Eastern Tibetan

Plateau.

Materials and methods

Experiment design and plant material

The experiment was conducted outdoors during the growing

season from April to October 2007 in Maoxian Ecological

Station of Chinese Academy of Sciences, Sichuan Province,

China (31�410N, 103�530E, 1,820 m a.s.l.). Mean annual

temperature, precipitation and evaporation are 8.9 �C,

900 mm, and 795.8 mm, respectively. Experiment design

followed Zhang et al. (2005) using 165 cm 9 15 cm

overhead infrared heaters (Kalglo Electronics Inc., Bethle-

hem, PA, USA) to generate a warmed environment. There

were four blocks, and each block contained a pair of

2 m 9 2 m plots (a warmed plot and a control plot). The

warmed plot was continuously heated by an infrared heater

suspended 1.5 m above middle of the plots. The control plot

of each pair had a ‘dummy’ heater of the same shape and

size as the infrared heater suspended 1.5 m high in order to

simulate the shading effects of the heater. The distance

between the control plot and the warmed plot was 6 m in

order to avoid heating the control plot.

Each 2 m 9 2 m plot was divided into four 1 m 9 1 m

subplots, and indigenous soil of the plots until the depth of

50 cm was replaced by the sieved topsoil from a forest.

PVC pipes (20-cm diameter and 50-cm depth) were buried

vertically in each subplot ground for planting experimental

seedlings. In March 2007, 320 healthy uniform 2-year-old

P. tabulaeformis seedlings were selected based on the plant

height, basal diameter, and fresh weight (16.89 ± 0.25 cm,

3.62 ± 0.45 mm, 7.95 ± 0.42 g, respectively) in a local

tree nursery, and randomly transplanted into PVC pipes

(ten seedlings in each subplot). The seedlings grown in two

diagonal subplots in each plot were weekly watered with

200 ml 2.7 mM ammonium nitrate solution (for a total

equivalent to 25 g N m-2 a-1) to the soil surface of the

PVC pipes, and seedlings in the other two subplots were

watered with the equivalent water. Nitrogen amount was

based on previous studies (Nakaji et al. 2001; Yao and Liu

2006).

Artificial warming and nitrogen addition was conducted

from 15 April to 15 October 2007. During the experimental
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period, infrared heaters were continually powered on for

24 h 1 day, and seedlings were watered frequently as

needed. The infrared heaters significantly increased both

mean air (at 20 cm aboveground) and soil (at 10 cm

depths) temperature of warmed plots by 2.1 and 2.6 �C

above those of control plots (Fig. 1), respectively, and the

warming effects of infrared heaters over the soil surface

were equal (Zhao and Liu 2009; Loik and Harte 1997).

Infrared heaters did not significantly change the average

soil moisture between warmed plots and control plots

(Fig. 1). The four treatments in this study were: (1)

unwarmed unfertilized (UU); (2) unwarmed fertilized

(UF); (3) warmed unfertilized (WU); (4) warmed fertilized

(WF).

Specific leaf area (SLA) and total leaf nitrogen content

Current-year needles of two randomly selected seedlings

within each subplot were collected in June 2007, and the

needles were then mixed for a composite sample for the

following determination. The mean value of two composite

samples of each treatment from the same block was used as

a replicate for statistical analysis.

Needles were digitally scanned into a personal computer

and then analyzed with a UTHSCSA ImageTool analysis

system to determine the leaf areas. These needles were

dried at 70 �C for 48 h to determine the dry weight. Then

dried needles were ground and analyzed for total needle

nitrogen concentration by the Kjeldahl method using an

automatic total N analyzer (Kjeltec 2200, Nils Foss,

Denmark). SLA and area-based nitrogen concentration

were derived based on the measured data.

Photosynthetic parameters

Light-response curve was measured on fully expanded,

exposed current-year leaves under controlled optimal

conditions using an open-mode portable photosynthesis

system (Model LI-6400, Li-Cor, Inc., Lincoln, NE, USA)

to characterize warming and nitrogen fertilization induced

shifts in carbon acquisition in June 2007. Response to PAR

were measured at 0, 20, 50, 80, 100, 200, 300, 400, 600,

800, 1,000, 1,200, 1,600, 1,800, and 2,000 lmol m-2 s-1

using the 6,400 artificial light source and temperature was

held at 25 �C and the humidity at 40 % during the mea-

surements. The light-response curve of photosynthesis was

fitted with a non-rectangular hyperbola (Hirose and Werger

1987):

Pn ¼
UI þ Pmax � UI þ Pmaxð Þ2� 4UIhPmax

h i0:5

2h
� Rd

where Pn is the net photosynthetic rate, U is the initial

slope of the curve, I is the photosynthetic photon flux

density (PPFD), Pmax is the light-saturated rate of photo-

synthesis, h is the convexity and Rd is the dark respiration

rate. First, from linear regression of the photosynthetic rate

on PPFD at 0–200 lmol m-2 s-1, U, Rd, and LCP were

obtained as the slope, y-intercept and the x-intercept of

these regressions, respectively. Then, a non-rectangular

hyperbola was fitted to the whole curve using the U and Rd

values to obtain Pmax and h (Hikosaka et al. 2004). Each

individual per subplot were randomly selected for deter-

mination and the mean value of two individuals for each

treatment within the same blocks was used as the replicate

for statistical analysis. After the measurements, the
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measured leaves were collected and the projected leaf area

was measured as described above. The photosynthetic

parameters are based on the projected leaf area.

Leaf sampling

On 28 June 2007, fully expanded current-year needles were

randomly selected from four seedlings within each subplot,

and then mixed for a composite sample for the following

physiological determination. The mean value of two

composite samples of each treatment from the same block

was used as a replicate for the statistical analysis.

The rate of superoxide anion radical (O2
-) production,

hydrogen peroxide (H2O2) and malondialdehyde

(MDA) content

The rate of superoxide radical production (O2
-) was

measured as described by Ke et al. (2002), by monitoring

the nitrite formation from hydroxylamine in the presence of

O2
-. With 1.5 ml of 65 mM potassium phosphate (pH 7.8),

0.5 g samples were ground and centrifuged at 5,0009g for

10 min. Then, 0.5 ml of the supernatant was incubated

with 0.45 ml of 65 mM phosphate buffer (pH 7.8) and

0.5 ml of 10 mM hydroxylamine hydrochloride at 25 �C

for 20 min. After incubation, 8.5 mM sulfanilamide and

3.5 mM a-naphthylamine were added to the incubation

mixture. After reaction at 25 �C for 20 min, the absorbance

in the aqueous solution was read at 530 nm. A standard

curve with NO2
- was used to calculate the production

rate of O2
- from the chemical reaction of O2

- and

hydroxylamine.

Hydrogen peroxide (H2O2) was determined as described

by Prochazkova et al. (2001). 0.5 g needles were homog-

enized with 5 ml cooled acetone in a cold room (10 �C),

filtered and then mixed with 2 ml titanium reagent and

5 ml ammonium solution to precipitate the titanium–

hydrogen peroxide complex. Reaction mixture was cen-

trifuged at 10,0009g for 10 min and precipitate was

dissolved with 5 ml 2 M H2SO4. The above mixture was

re-centrifuged and supernatant was read at 415 nm.

The thiobarbituric acid (TBA) test was used to deter-

mine the lipid peroxidation. 0.5 g needles were ground

with 5 ml of 20 % (w/v) trichloroacetic acid (TCA) and the

homogenate was centrifuged at 3,5009g for 20 min. Then

2 ml of the aliquot of the supernatant was mixed with 2 ml

of 20 % TCA containing 0.5 % (w/v) TBA and 100 ll 4 %

(w/v) butylated hydroxytoluene in ethanol. The mixture

was heated at 95 �C for 30 min and then quickly cooled on

ice. The contents were centrifuged at 10,0009g for 15 min

and the absorbance was measured at 532 nm. The value for

non-specific absorption at 600 nm was subtracted. The

concentration of MDA was calculated using an extinction

coefficient of 155 mM-1 cm-1. Results were expressed as

n mol g-1 FW.

Antioxidant enzymes activities

Needles (1.0 g) were homogenized under ice-cold condi-

tions in 3 ml of extraction buffer [50 mM phosphate buffer

(pH 7.4), 1 mM EDTA, 1 g (polyvinylpyrrolidone) PVP

and 0.5 % (v/v) Triton X-100]. The homogenates were

centrifuged at 10,0009g for 30 min at 4 �C, and the

supernatant was used for the following assays.

Superoxide dismutase (SOD) activity was determined

according to the method of Becana et al. (1986). One unit

of SOD activity was defined as the amount of enzyme

required to cause 50 % inhibition of nitro blue tetrazolium

(NBT) reduction, measured with a scanning spectropho-

tometer (Unicam UV-330, Thermo Spectronic, England,

UK) at 560 nm.

Peroxidase (POD) activity was based on the determi-

nation of guaiacol oxidation (extinction coefficient

26.6 mM-1 cm-1) at 470 nm by H2O2 (Ekmekci and

Terzioglu 2005). The reaction mixture contained 50 mM

potassium phosphate buffer (pH 7.0), 20. 1 mM guaiacol,

12.3 mM H2O2, and enzyme extract in a 3 ml volume.

Catalase (CAT) activity was determined by measuring

the decrease in absorption at 240 nm in a reaction solution

of 50 mM potassium phosphate buffer (pH 7.2), 10 mM

H2O2 and 50 ll enzyme extract (Kato and Shimizu 1987).

CAT activity was calculated using the extinction coeffi-

cient (40 mM-1 cm-1) for H2O2.

Ascorbate peroxidase (APX) activity was measured

using fresh extracts by measuring the reduction of ascorbic

acid (ASA) after oxidization by APX in the presence of

H2O2 (Nakano and Asada 1981). The reduction of ASA

was obtained by reading the absorbance decrease at

290 nm (extinction coefficient 2.8 mM-1 cm-1).

Soluble protein content was determined followed by

methods of Bradford (1976), using bovine serum albumin

as a calibration standard.

The content of proline and ascorbic acid (ASA)

The free proline content was determined according to the

method described by Bates et al. (1973). 1 g needles were

homogenized using a pestle and mortar with 5 cm3 of

sulfosalicylic acid (3 % w/v). After centrifugation (5 min

at 20,0009g) 0.5 cm3 of the supernatant was incubated at

100 �C for 60 min with 0.5 cm3 of glacial acetic acid and

0.5 cm3 of ninhydrin reagent. After cooling, 1 cm3 of tol-

uene was added to the mixture and the absorbance of the

chromophore containing toluene was recorded at 520 nm.

ASA was determined as described by Hodges et al.

(1996). Current-year needles (0.5 g) were homogenized in
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5 ml of cold 5% (w/v) m-phosphoric acid and centrifuged

at 10,000g for 15 min. About 300 ll of supernatant was

incubated for 5 min in a 700 ll total volume of 100 mM

KH2PO4 and 3.6 mM EDTA. Color was developed with

400 ll of 44 % o-phosphoric acid, 400 ll of 65 mM a,

a0-dipyridyl in 70 % ethanol, and 200 ll of 110 mM FeCl3.

The reaction mixtures were then incubated at 40 �C for 1 h

and quantified at 525 nm.

Statistical analysis

Two-way analysis of variance (ANOVA) was used to

detect the effects of warming, N fertilization and their

interactions. Individual treatment means were compared

with Duncan’s test to identify whether they were signifi-

cantly different at the 0.05 probability level. Because

sunlight, wind, temperature, rain and soil type of the four

blocks were uniform, the block effects on determined

parameters were not significant (data not shown). There-

fore, we did not emphasize the block effect in the present

study. All statistical analyses were carried out using the

software for Statistical Package for the Social Sciences

(SPSS Inc., Chicago, IL, USA), version 10.0.

Result

SLA

All treatments significantly changed SLA of the seedlings,

but no significant interaction between warming and N

fertilization was observed. SLA was clearly decreased by

warming, whereas nitrogen addition significantly increased

SLA (Fig. 2). SLA of seedlings treated with the combi-

nation of warming and N fertilization was lower than that

of seedlings with UU and UF treatment, but it was higher

than that of seedlings with WU treatment (Fig. 2).

Leaf nitrogen content

Warming and N addition had significant effects on area-

based leaf nitrogen content of seedlings (Fig. 2). WU and

UF treatment significantly increased N concentration and

WF treatment further increased leaf nitrogen concentration

(Fig. 2).

Photosynthetic properties

Analyses of repeated measures indicated that artificial

warming had significant effects on all of the measured

photosynthetic parameters (Fig. 3). Warming induced

greater Amax, U, LCP, and Rd of P. tabulaeformis seedlings

compared with the control (Fig. 3). Nitrogen addition also

significantly increased Amax and U, but did not obviously

affected LCP and Rd of seedlings (Fig. 3). Though no

significant interactive effects of warming combined with N

fertilization on any one of these properties was observed,

WF treatment further increased Amax and U of the seedlings

than warming or N fertilization alone (Fig. 3).

AOS and MDA contents

Artificial warming induced oxidative decline, the level of

H2O2 and O2
- remarkably reduced by warming, N fertil-

ization and the combination (Fig. 4). On the other hand,

warming, N fertilization and the combination also resulted

in clear reduction in MDA content (Fig. 4). Moreover,

compared to warming and N fertilization alone, the com-

bination further decreased the rate of O2
- production and

MDA concentration.

Antioxidant defense systems

Warming clearly increased SOD activity and the contents

of ASA and free proline (Fig. 5). N fertilization
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significantly affected SOD, POD, APX, ASA and free

proline, resulting in higher activities of these antioxidant

enzymes and more content of the two antioxidants (Fig. 5).

WF treatment induced greater contents of ASA and proline

than WU and UF treatments.

Discussion

Warmer temperature might increase leaf thickness,

cause greater tissue density in leaf, and consequently

reduce SLA of plant (Pandey et al. 2007). Similarly, SLA
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of P. tabulaeformis seedlings was remarkable reduced

by experimental warming (Fig. 2). However, SLA of

P. tabulaeformis seedlings was significantly increased by N

fertilization, which was well agreed with the result of

Knops and Reinhart (2000). In their study, higher SLA

induced by nitrogen addition could enhance the above-

ground competition of plant species for light (Knops and

Reinhart 2000). No previous study focused on interaction

of warming and N fertilization on SLA of plant leaves.

Because the effects of warming and N fertilization on SLA

of P. tabulaeformis seedlings were contrary, and might

compensate each other, the combinative effect was not

significant on SLA. In addition, SLA of P. tabulaeformis

seedlings under WF treatment was lower than that of

seedlings under UU treatment, probably due to the negative

effect of warming is higher in absolute value than the

positive effect of N fertilization on SLA.

Leaf N content was often enhanced by N addition due to

higher soil N availability (Hobbie et al. 2001; Cao et al.

2008). Leaf N content of P. tabulaeformis seedlings was

increased by N fertilization regardless of warming. It was

reported that warming increased mineralization of the

forest floor and N availability in soil solution leading to

higher N level in leaf tissue (Van Cleve et al. 1990).

Consistent with the previous result (Tingey et al. 2003),

leaf N concentration of P. tabulaeformis seedlings was

clearly increased by warming. The positive effects of

warming and nitrogen addition on leaf N concentration

were magnified by the combination, resulting in increased

accumulation of nitrogen in leaves of P. tabulaeformis

seedlings (Fig. 2).

Light-response curve and their resulting coefficients,

obtained within physiological characterization of gas

exchanges at the leaf level, may be important tools for

simulation models aimed at the prediction of potential plant

behavior in response to environmental conditions (Avola

et al. 2008). Warming was reported to increase the activity

or the amount of Rubisco, and provide more optimal

temperature conditions for photosynthesis (Wang et al.

1995). It is also reported that most of the nitrogen is used

for synthesizing components of the photosynthetic appa-

ratus, and net assimilation rates increase linearly with leaf

N concentration (Sugiharto et al. 1990; Brown et al. 1996).

Consistent with the previous studies (Wang et al. 1995;

Chen et al. 2005), warming and N fertilization significantly

increased Amax and U in P. tabulaeformis seedlings
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Fig. 5 Effects of elevated

temperature and N fertilization

on a SOD, b POD, c CAT and

d APX activities, and e ASA

content, f free proline content of

P. tabulaeformis seedlings. The

bars with different letters are

significantly different from each

other (P \ 0.05). Values are

means of four replicates ± SE.

W experimental warming effect,

F N fertilization effect,

W 9 F the interactive effect of

warming and N fertilization. NS
not significant at the level of

P = 0.05, significant at the

level of *P = 0.05, significant

at the level of **P = 0.01,

significant at the level of

***P = 0.001
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(Fig. 3). Compared to the WU and UF treatment, the WF

treatment induced higher Amax and U of P. tabulaeformis

seedlings probably due to the highest leaf N concentration

among all treatments. Therefore, it was possible that arti-

ficial warming combined with N fertilization further

improved carbon acquisition and light utilization of

P. tabulaeformis, with a consequent greater increase in the

dry matter (Fig. 6; Zhao and Liu 2009).

Soil warming generally increased the value of light

compensation point (LCP) in literature (Wang et al. 1995).

Similarly, our results also implied that warming was

favorable for improving LCP of P. tabulaeformis. On the

other hand, both the WU and WF treatment significantly

increased Rd of needles, due to a direct effect of temper-

ature on respiratory enzymes or changes in leaf morphol-

ogy and structure (Farrar and Williams 1991; Zha et al.

2002).

Photosynthetic capacity has great influences on AOS

and the scavenging system (Foyer et al. 2002). Nitrogen

nutrition can improve light reaction and dark reaction of

photosynthetic organization, and reduce deoxidization

capacity (Xiao et al. 1998). In this experiment, warming

and nitrogen addition significantly reduced AOS and MDA

level in needles of P. tabulaeformis seedlings (Fig. 4). The

combination of warming and N fertilization induced the

lowest level of O2
- probably due to high photosynthetic

capacity, since photosynthesis could consume light energy

in order to prevent the generation of AOS (Foyer et al.

2002). Our result suggested warming combined with N

addition was more favorable for alleviating the risk of

natural oxidative damage than the single treatment.

Tegelberg et al. (2008) reported that antioxidant

enzymes activities could be increased by warming in order

to balance and control the oxygen toxicity. In the present

study, except SOD activity, the activities of determined

antioxidant enzymes were not significantly changed by

warming, suggesting that elevated soil and air temperature

by about 2 �C could not induce oxygen toxicity and

alternation in most of the antioxidant enzymes. On the

other hand, the activities of SOD, POD and APX of

P. tabulaeformis seedlings were enhanced by nitrogen

supply regardless of environmental temperature (Fig. 5).

Similar result was also observed by Yao and Liu (2006),

and the activities of SOD, POD, CAT and APX in needles

of P. asperata seedlings were higher at the presence of N

addition.

ASA and proline could function as a hydroxyl radical

scavenger to prevent membrane damage and protein

denaturation (Ain-Lhout et al. 2001; Burkey et al. 2006).

Present study showed that warming significantly increased

the contents of ASA and free proline (Fig. 5). Schonhof

et al. (2007) also reported that warming stimulated the

accumulation of ASA in broccoli. However, in another

study, free proline content in wheat seedlings was

decreased by warming (Öncel et al. 2000). The different

results were likely attributed that deferent species respon-

ded differently on proline accumulation to environmental

temperature (Öncel et al. 2000). Similar to Sánchez et al.

(2002), seedlings with nitrogen supply had higher proline

content, because it was a nitrogen-storage compound and

the synthesis and accumulation of proline could be stimu-

lated by nitrogen supply (Ahmad and Hellebust 1988). The

combination of warming and nitrogen fertilization further

increased the contents of proline and ASA than warming or

N fertilization treatment alone (Fig. 5). These results fur-

ther confirmed that climate warming combined with N

fertilization might be more favorable for plant antioxidant

defensive system, and providing plants with an advantage

in response to potential environmental stress.

In conclusion, the leaf morphology of P. tabulaeformis

seedlings was differently changed by warming and nitrogen

addition. The warmer condition significantly reduced SLA

of the seedlings regardless of nitrogen treatments. In con-

trast, nitrogen addition increased SLA under both the

control and warmed plots. Our results also suggested that

the combination of warming and N fertilization (WF) fur-

ther increased leaf nitrogen content and photosynthetic

ability (Amax and U), compared to these parameters of P.

tabulaeformis seedlings under UF and WU treatments. In

addition, the WF treatment also caused greater content of

two important antioxidants (proline and ASA) and the

lower rate of O2
- production. Thus, we conclude that

future warming combined with N deposition will further

improve the photosynthetic capacity and reduce the risk of

oxidative damage of plant, at least in a short term.
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