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Abstract The aim of this study was to assess the tem-

perature response of photosynthesis in rubber trees (Hevea

brasiliensis Müll. Arg.) to provide data for process-based

growth modeling, and to test whether photosynthetic

capacity and temperature response of photosynthesis

acclimates to changes in ambient temperature. Net CO2

assimilation rate (A) was measured in rubber saplings

grown in a nursery or in growth chambers at 18 and 28�C.

The temperature response of A was measured from 9 to

45�C and the data were fitted to an empirical model.

Photosynthetic capacity (maximal carboxylation rate,

Vcmax, and maximal light driven electron flux, Jmax) of

plants acclimated to 18 and 28�C were estimated by fitting

a biochemical photosynthesis model to the CO2 response

curves (A–Ci curves) at six temperatures: 15, 22, 28, 32, 36

and 40�C. The optimal temperature for A (Topt) was much

lower in plants grown at 18�C compared to 28�C and

nursery. Net CO2 assimilation rate at optimal temperature

(Aopt), Vcmax and Jmax at a reference temperature of 25�C

(Vcmax25 and Jmax25) as well as activation energy of Vcmax

and Jmax (EaV and EaJ) decreased in individuals acclimated

to 18�C. The optimal temperature for Vcmax and Jmax could

not be clearly defined from our response curves, as they

always were above 36�C and not far from 40�C. The ratio

Jmax25/Vcmax25 was larger in plants acclimated to 18�C.

Less nitrogen was present and photosynthetic nitrogen use

efficiency (Vcmax25/Na) was smaller in leaves acclimated to

18�C. These results indicate that rubber saplings accli-

mated their photosynthetic characteristics in response to

growth temperature, and that higher temperatures resulted

in an enhanced photosynthetic capacity in the leaves, as

well as larger activation energy for photosynthesis.

Keywords Maximal carboxylation rate �
Maximal light-driven electron flux � Net CO2 assimilation

rate � Optimal temperature � Temperature acclimation

Introduction

Temperature is an important factor affecting photosynthe-

sis, and understanding the temperature response of

photosynthesis is a prerequisite for modelers to predict the

responses of canopies to global climate change. The
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biochemical photosynthesis model of Farquhar et al. (1980)

is widely used to describe responses of photosynthesis to

environment. This model captures photosynthesis with two

major parameters: the maximal carboxylation rate (Vcmax)

and the maximal light-driven electron flux (Jmax). These

two parameters are influenced: (1) by leaf structure and

chemistry, particularly by leaf nitrogen content (Harley

et al. 1992; Niinemets and Tenhunen 1997; Le Roux et al.

1999; Niinemets et al. 1999b) and (2) by leaf temperature

(Leuning 1997; Walcroft and Kelliher 1997; Niinemets

et al. 1999a; Dreyer et al. 2001; Medlyn et al. 2002a, b).

Vcmax and Jmax vary widely among species (Wullschleger

1993; Dreyer et al. 2001; Medlyn et al. 2002a) and within

species according to growth conditions (Berry and Björk-

man 1980; Ferrar et al. 1989; Bunce 2000).

Growth temperature can induce acclimation of photosyn-

thesis, e.g., change the photosynthetic capacity or the

temperature response of photosynthesis, or both (Bunce 2000;

Medlyn et al. 2002a; Onoda et al. 2005a, b; Yamori et al. 2005;

Atkin et al. 2006b; Kattge and Knorr 2007; Sage and Kubien

2007). Plants are thought to acclimate to the growth temper-

ature to achieve efficient photosynthesis at the new

temperature (Berry and Björkman 1980; Sage and Kubien

2007). The potential for acclimation to different growth tem-

peratures probably differs among species (Atkin et al. 2006b),

but the amount of data in support of this remains scarce.

This scarcity is more evident for tropical tree species

(Kattge and Knorr 2007). In general, photosynthesis in

tropical species operates without irreversible damage

between 15 and 45�C (Sage and Kubien 2007, and refer-

ences therein). Rubber (Hevea brasiliensis Müll. Arg.) is a

tropical economic tree crop, planted mainly in south-east

Asia. Rubber tree plantations are currently expanding to

non-traditional areas such as Northern and Northeastern

Thailand, Yunnan in China or Mato Grosso in Brazil, where

trees encounter more extreme (cold and hot) temperatures.

Environmental conditions such as temperature influence the

growth of rubber and latex yield (Raj et al. 2005, and ref-

erences therein). Alam et al. (2005) showed that rubber

trees can acclimate to different agro-climatic conditions,

under colder and warmer climates. However, little is known

about net CO2 assimilation rate of rubber leaves in a wide

range of temperatures, covering both hot and potentially

cold temperature in new plantation areas. Moreover, data

necessary to assess temperature acclimation of photosyn-

thesis using Farquhar’s model in rubber trees are lacking.

To understand how photosynthesis responds and accli-

mates to growth temperature in rubber tree, following

questions were addressed:

1. What is the temperature response of net CO2 assim-

ilation rate (A) of rubber grown in a nursery in

Thailand and in a growth chamber at 28�C?

2. Does photosynthetic capacity as described by the

model parameters Vcmax, Jmax at a reference temper-

ature of 25�C change after an acclimation to different

growth temperatures?

3. Does the temperature response of A and of Vcmax and

Jmax as described by optimal temperature and activa-

tion energy change with growth temperatures?

These questions were answered with: (1) data from an

experiment with saplings of rubber trees grown in a nursery

at ambient temperature in Thailand for which A was

measured over the range 23–45�C; (2) data from an

experiment with saplings of rubber trees grown in a growth

chamber at 28�C in France for which A was recorded over a

temperature range 9–38�C; and (3) data from an experi-

ment with saplings of rubber tree acclimated to 18 or to

28�C in a growth chamber in France for which A–Ci curves

were measured at six different leaf temperatures from 15 to

40�C, to assess changes in photosynthetic capacity with

growth temperature.

Materials and methods

Experiments were conducted on rubber (Hevea brasiliensis

Müll. Arg.) with intact, fully expanded, 1–2 months old

leaves. Gas exchange was measured with a portable pho-

tosynthesis system (LI-6400, LI-COR, Lincoln, Nebraska,

USA) equipped with a blue–red LED light source (LI-

6400-02B) and CO2 injection system (LI-6400-01).

Experiment 1: temperature response of net CO2

assimilation rate of rubber saplings grown in a nursery

in Thailand

Budded scions of rubber were planted in 50 l pots filled

with Pakchong soil series composed of sand (24.5%), silt

(6.3%), clay (69.2%) and organic matter (2.7%). All plants

were grown in a nursery under natural conditions at the

Department of Agronomy, Faculty of Agriculture, Ka-

setsart University, Bangkok, Thailand (latitude: 13.85�N,

longitude: 100.75�E). Ambient temperature, relative air

humidity and PPFD were recorded with a WatchDog model

900ET Weather Station (Spectrum technologies, Inc).

Mean ambient temperature, relative humidity and daily

photosynthetic photon flux density varied between 27 and

38�C, 20–90%, 10–1,600 lmol m-2 s-1, respectively,

during the study period.

All plants were irrigated daily. Temperature response of

net CO2 assimilation rate (A) was measured during 2006,

between 23 and 45�C, on one leaf of four 3-month-old

saplings. To reach the lowest temperatures, ambient air was

cooled down with a custom air-temperature control system
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constructed at Kasetsart University during 2005. The

cooling system consisted of an air conditioner and an air

blower installed inside a closed container. Temperature of

the control system was set between 17 and 30�C. Leaf

temperature was increased gradually with 1–2�C steps

between 23 and 45�C. Photosynthesis measurements were

logged after 15–20 min stabilization at each temperature

step. Measurements were made under saturating photo-

synthetic photon flux density (PPFD, 1,200 lmol m-2 s-1)

and ambient CO2 mole fraction of 380 lmol mol-1.

Experiment 2: temperature response of A of a rubber

sapling grown in a growth chamber

One 3-month-old rubber sapling was obtained from the

Michelin Company at Clermont-Ferrand, France. It was

grown in a 33 l pot filled with a 1/2 (v/v) mixture of peat

and clay soil, and acclimated during 2 months (2006) in a

growth chamber at PIAF, INRA, Clermont-Ferrand,

France. The growth chamber was set at 28�C, 12 h pho-

toperiod, 250 lmol m-2 s-1 PPFD at leaf level and 80%

relative humidity. The sapling was watered and fertilized

two–three times a week with 1.5 l, 20/20/20 N/P/K Plant-

Prod (Plant Products Co. Ltd., Ontario, Canada) at

0.5 g l-1.

Temperature response of photosynthesis was recorded

on six leaves at 1–2�C intervals between 9 and 38�C. The

growth chamber was set at 10 ± 1, 20 ± 1 and 32 ± 1�C

for leaf temperature ranges 9–16, 17–25 and 26–38�C,

respectively. At each temperature step, photosynthesis

measurements were logged after 5–10 min stabilization

under a saturating PPFD of 1,200 lmol m-2 s-1 and an

ambient CO2 mole fraction of 350 lmol mol-1.

Experiment 3: temperature response of A, Vcmax and

Jmax of rubber saplings acclimated to different

temperatures

The experiment was performed during 2007 at PIAF,

INRA, Clermont-Ferrand, France. Four potted 3-month-old

rubber saplings obtained from Michelin Company were

grown in 33 l pots filled with a 1/2 (v/v) mixture of peat

and clay soil and continuously drip-irrigated in a green-

house, under 28/20�C (day/night), relative humidity of

80% (day/night) and natural PPFD in the greenhouse at

Blaise Pascal University, Clermont-Ferrand, France during

2 months before the experiment.

Temperature acclimation treatment

The saplings were transferred from the greenhouse to two

growth chambers at 18 and 28�C, respectively, for at least

3 weeks acclimation before measurements. Conditions

were: 12 h photoperiod at constant temperature during day

and night, PPFD at leaf level ca. 250 lmol m-2 s-1, and

80% relative humidity. Saplings were watered every day

and fertilized two–three times a week as in experiment 2.

CO2 response curves

CO2 response (A–Ci) curves were measured at leaf tem-

peratures (±0.5�C) of 15, 22, 28, 32, 36 and 40�C, except

in one case where the two highest temperatures resulted

in complete stomatal closure. PPFD was set at

1,200 lmol m-2 s-1 except at 22, 28 and 32�C for the

saplings acclimated to 18�C where PPFD was set at

800 lmol m-2 s-1 as light saturation level declined.

A–Ci curves were recorded at each temperature by

transferring the saplings from the acclimation growth

chamber to a third growth chamber used only for mea-

surements, under similar micro-environments except for

temperature. The saplings and LI-6400 system were kept

for at least 1 h for equilibration at the new temperature

before performing gas exchange measurements. The plant

was moved back to the acclimation chamber after the end

of measurement sequence each day.

A–Ci curves started from an ambient CO2 concentration

of 360 lmol mol-1. The measurement was recorded when

net CO2 assimilation rate (A) and stomatal conductance (gs)

stabilized, after about 20–30 min. External CO2 was set in

10–14 steps from 360 to 50 lmol mol-1 and from 360 to

1,400–1,800 lmol mol-1 to obtain Ac (A limited by RuBP

carboxylation) and Aj (A limited by RuBP regeneration).

Stomatal conductance decreased quickly at high CO2 and

values of A were discarded whenever gs was less than

0.040 mol m-2 s-1. The same leaf was measured at all

temperatures and four to five leaves were used per tree.

At the end of the experiment, leaves were harvested.

Chlorophyll content was assessed with a portable chloro-

phyll meter (SPAD-502; Konica Minolta Sensing, Inc.,

Osaka, Japan). Leaf area was measured with a leaf area

meter, LI-3100A (LI-COR Inc., Lincoln, NE, USA).

Leaves were dried at 70�C for 48 h. Leaf mass per area

(LMA) was calculated from measurements of leaf area and

dry weight. Leaf carbon and nitrogen were analyzed with

an elemental microanalyser (Carlo Erba, model EA 1108,

Milano, Italy).

Data analysis

Temperature response of net CO2 assimilation rate

The response curves to temperature of net CO2 assimilation

rate at ambient CO2 concentration were fitted by non linear

least squares regression with an empirical model (June

et al. 2004), Eq. 1:
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P Tð Þ ¼ P Topt

� �
e�

Topt�T

X

� �2

ð1Þ

where Topt is the optimal temperature (�C), T is the leaf

temperature (�C), X is the shape parameter, P(T) and

P(Topt) are the values of the parameter of interest (net CO2

assimilation rate) at ambient and optimal temperature,

respectively.

CO2 response curves fit and estimation of apparent Vcmax

and Jmax

A–Ci curves were fitted according to the Farquhar’s model

(Farquhar et al. 1980; Farquhar and von Caemmerer

1982; Harley and Tenhunen 1991), by non-linear least

squares regression (Dreyer et al. 2001), assuming infinite

internal conductance (gi), i.e., the partial pressure at car-

boxylation sites equals that in substomatal cavities. The

parameter set from Bernacchi et al. (2001), suitable for

A–Ci curve fitting with infinite gi, was used. The fitting

procedure yielded therefore estimates of apparent Vcmax

and Jmax (Ethier and Livingston 2004). An attempt to fit

A–Ci curve to a model with a finite gi allowing to

simultaneously fit Vcmax, Jmax and gi as described in

Ethier and Livingston (2004) induced large uncertainties

in the parameters; the resulting estimates were therefore

discarded.

Temperature response of photosynthetic model parameters

(Vcmax and Jmax)

Temperature responses of the parameters were modeled

according to the Arrhenius equation:

P Tð Þ ¼ P Trefð Þe
Ea
R

1
Tref
�1

T

� �

ð2Þ

where P(T) is the parameter of interest, Tref is the reference

temperature of 25�C (298.15 K), P(Tref) is the parameter of

interest at reference temperature, Ea is the activation energy

(J mol-1), R is the gas constant (8.314 J K-1 mol-1) and T is

the leaf temperature (K).

The response curves of photosynthetic parameters

(Vcmax, Jmax) were fitted with the Arrhenius function

(Eq. 2) by weighted non linear least squares fit. Data

points, i.e., estimates of apparent Vcmax or Jmax at each

measurement temperature were weighted by the reciprocal

of their estimation variance obtained from the fit of A–Ci

curves.

Leaves on a single sapling were regarded as pseudo-

replicates, and there were two saplings per treatment, i.e.,

two real replicates. In order to test acclimation effects, the

estimates from all saplings and leaves were pooled into one

single fit, using dummy variables for each sapling and leaf,

following the procedure described in Dreyer et al. (2001),

as to obtain an estimate of the parameter (Vcmax or Jmax) at

25�C for each leaf and an estimate of activation energy for

each sapling 9 acclimation temperature combination. It is

therefore assumed that leaves from the same individual

under the same acclimation temperature share identical

activation energies. Then an analysis of contrasts was

performed for testing specific hypotheses.

A similar procedure using dummy variables and pooled

data was used in experiment 2 for fitting the empirical

temperature model and deriving optimal temperature (Topt)

and net assimilation rate at optimal temperature (Aopt), here

assuming the same optimal temperature and shape param-

eter for all leaves of an individual.

Results

Temperature response and acclimation of net CO2

assimilation rate (A)

The standardized values A/Aopt displayed the temperature

response presented in Fig. 1. Optimal temperature (Topt)

was similar in plants grown at 28�C in a growth chamber

(experiments 2 and 3) or at higher but variable temperature

([27�C) in Thailand (Table 1). Topt and Aopt were lower in

saplings acclimated to 18 than to 28�C. X was also lower in

plants grown at 18�C, indicating a narrower peak in the

temperature response, i.e., A decreased steeper around the

optimal temperature. There was no difference between the

two trees within each treatment.
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Fig. 1 Example of temperature response of net CO2 assimilation rate

(A) relative to values at optimal temperature (Aopt) of six leaves

grown in a growth chamber at 28�C. Leaf temperature ranged from 9

to 38�C. A was measured at an ambient CO2 mole fraction of

350 lmol mol-1. Different symbols represent different leaves
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Temperature response and acclimation

of photosynthetic capacity

Examples of temperature responses of apparent Vcmax and

Jmax are displayed in Fig. 2. The estimates at 40�C were

discarded from the temperature adjustment as they already

deviated from the increasing trend, demonstrating that the

temperature optimum was probably below but close to

40�C. The number of points describing the decline was too

small for an accurate estimate of the deactivation energy or

the entropy terms needed to account for deactivation at

high temperature (Niinemets and Tenhunen 1997; Dreyer

et al. 2001; Medlyn et al. 2002a). It was therefore assumed

that only negligible deactivation occurred at temperatures

below 36�C. The optimal temperature of Vcmax and Jmax for

saplings grown at both temperatures was therefore not

estimated but it may be safely assumed it was notably

above 36�C.

Values of photosynthetic capacity at a reference temper-

ature (25�C, Vcmax25 and Jmax25) were significantly lower

under the lower growth temperature (Table 2) and the dif-

ference was approximately 50%. The activation energy of

Vcmax and Jmax was larger in the individuals acclimated to 28

than to 18�C (Table 2). An example of the temperature

response of the ratio of Jmax to Vcmax in saplings is shown in

Fig. 3. The ratio decreased as expected with increasing

temperature. The ratio of Jmax25 to Vcmax25 was higher in the

individuals acclimated to 18 than to 28�C (Table 2).

Leaves of individuals acclimated to 18�C turned out to

be less green and displayed smaller chlorophyll content per

Table 1 Mean ± SE (nursery, n = 4 saplings; exp (experiment) 2, n = 6 leaves; exp 3, n = 2 saplings 9 4–5 leaves) of optimal temperature

for net CO2 assimilation rate (Topt) of rubber saplings acclimated to different temperatures (Tgrowth), of the shape-coefficient of the temperature

response (X) and of net CO2 assimilation rate (A) at Topt (Aopt)

Exp 1 Exp 2 Exp 3

Nursery Growth chamber Growth chamber

Tgrowth (�C) 27–38 28 18 28

Topt (�C) 29.4 ± 0.1 27.8 ± 0.1 25.0 ± 0.4a 30.3 ± 0.3b

X 18.1 ± 0.3 19.2 ± 0.2 17.1 ± 1.0a 21.5 ± 0.7b

Aopt (lmol m-2 s-1) 10.1 ± 0.02 9.0 ± 0.2 5.3 ± 0.1a 9.2 ± 0.1b

Different superscript letters within indicate statistically different values at P \ 0.001 using contrast analysis. The three experiments are

described in the text
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Fig. 2 Examples of

temperature response of (a)

Vcmax (expressed as Vcmax

relative to Vcmax25) and (b) of

Jmax (expressed as Jmax relative

to Jmax25) in rubber acclimated

to 18 or to 28�C. The values of

Vcmax and Jmax were estimated

by fitting the temperature

response functions to A–Ci

curves obtained at six different

temperatures. Vcmax and Jmax

were estimated at six different

temperatures ranged from 15 to

40�C and normalized to the

mean value at 25�C (Vcmax25

and Jmax25; n = 4–5 leaves).

Different symbols represent

different leaves
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unit leaf area as indicated by the SPAD values. LMA was

higher in plants grown at 18 than at 28�C. Nitrogen content

(Nm) was significantly smaller in plants grown at 18�C

(Table 2). Photosynthetic nitrogen use efficiency (PNUE)

expressed as Vcmax25/Na and Jmax25/Na, where Na is the leaf

nitrogen content per unit leaf area, was significantly

smaller in saplings grown at 18�C (Table 2).

Discussion

Temperature acclimation

A period of temperature acclimation of at least 3 weeks (to

18 and 28�C) as used in the present study for young and

fully expanded leaves was sufficient to induce significant

differences in photosynthesis and in its responses to tem-

perature in our rubber saplings. Earlier studies reported that

acclimation of the photosynthetic apparatus requires a

period of days or weeks (Berry and Björkman 1980, and

references therein).

Temperature response and acclimation of net CO2

assimilation rate and photosynthetic capacity

In general, optimal temperature for net CO2 assimilation

rate (A) is around 30�C for tropical species (Mason et al.

2001). In the present study, optimal temperature (Topt) for

A changed at different growth temperatures. Topt for A of

rubber saplings grown in a nursery as well as in a growth

chamber at 28�C was in the range 27–33�C as reported in

earlier studies (Rao et al. 1998, and references therein).

Rubber saplings grown at lower temperature displayed a

lower optimal temperature for A. This result is in agree-

ment with many earlier results (Slatyer, 1977a, b; Slatyer

and Morrow 1977; Berry and Björkman 1980; Ferrar et al.

1989; Yamori et al. 2005; Hikosaka et al. 2006) showing

that plants do acclimate their physiology so that optimal

temperature for A becomes closer to growth temperature.

The potential of photosynthesis acclimation to temperature

varies among species. For example, winter wheat (Triticum

aestivum L. cv Norin No. 61) had an extremely high

potential for temperature acclimation of photosynthesis, as

the optimal temperature for photosynthesis was 15–20�C,

25–30�C and around 35�C in plants grown at 15, 25 and

35�C, respectively (Yamasaki et al. 2002). In rubber, this

potential for acclimation was not as large, as optimal

temperature remained about 2–7�C higher than growth

temperature in the present study. Not only optimal tem-

perature, but also the shape of the temperature response

differed among rubber plants acclimated to different tem-

peratures. Plants grown at lower temperature had narrower

peak of temperature response curve of net CO2 assimilation

rate, similarly to results of June et al. (2004). Therefore,

photosynthesis of such plants decreases rapidly whenever

temperature differs from the optimum.

In the present study, Aopt, Vcmax25 and Jmax25 changed

with acclimation temperature and were lower after accli-

mation at 18 than at 28�C. Photosynthetic capacity declines

significantly in rubber individuals acclimated to lower

temperatures as reported earlier in other species (Makino

et al. 1994; Medlyn et al. 2002b; Warren 2008).

Table 2 Photosynthetic capacity at a reference temperature of 25�C

(maximal carboxylation rate, Vcmax25 and maximal light-driven

electron flux, Jmax25); temperature response (activation energy, EaV

and EaJ of the two parameters); leaf mass per area ratio (LMA),

chlorophyll content measured with a chlorophyll meter (SPAD), leaf

nitrogen (Nm) and leaf carbon content (C) and photosynthetic nitrogen

use efficiency (PNUE) (=Vcmax25/Na and Jmax25/Na) recorded in sap-

lings acclimated to 18 and 28�C

Parameter Growth temperature (�C)

18 28

Vcmax25 (lmol m-2 s-1) 26.1 ± 1.8a 43.9 ± 2.9b

EaV (kJ mol-1) 60.8 ± 7.2a 68.5 ± 6.2b

Jmax25 (lmol m-2 s-1) 50.8 ± 9.9a 77.4 ± 11.2b

EaJ (kJ mol-1) 39.2 ± 18.5a 50.6 ± 13.5b

Jmax25/Vcmax25 1.93 ± 0.005a 1.79 ± 0.004b

LMA (g m-2) 64.1 ± 1.4a 52.1 ± 1.3b

SPAD 41.6 ± 0.9a 55.6 ± 0.9b

Nm (%) 2.72 ± 0.05a 4.08 ± 0.05b

C (%) 47.4 ± 0.2a 48.2 ± 0.2b

Vcmax25/Na (lmol g-1 s-1) 14.8 ± 0.3a 21.2 ± 0.3b

Jmax25/Na (lmol g-1 s-1) 28.9 ± 0.9a 37.0 ± 0.8b

Mean ± SE (n = 2 saplings 9 4–5 leaves). Different superscripts
indicate statistically difference values at P \ 0.001 (for Jmax25/

Vcmax25, P = 0.0024) using contrast analysis
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Fig. 3 Example of temperature response of the ratio Jmax to Vcmax

(Jmax/Vcmax) (expressed as Jmax/Vcmax to Jmax25/Vcmax25) in rubber

acclimated to 28�C. Different symbols represent different leaves (4–5

leaves)

362 Trees (2009) 23:357–365

123



Unfortunately, the initial values of photosynthetic capacity

had not been assessed before transferring the plants to the

temperature treatments, and we are unable to quantify

accurately the change induced by 3 weeks acclimation to

lower temperatures. Nevertheless, the observed changes in

nitrogen content and in LMA could help interpret the lower

photosynthetic capacity of individuals acclimated at 18�C.

Photosynthetic capacity is related to leaf nitrogen content

(Walcroft and Kelliher 1997; Medlyn et al. 2002b) as Vcmax

depends on the amount of Rubisco protein and Jmax

depends on the amount of thylakoid components (von

Caemmerer 2000). The fact that Vcmax25 decreased in

parallel with leaf nitrogen suggests that Rubisco concen-

tration decreased in plants acclimated to 18�C. However,

the dependence of photosynthetic capacity on leaf nitrogen

varies among species (Hikosaka et al. 1998, and references

therein), and Rubisco kinetics as well as Rubisco activation

state probably acclimate to the growth temperature (Salv-

ucci and Crafts-Brandner 2004; Yamori et al. 2006). In our

case, at 18�C not only did the absolute values of Vcmax and

Jmax decrease, but photosynthetic capacity per unit leaf

nitrogen (PNUE, Vcmax25/Na and Jmax25/Na) also decreased.

The difference in PNUE may be attributed to the difference

in specific activity of Rubisco and nitrogen allocation to

Rubisco (Hikosaka et al. 1998; Warren and Dreyer 2006).

The allocation of nitrogen is also correlated with LMA.

Warren and Dreyer (2006) reported that the internal con-

ductance to CO2 transfer (gi) can affect the absolute values

of photosynthetic capacity and the temperature response of

photosynthesis. Temperature is one factor of the variation

in gi. Therefore, the difference in PNUE of plants grown at

different temperatures can also attributed to temperature

induced differences in gi.

In the present study, plants with larger LMA (grown at

lower temperature, 18�C) had lower photosynthetic

capacity and PNUE, which is consistent with other studies

in evergreen Quercus species (Mediavilla et al. 2001;

Takashima et al. 2004). Atkin et al. (2006a) also found that

plants grown at low temperature displayed higher LMA

than plants grown at warm temperature. Larger LMA after

acclimation to 18�C may be due to several factors: (1) an

increased allocation of nitrogen to structural proteins,

resulting in decreased photosynthetic capacity and PNUE

(Takashima et al. 2004); (2) larger accumulation of non-

structural carbohydrates (Bertin et al. 1999), particularly

starch (Usami et al. 2001), due to impaired growth and

decreased translocation.

The optimal temperature for the two components of

photosynthetic capacity (Vcmax and Jmax) was above 36�C

and not far from 40�C; this is in the range of values pro-

duced by Dreyer et al. (2001) who showed that the optimal

temperature ranged between 35.9 and above 45�C for Vcmax

and between 31.7 and 43.3�C for Jmax in seedlings from

seven temperate tree species. Other studies reported that

the optimal temperature for Vcmax and Jmax was 36.6 and

33.3�C, respectively in silver fir seedlings (Robakowski

et al. 2002) and 34 and 33.3�C, respectively in cork oak

seedlings (Ghouil et al. 2003). Therefore, although rubber

is a tropical species, its optimal temperature for Vcmax and

Jmax were not higher than in temperate species.

The temperature response of Vcmax and Jmax were also

influenced by acclimation temperature. Although actual

optimal temperature for the two components was not esti-

mated from our data due to the small number of points

above optimum, activation energy of Vcmax (EaV) and of

Jmax (EaJ) was larger in plants acclimated to higher tem-

perature. This result is consistent with several studies

(Hikosaka et al. 1999; Onoda et al. 2005b), whereas others

found no correlation of EaV and EaJ with growth temper-

ature (Medlyn et al. 2002b). In the present study, the

activation energy was as expected higher for Vcmax than for

Jmax resulting in a decrease in the ratio of Jmax to Vcmax

with increasing temperature.

In general, Vcmax and Jmax are strongly correlated

(Wullschleger 1993). The change in the balance between

RuBP carboxylation and regeneration with growth tem-

perature confirms earlier observations (Hikosaka et al.

1999; Onoda et al. 2005a, b; Yamori et al. 2005). In con-

trast, Medlyn et al. (2002b) found no change in the ratio of

Jmax to Vcmax with growth temperature. Moreover, the ratio

of Jmax to Vcmax of around 1.7–2.0 in the present study was

within a range of 1–3 of many studies that reviewed by

Kattge and Knorr (2007).

Our results showing that photosynthesis in rubber can

acclimate to growth temperature are consistent with Alam

and Jacob (2002) who showed that low temperature stress

(around 9.5–19.3�C) inhibits net CO2 assimilation rate to a

larger extent in rubber than in other species acclimated to

cool conditions of the mountain in India and with Alam

et al. (2005) who indicated that different growth environ-

ments affected not only net photosynthetic rate, but also

carboxylation efficiency in rubber. Photosynthetic potential

was lower in individuals grown in colder environments.

Conclusion

The present study suggests that rubber has a potential for

acclimation of photosynthesis to growth temperature. This

involves changes in photosynthetic capacity at a reference

temperature (Vcmax25 and Jmax25) and to a lesser extent (and

with less confidence) the temperature response of photo-

synthetic capacity, thus changing the temperature response

of net CO2 assimilation rate. Although rubber trees grown

at 18�C cannot maintain rates of net CO2 assimilation rate,

photosynthetic capacity and leaf nitrogen status close to

Trees (2009) 23:357–365 363
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those of rubber grown at 28�C, they have the potential to

succeed low temperature stress.
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