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摘要: 理解影响植物分布的式样及过程是生态学研究的中心内容之一, 但对许多物种而言, 限制其分布的

原因还不清楚。为了认识高山栎分布与生理生态特性的关系, 我们在不同海拔的 4个观测点研究了帽斗栎

的光合气体交换、叶氮含量、叶绿素含量和比叶重。由于高的水气压亏缺和气温, 帽斗栎的光合作用和蒸

腾作用在午间表现出明显的降低现象。帽斗栎的饱和光合速率、水分利用效率、最大羧化速率、最大电子

传递速率和氮利用效率在海拔中部比低海拔或高海拔处的为高。不同海拔的叶氮含量在 5月份有差异, 8

月份则没有明显不同。叶片厚度随海拔增加, 但叶绿素含量及光合最适温度随海拔升高而降低。帽斗栎光

合作用的海拔变化与叶片的生化效率和氮含量有关, 而与比叶重无关。研究结果说明, 温度的海拔变化对

高山栎的光合作用和叶性状有明显影响, 最适宜帽斗栎光合碳获取及生长的海拔范围是 3 180~ 3 610 m。
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Abstrac t: Unde rstand ing the pattern and process gove rning the d istr ibu tion is a centra l goal of ecology, yet fo rm any

spec ies the causes of distr ibution lim it a re unknow n. To unde rstand the re la tionsh ip between a ltitudina l d istribution

o f a lp ine oak and ecophysiolog ica l tra it, lea f n itrog en content, chlorophy ll con tent, leaf mass pe r un it area and pho-

tosynthetic g as exchange o fQuercu sguyavifolia w ere investiga ted at four sites a long an altitud ina l grad ient from 2 650

to 3 920 m in theH engduanM ounta ins. Q. guyavifo lia show ed a sign ificantm idday depression in photosynthesis and

transp iration a t a ll sites due to high vapour pressure de fic it and temperatu re. Both in M ay and August, this spec ies

had h ighe r light-saturated photosynthesis, wa ter use effic iency, m ax im um RuBP ra te o f carboxy lation, light sa turated

ra te of e lec tron transport and photosynthe tic n itrog en use effic iency at them idd le a ltitude than at the low est or h ighest

location. Leaf n itrog en content w as d ifferent in M ay am ong altitudes, but rem a ined relative ly constant in August.

Lea f thickness increased w ith a ltitudew hile chlorophy ll content and pho tosynthetic optim um tem perature decreased.

The altitud ina l trend in pho to synthesis o fQ. guyavifo lia cou ld be linked to leaf b iochem ica l effic iency and n itrogen

conten,t but not leaf m ass per un it area. The var ia tion in tem pe ra ture a long the a ltitud inal gradient imposed a con-
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stra int on photosynthes is and lea f tra it. The altitud inal range from 3 180m to 3 610m w ou ld be optim a l fo r the photo-

synthetic carbon ga in and g row th ofQ. guyavifo lia.

K ey words: Quercus guyavifolia; Photosynthes is; Ch lo rophyll fluorescence; Lea f tra its; A lpine env ironm ent; E co-

log ica l adapta tion

Introduction

Every species is lim ited both geog raph ically and

eco log ically to a range of ava ilable hab itats. Under-

standing the pattern and process govern ing the distr-i

bution is a central goal o f eco logy, yet formany spe-

cies the causes of d istribut ion lim it are unknown

( Anger,t 2006) . Th is question is particu larly im-

portant today because o f the po tentia l sensit iv ity o f

distribution boundary of tree to clim ate change ( Bro-

dersen et al. , 2006; Leno ir et al., 2008). Speciesc

altitudina l range lim itmay, in par,t be due to meta-

bolic lim ita tion on grow th that ultimately decreases

surv iva l and lim its reproduct ion ( Anger,t 2006 ),

because a ltitudina l change in env ironments has an

important e ffect on plan t physio logy and morpho logy

(Hovenden and B rodribb, 2000). Prev ious stud ies

show ed that leaf thickness, leaf nitrogen content and

photosynthetic capac ities of alpine plan ts are higher

than those of low land plants (Hu lt ine andM arsha l,l

1999; Cordellet al. , 1999; Q i et al., 2007) . How-

ever, the contradictory data prov ided by several au-

thors ( R ada et al., 1998; Cabrera et al., 1998;

Bowm an et al., 1999) show ed that there is no gen-

eral trend in photosynthesis across altitudes, as the

altitudina l variation in photosynthesis can be caused

by multip le factors, such as env ironmental cond-i

t ion, genetic tra it o f plan,t leaf anatomy and phys-i

ology. It is believed tha t alpine env ironments are

very sensit ive to global changes, but it is unclear

w he ther alpine plants are sensitive to globa l change.

Consequently, the physio log ical ecology, and part ic-

u larly the leaf gas exchange of p lant at h igh altitude,

has attracted increasing attention ( Pelfin i et al.,

2006) . H ow ever, data on the physiological eco logy

of plan ts over a ltitude o f 3 000m is lim ited ( L i et

al., 2006; Zhang et al., 2007), especially for the

alp ine p lants in theHengduanM ountains, located at

the eastern end of the H imalayan range ( L i et al.,

2006). Consequent ly, little is known about the a lt-i

tudinal patterns in ecophysiolog ical traits of alpine

plants at h igh e levations, and how alpine plants

adapt to the ir env ironments in theH engduanM oun-

tains. Th is inform ation is essentia l for understanding

the rich diversity o f species in theH engduanM oun-

tains and pred icting the response to alpine p lants to

clim ate change.

Quercus sec.t H eterobalanus, distributed from a l.t

1 700- 4 800m, is the dom inant component o f ever-

green sclerophy llous oak forests in the Hengduan

M ounta ins, and plays an important role in prevent ing

soil erosion and w ater loss, as w ell as in mainta ining

ecolog ica l stab ility ( Zhou et al., 2003). Their large

ranges o f hab itats across different elevat ions imply a

strong adaptation to different env ironments, and

w ou ld be benefic ia l for understanding the re lat ionsh ip

between a ltitude and ecophysio logical trait o f p lan.t

U sually, evergreen sc lerophy llous oaks occur in

the xerotherm ic zone of the world, but the oaks o f

Quercus Sec.t H eterobalanus are d istributed in the

co ld and moist habitats of theH engduanM ounta ins,

and there st ill rema in obvious xerophytic characters,

such as dense ha irs and low stomatal density ( Zhou

et al., 2003). Temperature is thought to be one o f

the primary determ inants o f species distribution and

grow th a long a lt itudina l grad ients ( Cabrera et al.,

1998; KÊ rner, 1998) . Prev ious stud ies suggested

thatQuercus Sec.t H eterobalanus can adapt to alpine

env ironm ents due to their xero therm ic characters and

unique genet ic structure, and the altitud inal ranges

from 2 400m to 3 600m are the ir optimum distribu-

t ion zone ( Zhou et al. , 2003 ). Zhang et al.

( 2005 ) show ed that pho tosyn thetic capacity o fQ.

pannosa decreases from 3 240m to 4 170 m in the

HengduanM ounta ins, wh ile L i et al. ( 2006) sug-
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gested that near 2 800m altitude is the opt imum zone

for grow th ofQ. aquifolio ides. Obv iously, the phys-i

olog icalmechan isms concerning the alt itud inal distr-i

bution of alpine evergreen sclerophy llous oak in the

Hengduan M ountains have no t been studied suff-i

cient ly, and re levant data are fragmentary.

The photosynthesis and leaf traits ofQ. guyavi-

folia were studied at four sites o f d ifferent a ltitudes

in theHengduan M ountains. The aims w ere ( i) to

character ize the photosynthetic adaptation of alpine

evergreen sclerophy llous oak to env ironmen;t ( ii) to

invest igate the differences in ch lorophy ll conten,t

lea fN content and leaf mass per unit area affecting

photosynthetic perform ance a long the a ltitudina l gra-

dien;t ( iii) to understand the relat ionsh ip betw een

altitudina l distribution o f Q. guyavifo lia and photo-

synthe tic gas exchange and leaf trai.t

Materials and m ethods

M aterial and study sites

The research was conducted at four sites along

an a ltitudinal gradient in theH engduanM ounta ins o f

southwestern Ch ina: site A ( 99b26. 69cE, 28b07. 57c

N ), site B ( 99b34. 90cE, 27b57. 99cN ), siteC ( 99b

36. 81cE, 27b56. 03cN ) and siteD ( 99b39. 77cE, 27b

53. 01cN) at a ltitudes o f 2 650, 3 180, 3 610 and

3 920 m respective ly. As the atmospheric pressure

deceases w ith increasing e levation, the part ia l pres-

sure o f CO2 at siteA, site B, site C and site D are

25. 8, 24. 2, 22. 9 and 21. 9 Pa, respect ive ly. The

long-term c limatic data o f study sites are unava ila-

b le, but the climat ic data in Zhongdian w eather sta-

t ion nearby site B is available. The a ir temperatures

at study sites w ere calcu lated from the a lt itudina l

lapse rate of 7. 1e /1 000m in th is reg ion ( Zhang,

1998). The annua l pa ttern of temperaturew as g iven

in Fig. 1. M ay to October is the ra iny season w ith

87% of annua l ra infa l,l wh ile the dry season occurs

from N ovember toA pri.l The so il at a ll four sites are

brow n so ilsw ith pH values o f 6. 2- 6. 9.

Quercus guyavifolia L�v.l is an evergreen broa-

dlea f tree that occurs in the mountain oak forests or

Fig. 1 Seasonal variation s of air tem peratu re at four study s ites. Based

the clim atic data from Zhongdian w eath er s tat ion nearby site B, the

air temperatures at study sitesw ere calcu lated from the alt itud inal

lapse rate of 7. 1e /1 000m in the H engduanM oun tains

pine-oak m ixed forests at altitudes betw een 2 500m

and 4 000m in southw estern Ch ina. The new leaves

emerge from April toM ay, and are retained for 2- 3

years. The trees b lossom from April toM ay and the ir

fruits ripen betw een October andN ovember. Obser-

vations at four open sitesw ere conducted inM ay and

August 2003. F ive trees of 4 - 5 m height of Q.

guyavifolia were selected at each site for measure-

men ts.

M easurem ent of photosynthesis and chlorophyll

fluorescence

D iurna l gas exchange variations w ere m easured

in M ay 2003. F ive fully expanded leaves from the

upper position fac ing east o f five sampling trees per

site w ere selected from samp ling trees for hourly

measurements from 08: 00 h to 19: 00 h on the clear

days inM ay 17- 20, 2003. Photosynthetic rate (A ),

transp irat ion ra te (E ), stomata l conductance ( g s )

and intercellular CO2 part ial pressure ( C i ) w ere re-

corded using a portab le infrared gas analyser w ith a

lea f chamber type PLC-B ( C IRAS-1, PP System s,

UK ) under amb ient cond it ions. M eanwhile, a L-i

1400 data logger ( L-i Cor, NE, USA ) w as used to

record irradiance and a ir temperature at 1-hour inter-

va.l Leaf and a ir temperature and relat ive hum id ity

w ere used to calcu late lea-f to-air vapour pressure
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def ic it ( VPD) . W ater use effic iency (WUE ) w as

calcu la ted as the rat io betw een A and E.

The pho tosynthetic responses to CO 2, light and

temperaturew ere measured bo th in M ay and August

2003. Pho tosyn thetic responses to pho tosyn thetic

photon flux density ( PPFD) w erem easured by using

a C IRAS-1 infrared gas ana lyser a t amb ien tCO2 par-

t ial pressure and 20e leaf temperature. A fter the

in it ia l measurement at 2 000 Lmo l m
- 2
s
- 1
, PPFD

was decreased to produce 13 subsequen t leve ls at

w hich photosynthet ic rates w ere recorded. D ataw ere

fit by a non-rectangu lar hyperbola ( Pr iou l and Char-

t ier, 1977) . U sing th is function, apparent quantum

effic iency (AQE) and ligh-t saturated pho tosyn thetic

rate ( Amax ) w ere estim ated by Photosyn A ssistant

softw are ( v1. 1, Dundee Sc ientific, UK ) .

Fo llow ing A-PPFD curves, the CO2 responses

of photosynthesis w ere determ ined w ith a range o f

CO2 partial pressure at PPFD of 1 200 Lmo lm
- 2
s
- 1

and 20e . CO 2 was in jected into the c ircu it using

the bu il-t in injection system of the gas analyser. A-f

ter the in itia lmeasurements at ambient part ia l pres-

sure, CO2 partial pressure w as reduced to 0 Pa and

then increased in steps to produce CO2 response

curves. U sing A-C i curves, themax imum carboxy la-

t ion rate by Rubisco ( V cm ax ) and ligh-t saturated e-

lectron transport (Jmax ) w ere ca lculated by Photosyn

A ssistant softw are that app lied the b iochem icalmod-

el of von C aemm erer and Farquhar ( 1981). The in-

terce llular CO2 partial pressures at d ifferent a ltitudes

w ere ca librated according to the d ifferences in a ir

pressure. R elative stomatal lim itat ion ( L s ) of photo-

synthesis, an estim ate o f proportion o f the reduction

in pho tosynthesis attributable to CO2 d iffusion from

atmosphere to in terce llu lar space, w as calcu lated

from A-C i curves using the method of Farquhar and

Sharkey ( 1982) .

The dependence o f photosynthesis on tempera-

ture w as exam ined w ith five fu lly expanded leaves

from five sampling trees using an infrared gas ana ly-

ser betw een 08: 00 h and 11: 00 h in the morn ing.

Leaf temperature w as ad justed using the interna l

heating /coo ling system. M easurements w ere m ade

betw een 10e and 35e at amb ient CO2 partia l pres-

sure and PPFD 1 200 Lmo lm
- 2
s
- 1
. A fter the in it ia l

measurements at 20e , lea f temperature w as re-

duced to 10e and then increased to 35e . E ach

temperaturem aintained 5m in. A second-order po ly-

nom ial equation was used to fit the pho tosynthetic

opt imum temperature (T opt ).

F ive expanded leaves per site w ere selected

from samp ling trees fo r hourly measurem ents from

08: 00 h to 19: 00 h. Ch lorophy ll fluorescence w as

measured on dark-acclimated leaf ( 30m in) w ith a

FM S-2 pulse modulated fluorometer ( H anstech,

N orfo lk, UK ). A fter them inim al fluorescence (F o )

w as determ ined by a w eakmodulated ligh,t A 0. 8 s

saturating light o f 8 000 Lmo l m
- 2
s
- 1
was used to

determ ine themax ima l fluorescence (Fm ) . Then the

lea fw as illum inated by an actinic ligh t of 1 200 Lmo l

m
- 2
s
- 1
. A fter 5 m in, the steady-state fluorescence

(F s ) w as recorded and a second 0. 8 s saturating

light of 8 000 Lmo l m
- 2
s
- 1
was g iven to determ ine

the max imal fluorescence ( Fm c) on the ligh-t accl-i

mated lea.f The fluorescence parame ters w ere ca lcu-

lated as Fv /Fm = ( Fm - F o ) /Fm and 5 PS II = 1 -

F s /Fm c. The second-degree po lynom ia l equation w as

used to assess the relationsh ip between temperature

and chlorophyll fluo rescence.

Leaf traits

Tw enty leaves nearby the leaves used in photo-

synthe ticmeasurements w ere harvested from the up-

per part o f sampling trees. In the labo ratory, leaf ar-

eas w ere measured using a L-i3000A lea f aream eter

( L-i Cor, NE, USA ), and then the leaves w ere

dr ied to a constantm ass at 70e for 48 h to measure

the dry mass and ca lculate leaf mass per unit area

( LMA ). The n itrogen concentration of these leaves

w ere analysed using a Leco FP-428 CHN analyser

( Leco Co rpo ration, M I, U SA ). Leaf n itrogen con-

tent per un it area (N a ) w as calcu lated by lea f N

concentration per unitm ass mu ltiply ing LMA. Pho-

tosynthetic nitrogen use effic iency ( PNUE ) w as ca-l

cu la ted as the ratio betw een Amax and N a. Ch loro-
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phy ll content w as ex tracted from 20 leaf d isk ( 0. 38

cm
2
per d isk) on the leaves nearby the the leaves

used in photosynthet icmeasurements in the sampling

trees w ith N, N-D imethy lfo rmam ide, and stored in

the dark at 4e for 5- 7 days. Ch lorophy ll content

w as ana lyzed w ith a UV-2550 spectrophotome ter

( Sh imadzu, Japan) and calcu la ted using them ethod

of Inskeep and B loom ( 1985).

Statistical ana lysis

S tatist ica l analysis w as performed using SPSS

version 13. 0 ( SPSS Inc. , Chicago, USA ) . D iffer-

ences in leaf morpho log ical and physio log ica l varia-

b les among a ltitudes w ere determ ined using one-w ay

analysis o f variance ( ANOVA ) and LSD test for

multiple comparisons, and betw eenM ay and August

by independent samples -t tes.t

Results

Diurnal of environm ental factors and gas ex-

change

A t all sites, the m ax imum PPFD, temperature

and VPD were observed around 14: 00 h ( F ig. 2 ).

There w as no statist ica l d ifference in average da ily

PPFD among altitudes ( F = 0. 503, P > 0. 05 ).

How ever, both a ir temperature (F = 11. 868, P <

0. 001 ) and VPD ( F = 4. 894, P < 0. 01 ) de-

creased as alt itude increased.

The maxmi um g s occurred in the early morning,

decreased tow ards m idday and increased in the after-

noon ( F ig. 3). The diurnal variat ion o f gs was smi ilar

to that of relative hum id ity ( data not presented), an

opposite trend to VPD. A lthough the gs values of plants

at the altitudes of3 180m and 3 610m were higher than

at the altitudes of 2 650m and 3 920m, there w as no

significan t d ifference (F = 1. 482, P > 0. 05) .

D iurna l variations of E and A o fQ. guyavifolia

show ed a sign ificant m idday depression. The m in-i

mum va lue o f E w as observed around noon, and E

decreased w ith increasing altitude. The averageA o f

5 leaves at a ll sites peaked rapidly after dawn, be-

fo re subsid ing in them idd le o f the day, and reached

max imum values at about 10: 00 h, then reached a

second-peak in the late afternoon ( F ig. 3 ) . The

plants had h igher da ily mean photosynthetic rate at

the a lt itudes o f 3 180m and 3 610m than at the a lt-i

tudes of 2 650m and 3 920 m (F = 3. 173, P < 0.

05). The d iurna l variation of WUE was sim ilar to

A, and the plants at a lt itude of 3 610 m had the

highestWUE among a ltitudes ( F = 8. 015, P < 0.

001) .

Effects of light and temperature on photosynthesis

The photosynthesis o fQ. guyavifolia was satu-

rated around the light intensity of 1 000 Lmo l m
- 2

s
- 1

( F ig. 4) . There was no sign if icant difference in

light compensation point among sites inAugust (F= 0.

574,

P > 0. 05), but the plants at a ltitude of 3 610m in

M ay had lower light saturation po ints than at o ther

three sites (F = 9. 934, P < 0. 01). The photosyn-

thetic

Fig. 2 D iurnal variat ions of photosynthetic photon f lux density ( PPFD),

air tem perature (T a ) and lea-f to-air vapor pressure def icit ( VPD)

on the clear day inM ay 2003. Data arem eans? 1SE ( n= 5)
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Fig. 3 Diu rnal patterns of stom atal condu ctance ( g s ) , transp iration

rate (E ) , net photosyn thesis (A ) and w ater use ef ficiency (WUE)

ofQ. guyav ifolia at am b ien t temperatu re, light intens ity and

CO 2 part ial p ressure in May 2003. E ach point is am ean

of 5m easurem ents. Bars represent? 1 SE

light saturation po int at altitude o f 3 920m was h igh-

er than at other three sites inM ay (F = 19. 954, P

< 0. 001) orAugust (F = 6. 489, P < 0. 05) .

The optimum temperatures for photosynthesis

(T op t ) o fQ. guyavifolia were betw een 18e and 22e

Fig. 4 Photosyn th et ic respon ses ofQ. guyav ifolia to photosynthetic

photon f lux den sity ( PPFD ) at am b ien t CO 2 part ial p ressure and

leaf tem perature of 20e in May ( a) and August ( b ) . Vertical

bars ind icate standard errors ofm ean s for five m easurem ents

at a ll sites inM ay, and betw een 20e and 23e in

Augus.t T op t decreased w ith the increasing a ltitude

both in M ay and August ( F ig. 5). The T opt o fQ.

guyavifolia in August w ere higher than inM ay at all

sites. The temperature range atta in ing above 90%

Amax was reduced w ith increasing altitude. Therew as

a drastic decrease in photosynthesis when lea f tem-

perature w as greater than 25e . The data o f ch loro-
phy ll fluorescence o f Q. guyavifolia at a ll sites w as

analysed together using a second-deg ree po lynom ia l

equation to address the re lationship between ch loro-

phy ll fluorescence and temperature ( F ig. 6) . B e-

tw een 18e and 22e , Q. guyavifolia had h ighest

Fv /Fm and 5 PS II values.

Altitudina l changes in photosynthetic capacity

The ligh-t saturated pho tosyn thesis (Amax ) ofQ.

guyavifolia at them iddle attitudes ( a l.t 3 180m and

al.t 3 610m ) w as h igher at the upper altitude ( a l.t

3 920m ) and low er a ltitude ( al.t 2 650m ) in both

M ay and August ( Tab le 1) . From M ay to Augus,t
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Fig. 5 E ffects of leaf temperature on photosynthes is ofQ. guyav ifolia

at am b ien t CO 2 part ial p ressure and photosyn thet ic photon f lux

dens ity of 1 200Lm olm- 2 s- 1 inM ay ( a) and August ( b) . Vertical

bars ind icate standard errors of m eans for f ivem easurem en ts

F ig. 6 E ffects of tem perature on maxim um photochem ical

efficien cy (F v /Fm ) and quan tum yield of PSII

( 5 PSII ) ofQ. guyav ifolia across all the

trees and all th e sites

Tab le 1 Comparison of photosyn th et ic param eters ofQuercu s guyavifolia at d ifferent altitudes and season s

A ltitud e (m )

2 650m ( site A) 3 180m ( site B ) 3 610m ( site C ) 3 920m ( s ite D) p

M ay 10. 93 ? 0. 43a 13. 27 ? 0. 55b 13. 77 ? 0. 58b 10. 13 ? 0. 43a **

Amax Augus t 11. 70 ? 0. 45a 14. 77 ? 0. 55bc 15. 63 ? 0. 75b 13. 47 ? 0. 66ac **

p n s ns n s *

M ay 0. 031 ? 0. 003a 0. 035 ? 0. 001ab 0. 041 ? 0. 002b 0. 027 ? 0. 002a **

AQE Augus t 0. 033 ? 0. 001a 0. 045 ? 0. 002b 0. 051 ? 0. 003b 0. 038 ? 0. 002a ***

p n s * n s **

M ay 34. 23 ? 1. 53a 39. 03 ? 2. 40ab 44. 57 ? 1. 30b 34. 73 ? 1. 36a **

V cm ax Augus t 36. 73 ? 1. 30a 41. 77 ? 1. 87a 51. 73 ? 2. 87b 36. 37 ? 2. 12a **

Sig. n s ns n s ns

M ay 103. 07 ? 4. 33a 111. 07 ? 4. 27ab 121. 07 ? 4. 22b 89. 33 ? 5. 60a **

Jm ax Augus t 119. 33 ? 5. 18a 130. 67 ? 3. 71a 150. 67 ? 7. 97b 120. 33 ? 5. 55a *

p n s * * *

M ay 3. 01 ? 0. 01a 2. 85 ? 0. 07b 2. 71 ? 0. 02b 2. 56 ? 0. 06g ***

Jm ax /V cm ax Augus t 3. 25 ? 0. 07a 3. 14 ? 0. 11a 2. 91 ? 0. 02a 3. 32 ? 0. 10a ns

p n s ns ** **

M ay 30. 51 ? 1. 62a 19. 55 ? 0. 70 23. 88 ? 1. 33c 24. 29 ? 0. 24c ***
L s Augus t 18. 43 ? 0. 24ab 21. 07 ? 0. 93ab 14. 69 ? 3. 18b 22. 51 ? 2. 19a *

p ** ns n s ns

Data are means? 1SE. S ign if icance: ns, no s ign if ican t d ifference; * P < 0. 05; ** P < 0. 01; *** P < 0. 001. The sam e let ters in a row ind-i

cate no signif icant difference. Am ax, light-saturated photosyn th et ic rate ( Lm olm - 2 s- 1 ) ; AQE, apparen t quan tum eff iciency ( mo lCO 2 m ol
- 1

photon) ; V cm ax, m axim um RuBP satu rated rate of carboxylat ion ( Lm olm - 2 s- 1 ) ; Jm ax, light saturated rate of electron transport ( Lm olm - 2

s- 1 ) ; L s, relat ive stom atal lim itat ion (% )
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Amax increased at all sites, but the increment at the

upper a ltitude w as the h ighest among four sites. The

altitudina l trend in AQE ofQ. guyavifolia was sim ilar

to that ofAm ax.

Pho tosynthet ic parameters from the A-C i curves

also suggested tha t the photosynthet ic capacity ofQ.

guyavifolia at the m iddle altitudes w ere higher than

at the upper and low er altitude ( F ig. 7 and Table

1) . Except for the plants at the low est a ltitude ( a l.t

2 650m ) , Jmax of the p lants at o ther three sitesw ere

low er inM ay than in Augus,t but therew ere no sta-

t istical d ifferences in Vcmax betw een inM ay and Au-

gust at a ll sites. The ratio of Jm ax to V cmax decreased

w ith increasing a ltitude in M ay, but they w ere not

significan tly d ifferent among altitudes in A ugus.t

The plants inM ay had low er Jmax /V cm ax rat io than in

Augus.t

Altitudina l and seasonal trends in leaf traits

H igh-altitude Q. guyavifo lia had low er ch loro-

phy ll content than those at low er altitudes ( Table

2) . The ch lo rophy ll contents o f p lants inM ay w ere

low er than those in Augus.t LMA o fQ. guyavifolia

increased w ith increasing a ltitude. How ever, lea fN

content per unit area (N a ) at a lt itude of 3 610m was

higher than at o ther sites inM ay, but there w as no

significan t d ifference among a lt itudes in A ugus.t

Quercus guyavifolia at low er a lt itudes had higher

PNUE that those at the upper and low er altitude.

F ig. 7 Photosynthetic responses ofQ. guyavifolia to in tercellu lar

CO2 partial pressu re ( C i) at photosynthetic photon flux dens ity

of 1 200Lmo lm - 2 s- 1 and leaf tem peratu re of 20e inM ay

( A) andAugust ( B) . V ert ical b ars ind icate standard errors

ofm eans for five m easu rem ents

Tab le 2 Com parison of leaf traits ofQuercu s guyav ifolia at d ifferen t alt itudes and seasons in theH engduanM oun ta ins

A ltitud e (m )

2 650m ( site A) 3 180m ( site B ) 3 610m ( site C ) 3 920m ( s ite D) p

M ay 40. 48 ? 0. 83a 35. 45 ? 1. 47b 31. 03 ? 1. 41bc 27. 18 ? 1. 02c ***

Ch l Augus t 44. 58 ? 3. 96a 40. 96 ? 2. 36a 36. 44 ? 1. 98ab 33. 77 ? 2. 54b ns

p n s ns n s ns

M ay 215. 5 ? 6. 4a 218. 2 ? 9. 9a 250. 8 ? 7. 7b 253. 3 ? 12. 9b *

LMA Augus t 207. 5 ? 4. 5a 202. 5 ? 5. 2a 239. 6 ? 7. 9b 243. 6 ? 11. 5b *

p n s ns n s **

M ay 2. 533 ? 0. 117a 2. 687 ? 0. 167ab 2. 893 ? 0. 348b 2. 628 ? 0. 207ab *

N a Augus t 2. 467 ? 0. 122a 2. 883 ? 0. 136b 2. 997 ? 0. 268b 2. 863 ? 0. 077b ns

p n s ns n s ns

M ay 4. 320 ? 0. 143ab 4. 960 ? 0. 168b 4. 803 ? 0. 366b 3. 887 ? 0. 195a *

PNUE Augus t 4. 773 ? 0. 349a  5. 127 ? 0. 052ab 5. 260 ? 0. 619b 4. 701 ? 0. 127a *

p n s ns n s *

Data arem eans? 1SE. S ign ifican ce: n s, no sign ifican t difference; * P < 0. 05; ** P < 0. 01; *** P < 0. 001. The sam e letters in a row indicate

no sign if icant d ifference. Ch,l ch lorophyll conten t per un it area ( Lg cm - 2 ) ; LMA, leafm ass per un it area ( gm- 2 ) ; N a, leafN conten t per un it

area ( gm- 2 ) ; PNUE, photosynthetic N u se efficiency ( Lm ol CO 2 g
- 1 s- 1 N )
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D iscuss ion

Diurnal variation in photosynthesis

In the present study, Quercus guyavifolia exper-i

enced a pronounced m idday depression in photosyn-

thesis. Th is was sim ilar to the responses reported for

M editerranean oaksQ. suber andQ. ilex ( Tenhunen et

al. , 1984). The photosynthetic rate o fQ. guyavifo-

lia did not substant ia lly decrease under h igh PPFD

conditions, provided temperature w as favourable

( F ig. 4) . W hen leaf temperature w ent over 25e ,

w hich typically occurred from 11: 00 h to 15: 00 h,

the photosynthesis of Q. guyavifolia decreased dra-

mat ically. The inact ivation of photosynthesis can be

induced by h igh temperature ( Berry and B jÊrkman,
1980) . Present study also prov ided evidence for the

important role o f high temperature on pho tosyn thetic

depression ofQ. guyavifolia atm idday.

Seasonal variation in photosynthesis

In this study, theT op t ofQ. guyavifolia no t only

sh ifted by abou t 1e - 3e higher from M ay to Au-

gus,t bu t a lso decreased w ith increasing altitude ir-

respective o f seasons. The varia tion in g row th tem-

perature can cause a shift in the optimum tempera-

ture o f pho tosynthesis (T opt ), wh ich allow s plants to

perform more effic iently at new grow th temperatures

( Battag lia et al., 1996) . Th is change in optima l

temperature w ou ld be re lated to the change in the

temperature dependence ofRub isco activity asRuBP

carboxylat ion and RuBP regeneration have d ifferent

temperature dependence ( Ish ikaw a et al. , 2007).

Seasonal changes in env ironmental factors had a

significan t effect on photosynthetic capac ity. A t all

sites, the parameters describ ing photosynthetic ca-

pacity in Augustw ere h igher than those inM ay (T a-

b le 1) . Previous study suggested that the change in

the ratio of Jm ax /Vcmax wou ld be responsib le for some

parts o f seasona l changes in photosynthesis. How ev-

er, the response of the Jmax /Vcmax ratio to temperature

w as d ifferent among species ( Onoda et al., 2005).

The Jm ax /Vcmax rat io of Q. guyavifolia increased w ith

grow th temperature wh ich ind icated the re lative pro-

portion of Jmax in the pho tosynthet ic prote ins de-

creased under low-temperature cond itions. The re-

duct ion in Jmax ind icated that the photosynthetic elec-

tron transport o f Q. guyavifolia in M ay and at the

high-a lt itude sites w ou ld be lim ited by co ld stress.

Altitudinal patterns in photosynthesis and leaf traits

Th is study show ed that Q. guyavifolia grow ing

at a ltitudes o f 3 180m and 3 610m disp layed higher

photosynthetic capac ity (Amax ) than at altitudes o f

3 920m and 2 650m. A ngert ( 2006) suggested tha t

tw oM imulus spec ies attain the g reatest biomass,

photosynthetic rate and effect ive quantum y ield o f

PSIIwhen g rown under temperature characteristics o f

the altitud inal range centre. The h ighestAmax o fP i-

nus sy lvestris is found in them idd le parts o f the dis-

tribution and decreased tow ards bo th ends o f the

transect ( Luoma, 1997) . Prev ious studies show ed

that leafN conten t (N a ) inM etrosideros p olymorpha

increased from sea leve l to tree line ( Cordell et al.,

1999), but leaf N content per unit area in seven

popu lations o fF rasera speciosa did not change w ith

altitude along a 1 700 m gradient ( Bowm an et al.,

1999). ForQ. guyavifo lia, the plants had higherN a

at them idd le a ltitude than at the low er and upper a-l

t itude inM ay, butN a remained relatively constant in

Augus.t The photosynthet icN use efficiencies at the

m iddle altitudes w ere h igher than at the upper and

low er altitude. A ltitudina l variation o fN a appeared

to be large ly attributab le to variation in LMA

( KÊ rner and D iemer, 1987) , but the LMA o fQ.

guyavifolia was not co rrelated w ithN a and Amax. A n-

other reason w as that p lants w ith h igher LMA lim ited

the supp ly o f CO 2 to ch lo roplast site because the di-f

fusive path in thicker lea f became longer ( Kao and

Chang, 2001) .

The gs o fQ. guyavifolia at altitudes o f 3 180m

and 3 650m were higher than those at a ltitudes o f

2 650 m and 3 920 m. H ow ever, Kum ar et al.

( 2005) found that the stom atal conductance increa-

ses w ith a ltitude. A ccording to the data from A-C i

response curves, photosynthet ic rate of Q. guyavifo-

lia was lim ited like ly by stomata l lim itation, since

the temperatures at different elevat ions dramat ica lly
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affects CO 2 diffusion and the ratio of ch loroplast CO 2

partial pressure to ambient CO2 part ia l pressure ( Sh i

et al., 2006) .

Severa l authors suggested that temperature is

likely to be critical for the lim itation on grow th, car-

bon balance, resource usage and reproduction

( KÊ rner, 1998; C av ieres et al., 2000 ). Zhou et

al. ( 2003) suggested that sclerophy llous oaks have

the h ighest species richness in the a lt itud inal range

from 2 400 and 3 600m. Q. aquifolioides has higher

genet ic variability at altitudes o f 2 400- 3 300m ( L i

et al. , 1998 ) . In th is study, the plants of Q.

guyavifolia at the m idd le a ltitudes had h igher CO 2

assim ilat ion rate than at low er a lt itude and h igher a-l

t itude. In the optimum d istribut ion range, alpine

oaks have higher resource use efficiency ( Zhang et

al., 2007). By contrary, the unfavourable env iron-

ments at the low o r high alt itudes w ou ld lim it carbon

assim ilat ion, g row th and surv ival of plants ( Zu et

al., 1998).

Compar ison of ecophysiological traits ofQ. guyav-

ifolia w ithM editerranean oaks

U sually sclerophy llous oaks are d istr ibuted in

the xero therm ic reg ions, butQ. guyavifo lia occurs in

the relat ive ly co ld habitats in the Hengduan M oun-

tains. M orpholog ical and genetic ev idences sugges-

ted that alpine evergreen sclerophyllous oaks in the

HengduanM ounta ins have closely phylogenetic re la-

t ionship w ith M ed iterranean oaks ( Zhou et al.,

2003). Present study show ed that the pho tosyn thetic

capacity andWUE ofQ. guyavifolia were sim ilar to

those o f M ed iterranean oaks, but the latter had a

low er LMA ( Gratani et al., 2000). LMA ofQ. ilex

was higher in the co lder sites (Ogaya and Pe�ue las,

2007) . W e speculated that low er temperature in the

Hengduan M ountains reduced leaf extension of Q.

guyavifolia and resulted in th icker leaves.

Compared w ith the result of G ratan i et al.

( 2000) , theT opt ofQ. guyavifo lia was low er than that

ofM editerranean oak ( 18e - 23e vs 25e - 30e ).

Q. sem icarpifolia, another a lp ine oak in theHengduan

M ounta ins, can resist temperature down to - 15e

( Saka,i 1981). The photosynthetic adaptat ion ofQ.

guyavifolia to low temperature cou ld be conf irmed by

fluorescence analysis, as F v /Fm and 5 PSII can be

used as the sensitive indicators of plant photosynthet ic

performances (M axwe ll and Johnson, 2000). Both

Fv /Fm and 5 PS II of Q. guyavifolia were h igher be-

tw een 18e and 22e , and deceased above 25e rap-

id ly. This indicated that Q. guyavifolia is w ell adap-

ted to low temperature rather than h igh temperature.

In conclusion, a ltitude had an important effect

on leafmorpho logy and physiology o fQ. guyavifolia.

LMA increased w ith a ltitude wh ile chlorophyll con-

tent decreased. The h ighestAmax were found at m id-

dle a ltitude. Th is altitud inal trend in photosynthesis

may be linked to b iochem ica l efficiency andN a. The

altitudina l range from 3 180 to 3 610m wou ld be op-

t imal for the photosynthet ic carbon ga in and grow th

ofQ. guyavifolia. These results would be benefic ia l

for understanding the re lationsh ip betw een a lt itudina l

distribution of alp ine oak and ecophysio log ical traits.
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