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Abstract

Shoots of the tropical latex-producing tree Hevea brasiliensis (rubber tree) grow according to a periodic pattern,
producing four to five whorls of leaves per year. All leaves in the same whorl were considered to be in the same leaf-age
class, in order to assess the evolution of photosynthesis with leaf age in three clones of rubber trees, in a plantation in
eastern Thailand. Light-saturated CO, assimilation rate (4.,x) decreased more with leaf age than did photosynthetic
capacity (maximal rate of carboxylation, V.., and maximum rate of electron transport, Jy..x), which was estimated by
fitting a biochemical photosynthesis model to the CO,-response curves. Nitrogen-use efficiency (Amq./Na, N, is nitrogen
content per leaf area) decreased also with leaf age, whereas J,x and V.. did not correlate with N,. Although
measurements were performed during the rainy season, the leaf gas exchange parameter that showed the best correlation
with A,,,x was stomatal conductance (g;). An asymptotic function was fitted to the A,x-g; relationship, with R* = 0.85.
Amaxs Vemaxs Jmax @and g varied more among different whorls in the same clone than among different clones in the same
whorl. We concluded that leaf whorl was an appropriate parameter to characterize leaves for the purpose of modelling
canopy photosynthesis in field-grown rubber trees, and that stomatal conductance was the most important variable
explaining changes in 4,,,, with leaf age in rubber trees.
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Abbreviations: A — net CO, assimilation rate or net photosynthetic rate; 4. — net assimilation rate limited by activity of Rubisco;
A;j — net assimilation rate limited by RuBP concentration; 4, — light-saturated net CO, assimilation rate; C, — CO, partial pressure
at the carboxylation sites; C; — intercellular leaf CO, partial pressure; DM — dry mass; £, — activation energy; g; — internal
conductance; g; — stomatal conductance; J;,,, — maximum rate of electron transport (or RuBP regeneration); K. — Michaelis constant
of Rubisco for carboxylation [pmol mol™]; K, — Michaelis constant of Rubisco for oxygenation [umol mol™']; LMA — leaf mass per
unit area; N, — nitrogen content per unit leaf area; N, — nitrogen content per unit leaf dry mass; O — partial pressure of O, in the
intercellular air space [pmol mol™']; PPF — photosynthetic photon flux; R — gas constant (8.314 J K™' mol™); R, — dark respiration;
Rubisco — ribulose-1,5-bisphosphate carboxylase/oxygenase; RuBP — ribulose-1,5-bisphosphate; SPAD — SPAD index of chlorophyll
content; 7 — leaf temperature; 7. — reference temperature; V., — maximum rate of RuBP carboxylation; VPD — vapour pressure
deficit; Wn — whorl number; o — apparent quantum yield; I” — CO, compensation point in the absence of dark respiration [pmol mol].
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Introduction

Rubber is a major tree crop cultivated mainly under
equatorial and monsoon climates (Indonesia, Malaysia,
Southern Thailand). However, rubber tree plantations are
currently expanding to non-traditional areas such as
northern and northeastern Thailand, where they inevitably
encounter a drier climate with a wider range in tempera-
ture. A better understanding of the physiological response
of rubber trees to such changes in environment would
help to predict potential production and the risk faced by
farmers in these new areas. Among the relevant
physiological traits, photosynthetic capacity of leaves is
of first importance, as it determines carbon assimilation
and therefore primary productivity. Following the pioneer
studies by Samsuddin and Impens (1978b, 1978c) on
clonal variations of photosynthesis in rubber trees,
Samsuddin et al. (1987) showed that photosynthesis
correlated with girth increment but not with latex yield.
Photosynthesis traits were related to planting density
(Samsuddin and Impens 1978a), adaptation to shade
(Senevirathna et al. 2003), and tapping (Nugawela et al.
1990). However, to integrate the response of photo-
synthesis to environmental factors, modeling is required.
At the leaf level, the model of Farquhar et al. (1980) is
widely accepted. This model describes photosynthesis
with two major parameters determining the biochemical
capacities of the photosynthetic apparatus, Vemax and Jpax.
These parameters vary widely between species
(Whullschleger 1993, Dreyer et al. 2001, Medlyn et al.
2002). In rubber, Nataraja and Jacob (1999) described
clonal differences in important photosynthetic traits such
as compensation irradiance (CI) and apparent quantum
yield of CO, (@c), but V. and Jy,., have not yet been
estimated for different rubber clones. Moreover, Farquhar
photosynthetic parameters have generally been assessed
on young fully expanded leaves, ignoring leaf-age effect
(Hikosaka et al. 1999, Yamori et al. 2005, Hikosaka et al.

Materials and methods

Gas exchange measurements: All gas exchange
measurements were made on attached leaves with
a portable photosynthesis system (L[-6400, LI-COR,
Lincoln, Nebraska, USA). Light was supplied with red-
blue light emitting diodes (6400-02B LED light source).
The CO, concentration of the reference air (360 pmol
mol™") entering the leaf chamber was controlled with
a CO, mixer. Air relative humidity and leaf temperature
were maintained constant at ambient level during the
measurement.

Experiment 1. Effect of leaf age on light-saturated
CO, assimilation rate: This experiment aimed at charac-
terizing the evolution of leaf gas exchange during the
early stages when the leaves were still expanding and not
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2007). Establishing the effect of leaf age on photo-
synthetic characteristics of rubber leaves will provide
basic information required to model canopy photo-
synthesis in field conditions. Samsuddin and Impens
(1979b) and Antas Miguel et al. (2007) studied the effect
of leaf age on photosynthesis in rubber trees, but without
information on biochemical parameters that determine
photosynthetic capacity. Beside photosynthetic capacity,
CO, assimilation rate depends on the opening of leaf
stomata, characterized by g,. In temperate species, lower
g has often been observed with leaf aging (Jordan et al.
1975, Field and Mooney 1986, Han et al. 2008).
However few data are available on tropical species which
have a completely different phenology. For instance,
Kitajima et al. (2002) showed that g, decreased with age
(up to 90 days) in only one of the 2 pioneer tropical tree
species they studied. The evolution of rubber g; with leaf
age has not been studied so far. Therefore, the aim of the
present study was to assess the evolution with leaf age of
photosynthesis and photosynthetic capacity as indicated
by Vemax and Jiay, together with g, in three field-grown
rubber clones. For this purpose, we took advantage of the
specific periodic pattern of rubber shoot development,
characterized by alternating periods of stem elongation,
leaf development, and meristem rest (Hallé and Martin
1968, Combes and du Plessix 1974). This pattern gives
the branches a verticillate or sub-verticillate arrangement.
Each readily distinguishable portion of the axis grown
between two rest periods is called a growth unit, and the
set of leaves (six to fifteen) belonging to one growth unit
is named a whorl. Therefore, whorl rank was chosen as
a variable to represent classes of leaves differing in
location along the branches and in age, which both
influence leaf photosynthetic capacity (Kitajima et al.
2002, Xie and Luo 2003, Niinemets 2005, Han et al.
2008).

mature. For practical reasons, these early stages would
have been difficult to assess in the field experiment.

Plant material: Potted rubber trees (Hevea brasiliensis
Muell. Arg.), clone RRIM 600, were grown in a nursery
at Kasetsart University, Bangkok, Thailand in August
2005. All plants were well irrigated once per day.
Experiment started when the trees were two months old.

Methodology: Light-saturated CO, assimilation rate or
light-saturated photosynthetic rate (A4y.x) was measured
on six intact newly emitted leaves of three trees. Stage B2
(unfolded leaves hanging down, about 2 cm long, Hallé
and Martin 1968) was considered as day 0, following
Antas Miguel et al. (2007) who showed that before that
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stage net photosynthesis was negative. Measurements
started four days after this stage as soon as leaves were
large enough to be fitted in a 2 x 3 cm leaf chamber. 4
was measured on the same leaf from 4 to 52 days after
stage B2. Photosynthetic photon flux (PPF) was set at
1200 pmol m* s which is above the light saturation
point for rubber (Nataraja and Jacob 1999). CO,
concentration was controlled at ambient CO,
concentration, 360 pmol mol'. Measurements were
recorded about 10-15 min after leaves were enclosed in
the leaf chamber LI-6400 (Li-Cor, Lincoln, Nebraska,
USA). All leaf gas exchange measurements were made
between 09:00 and 15:00 h. During measurements,
relative humidity and vapour pressure deficit (VPD) in
the leaf chamber ranged from 66—80 % and 1.2-2.5 kPa,
respectively. Leaf temperature ranged from 30-35°C.

Experiment 2. Effect of leaf-age class on light-
saturated CO, assimilation rate and photosynthetic
capacity

Plant material: Three widely cultivated rubber tree
clones, PB 260, RRIM 600 and RRIT 251 were grown in
the field at the Chachoengsao Rubber Research Center
(CRRC) (Eastern Thailand, 13° 41° N, 101°04’ E, 69 m
a.s.l.). Photosynthesis and stomatal conductance were
measured in two-year-old trees in October 2006, at the
end of the rainy season (Table 1). Rubber trees were
planted at a spacing of 7 m between rows and 3 m within
rows. Tree height was around 4.5-6 m and canopy width
was around 2.5-3.5 m during the measurement period.
Trees had 1015 leaves per whorl, 4-5 whorls per branch
and 16-22 branches per tree.

Methodology: As the carly stages were studied in pots in
experiment 1, the second experiment focused on mature
leaves whose precise leaf age was not determined in this
experiment. Instead, the whorl rank was taken as an age
class surrogate, given that complete leaf shedding in
January is followed by new shoot growth in February,

beginning with the production of the first whorl (W1).

Whorls of one branch were counted and tagged from
the base whorl (W1, oldest) to the top whorl (WS,
youngest). A portable scaffolding tower was established
and erected around rubber trees during the measurements.
The measurements were conducted on 7-8 fully expan-
ded leaves per whorl (4-5 whorls per clone). All leaf gas
exchange measurements were made between 09:00 and
15:00 h. During measurements, relative humidity in the
leaf chamber was approximately 60—78%, and vapour
pressure deficit (VPD) varied from 1.2 to 2.4 kPa,
depending on leaf temperature and transpiration rate.
Leaf temperature was maintained close to ambient tem-
perature and ranged from 30-34°C. A, and g, were
measured under an ambient CO, concentration of
360 umol mol ' and PPF of 1600 umol m* s ', which is
above the light saturation point for field-grown rubber
trees (Nataraja and Jacob 1999).

CO,-response curves were fitted according to the
Farquhar et al. model (Farquhar ef al. 1980, Farquhar and
von Caemmerer 1982, Harley and Tenhunen 1991) in
which net assimilation (4) is limited either by the activity
of Rubisco at saturating RuBP (4.) or by RuBP concen-
tration (4;). Photosynthetic capacity (Vemax and Jumax) was
estimated from the response of 4 to intercellular leaf CO,
concentration (C;) (CO,-response curve or A/C; curve).
The recording of an 4/C; curve was started at an ambient
CO, concentration of 360 pumol mol ' and a saturating
PPF of 1600 pmol m? s'. The leaf chamber was
equilibrated for at least 15 min in order to reach a steady
state. The CO, concentration was then decreased stepwise
to 250, 200, 150, 100, and 50 pmol mol™! and then
increased stepwise from 360 to 600, 800, 1,000; 1,100;
1,200; 1,400 and 1,600 pmol mol ™ to obtain 4. and 4;
parts of each full curve (RuBP carboxylation and
regeneration limited parts of 4/C; curve, respectively).
The value of 4 at each concentration was recorded only
once 4 and g, had stabilized. Leaf temperature was

Table 1. Meteorological data at the experimental site (CRRC station, Chachoengsao, Eastern Thailand) in 2006.

Month Number of Rain [mm] Evaporation pitch Mean air temperature
rainy days [mm)] [°C]
January 0 0 162 26.7
February 2 31 159 28.6
March 9 101 173 29.6
April 7 86 157 29.5
May 21 221 156 29.0
June 12 138 151 29.0
July 15 194 154 28.7
August 15 195 149 28.3
September 22 404 115 27.9
October 15 164 140 27.8
November 2 9 143 28.1
December 0 0 156 26.7
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Table 2. Primary parameters and their temperature response
from Bernacchi et al. (2001) used to estimate maximum rate of
RuBP carboxylation (V.n.) and maximum rate of electron
transport or RuBP regeneration (J;,,,x) from A/C; curves.

Parameter  Units Values
a (alpha) mol (electron) mol™'(photon) 0.24

K, (25°C)  pmol mol™ 404.9

E (K. Jmol™ 79,430
K, (25°C)  pmol mol™ 278,400
E(K,) Jmol™! 36,380
I (25°C)  pmol mol ™! 42.75

E (1) Jmol™! 37,830
e} pmol mol™ 210,000

maintained at a constant ambient level during the

infinite internal conductance (g;), i.e identical CO, partial
pressure at carboxylation sites and in substomatal
cavities. The primary parameter set from Bernacchi et al.
(2001), suitable for 4/C; curve fitting with infinite g;, was
used. Primary model parameters K., K,, t and o (apparent
quantum yield) are listed with their temperature
dependencies in Table 2. The fitting procedure therefore
yielded estimates of apparent V. and Ju.x (Ethier and
Livingston, 2004) (Fig. 1). Details of equations are given
in Kositsup et al. (2009).

Standardization of apparent V., and Jy,., at a refe-
rence temperature of 25°C: The temperature varied
between measurement days. Hence, apparent values of
Vemax and Jy.c had to be standardized to the same
reference temperature of 25°C using Eq. 1.

measurement cycle. 4/C; curves were fitted by nonlinear
least squares regression according to Dreyer ef al. (2001) | Ea 1
using R® software (R” language environment for RIT,. T
statistical computing and graphics, R Foundation for by =Pe )
Statistical Computing, Vienna, Austria), assuming
30
- g .
25 o
Jrnax
_ 20
= A,
et A
2 0L « measured
=
< oL
Fig. 1. Example of one A/C; curve fitting of
oL a 2-year-old potted RRIM 600 clone mea-
sured in October 2006. Farquhar’s model
| ' . . . was fitted to the data of the response of
-5 0 200 400 600 800 1000 1200 light-saturated CO, assimilation rate (4yax)
to intercellular CO, concentration (Cj) in
Ci[pmol mol ] order to estimate Vi, and Jiay.

where Pss is the value of Vo (or Jiax) at 25 °C, P is the
value of Vi (or Joax) at leaf temperature, T is the
reference temperature of 25 °C (298.15 K), £, is the
activation energy [J mol '], R the gas constant (8.314 J
K" mol™") and T is leaf temperature [K].

The mean activation energy (E,) of Vinax and Jix of
rubber clones RRIM 600 and PB 260 (68,514.5 and
50,611.5 J mol ', respectively) was obtained from the
temperature response of photosynthetic  capacity
(Kositsup et al. 2009). Since the temperature response of
Vemax and Jiax has never been studied for clone RRIT 251,
the average E, of RRIM 600 and PB 260 was used to
normalize V., and J,, for all three clones.

Leaf mass per area, nitrogen analysis and chlorophyll
content: At the end of the measurement, leaves were
collected. Leaf area was measured with a portable leaf
area meter, LI-3100A (LI-COR Inc., Lincoln, NE, USA).
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Leaves were dried at 70°C for at least 48 h to assess
constant dry mass (DM). Leaf samples were ground and
nitrogen content (N,) was analyzed with a nitrogen
determination model FP-528 (Leco Corporation,
Michigan, USA). Nitrogen per unit leaf area (N,) was
calculated. Photosynthetic nitrogen-use efficiency was
expressed as the ratio of Ay, to N,.

The chlorophyll content of leaves was measured
with a chlorophyll meter (SPAD-502, Konica Minolta
Sensing Inc., Osaka, Japan). Six different positions were
measured and averaged per leaf.

Data analysis: The effects of clone (df = 2) and whorl
rank (df = 3) on dependent variables (leaf area, leaf DM,
LMA, SPAD, nitrogen content, Amax, Jmax2s» Vemax2s» Kb
Zs, Ama/Na) were evaluated by analysis of variance
(ANOVA) using Statistic Analysis System (SAS, SAS
Institute Inc., Cary, NC, USA). Seven to eight individual
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leaves were used as replicates for each whorl in each
clone. Duncan’s mean separation test was performed for
comparison among clones for a given whorl and among
whorls for a given clone. Correlation matrices between
dependent variables at the whorl level (n = 12, except for
Jmaxzs and Vimaxas, n = 10) and at the leaf level (n = 92,

Results

Effect of leaf age on light-saturated CO, assimilation
rate in potted trees: A,,,, increased with leaf age (Fig. 2)
and reached its maximum (about 12 pmol m~? s™)
approximately 35 days after the B2 stage (when leaves
were 2 cm long). At that time, leaves were already fully
expanded and dark green (data not presented). Ay
remained high until the end of the experiment, 52 days
after the B2 stage.

Effect of leaf-age class on leaf characteristics, light-
saturated CO, assimilation rate and photosynthetic
capacity

Leaf morphology and nitrogen content: In October
2006, canopies of rubber tree clones RRIM 600, PB 260
and RRIT 251 comprised 5, 4 and 4 leaf-age classes
(whorls), respectively. Leaves in the older whorls (W1
and W2) had smaller area and less DM than the younger
ones (W3 to W5). Leaf mass per area (LMA) decreased
significantly with whorl rank in PB 260, but not clearly in
RRIM 600 and RRIT 251 (Fig. 3). Leaf greenness as
indicated by the SPAD was lower in RRIT 251 than in
the two other clones. N,, increased with whorl rank
(decreased with leaf-age class) for each clone except in
W5 in RRIM 600, whercas N, showed no clear
dependence on whorl rank. The range in nitrogen content
(N, and N,;,) was low. When mean data per whorl were
compared and all clones pooled together, there was no
significant correlation between SPAD and nitrogen con-
tent, either N, or N, (Table 3). In individual clones, there
was a weak correlation between SPAD and N, in PB 260
(P<0.10; R?=0.13) and in RRIM 600 (P<0.01; R?=0.21).
When all individual leaves were considered (Table 4),
SPAD and N, were correlated, but with a low R2.

Leaf gas exchanges: A, per whorl ranged from 2.1-
13.9 pmol m? s (Fig. 4). Amex decreased with leaf-age
class (increased with whorl rank) and was significantly
different (P<0.05) among clones only in W3 (Table 5).
Anax differed significantly between each whorl (W1 to
W4) in PB 260, whereas there was no difference among
youngest whorls in RRIM 600 (W3-W5) and in RRIT
251 (W3-W4). Nevertheless, there was a decreasing
trend in Ay, With leaf-age class for all three clones. 4.«
of leaves of the oldest age class (W1) ranged from
approximately 15% (RRIT 251) to 32% (RRIM 600) of
that of leaves in the youngest age class (W4). Nitrogen-
use efficiency (Am./Na) correlated with leaf-age class in

except Jnaxos 1 = 48 and Vipaxos n = 66) were determined
with XLSTAT 2008 (Addinsoft SARL, Paris, France),
using Pearson linear correlation coefficients. The
relationship between A, and g, was fitted by an
asymptotic function using nonlinear regression analysis
(SAS, SAS Institute Inc., Cary, NC, USA).

the same way as An.x except in W5 in RRIM 600. A .«
did not correlate with N, at whorl level (Table 3),
although the correlation was high but with a low R? at
a leaf level (Table 4). In PB 260 and RRIM 600, dark
respiration (Rp) was much higher in the youngest leaf-age
class (W4 in PB 260 and W5 in RRIM 600) than in the
other classes, whereas in RRIT 251, there was a steady
decrease of Rp from W4 to W1.

Photosynthetic capacity: Parameters of the biochemical
model of leaf photosynthesis, i.e. Jpnax and Vemax, could
not be estimated for the oldest leaf-age class (W1) in all
three clones, as g; was too low, less than 0.04 mol m2sg!
and A/C; curves obtained from these leaves were not
reliable (Fig. 4). Mean J,s per whorl ranged from
73.4-115.1 pmol m~2 s and mean Vepaos ranged from
49.4 10 65.9 pmol m % s

Whorl rank (leaf-age class) also had a significant
effect (P<0.001) on photosynthetic capacity. Jmaxs and
Vemaxas decreased significantly with leaf-age class
(Fig. 4), except in some cases where the photosynthetic
capacity of the youngest whorl was lower than that of the
previous one. Jy.os of the oldest measured leaf class
(W2) was 62% (PB 260) to 79% (RRIM 600) of the
maximum values (W3 or W4). Vx5 of oldest measured
leaves (W2) was 83% (RRIM 600) to 88% (RRIT 251) of
maximum values (W3 or W4). PB 260 had lower Vx5
and Jp.os than RRIM 600, and RRIT 251 had inter-
mediate values. When all clones were pooled, 4,,,x was
significantly correlated to Vipaxos and Jiaxos, but R? values
were low (Table 3) when individual leaves were consi
dered. However, the coefficient of determination was
higher when leaves were pooled by whorl, particularly for
Jmax25 (R2 = 081, Table 3) chaxZS and JmaX25 did not
correlate with nitrogen content, either at leaf level or at
the whorl one (Tables 3, 4).

g, decreased strongly with leaf-age class (increased with
whorl rank), except in W5 of RRIM 600 (Fig. 4). The
very low g, in W1 (oldest leaves) did not allow
estimation of Jy,x and Vmax. In W1 and W2, PB 260 had a
significantly lower g; than RRIT 251, whereas RRIM 600
was medium (Table 5). In W3 and W4, there was no
significant difference in g; between clones. At the leaf
level, g, was correlated with all other parameters (A4pax,
Rp, Vemax2s, Jmax2s, Nims N,, and SPAD) (Table 4). At whorl
level, g was correlated with all parameters except for N,
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Fig. 3. Effect of leaf-age class, or whorl position (oldest whorl W1 to youngest whorl W5), on leaf characteristics of 2-year-old rubber
trees (3 clones, PB 260, RRIM 600 and RRIT 251): leaf area (LA), dry mass (DM), leaf mass per area (LMA), SPAD, nitrogen per
unit mass (Ny,), nitrogen per unit area (N,). Each value represents the average + SE of 7-8 leaves per flush. Different letters indicate
values significantly different between whorls of the same clone (Duncan P<0.05).

and SPAD (Table 3). Fig. 5 shows that when all clones
are pooled, the relationship between A, and g could be
modeled by an asymptotic function (R* = 0.85 at the leaf
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level, R* = 0.94 at the whorl level, not shown) with a ma-
ximum value of about 16 umol m > s™'. The relationship
between A, and g, was similar in all 3 clones (Fig. 5).
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Discussion

Evolution of net photosynthesis with age in potted
trees: In our experimental conditions, the rubber leaves
were completely expanded 13 days after stage B2 (leaf
hanging down, 2 cm long, Sangsing et al. 2004).

with Samsuddin and Impens (1979b) and Antas Miguel et
al. (2007). A decline following a peak reached 34 days
after leaf emergence was reported by Samsuddin and
Impens (1979b) in some clones, but not in RRIM 600. PB

Maximum A,.x was obtained about 22 days after the
complete leaf expansion. Such results were in accordance

260 and RRIT 251 were not studied by these authors.

Table 3. Correlation matrix (Pearson coefficient) between variables at leaf-age class (whorl) level. Light-saturated CO, assimilation
rate (Amax), dark respiration (Rp), stomatal conductance (g), maximum rate of RuBP carboxylation (Vimax2s), maximum rate of
electron transport or RuBP regeneration (Jy.xs), nitrogen content per unit mass (Ny,), nitrogen content per unit area (N,) and
chlorophyll content (SPAD). Bold numbers indicate significant correlations. ~ P<0.05, ** P<0.01, " P<0.001.

Variables RD gs chax25 Jmax25 Nm [%] Na [g m—Z] SPAD
Aax 0.73" 0.87""  0.46 0.81°" 0.47"" 0.23 0.06
Rp 0.63" 0.15 0.25 0.30 0.01 0.20
g 0.45" 0.80™ 0.39" 0.11 0.17
Vemax2s 0.73" 0.04 0.01 0.01
rnax2s 0.11 0.00 0.05
Np, [%] 0.41" 0.00
N, [gm?] 0.21

Table 4. Correlation matrix (Pearson coefficient) between variables at leaf level. Light-saturated CO, assimilation rate (4.), dark
respiration (Rp), stomatal conductance (g;), maximum rate of RuBP carboxylation (¥ max25), maximum rate of electron transport or
RuBP regeneration (J.x25), Nitrogen content per unit mass (N,,,), nitrogen content per unit area (N,) and chlorophyll content (SPAD).

Bold numbers indicate signficant correlations.” P<0.05, ™ P<0.01, "™ P<0.001.

Variables R g Vemwzs  Jmaos  Nm[%]  Ny[gm™’] SPAD
A 037" 0.68"  0.14" 028 036" 0157 0.05
Rp 021" 015" 0.12" 0.16""  0.02 0.117
2 0.07" 025" 027" 0.06" 0.117"
Vomaxas 0.44™"  0.01 0.05 0.00
Jrnax2s 0.03 0.00 0.04
N, [%] 038" 0.00
N, [gm™] 0.13"

Significance of leaf whorl rank: As the number of
whorls varied between clones, it was difficult to estimate
the age of each class precisely and not possible to
determine the age of each leaf within a class. In RRIM
600, this estimation was easier than in other clones, as
leaves of the last whorls were fully expanded but not
completely mature as indicated by low DM, LMA, N
content, SPAD, A, photosynthetic parameters (Jyax,
Vemax)> and high Rp. As rubber LMA increases during 10—
15 days after complete leaf expansion (Thaler and Pages
1996) which itself lasts about 13—15 days (Hallé and
Martin 1968, Sangsing et al. 2004), we can estimate that
these leaves were 20—30 days old. The remaining 200-day
interval between refoliation and the establishment of the
last whorls implies a whorl-development duration of
about 50 days. This duration is in accordance with
measurements by Hallé and Martin (1968).

Age of leaf classes could not be determined with such
precision in PB 260 and RRIT 251. More accurate

notations of phenology are required to know the exact age
of the different whorls grown within one year. Moreover,
the oldest and the lowest whorls (W1 and W2) had a
lower final leaf area and mass than W3 and W4. This
showed that differences between whorls could not be
considered as being related to leaf age only. There could
be differences in morphology and physiology according
to whorl position. Due to their different location within
the canopy, low or high whorls could also have different
PPF environment, interfering with the effect of leaf age,
particularly on nitrogen content (Le Roux et al. 2001).
However, because of the spacing (3 x 7 m) and the size of
the trees when the experiment took place, PPF environ-
ment was not likely to be different between leaves, which
could all be considered as sun-leaves. This could explain
the low variability in nitrogen content among whorls.
Although further studies are necessary to distinguish
leaf-age effect from the whorl-location one, whorl rank
proved to be an appropriate parameter to classify leaves
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Table 5. ANOVA of clonal effects on light-saturated CO, assimilation rate (4,.), stomatal conductance (g;), maximum rate of RuBP
carboxylation (V¥ max2s) and maximum rate of electron transport or RuBP regeneration (Ji.x05) in individual leaves of each leaf-age
class (whorl). W1 is the oldest leaf-age class and W4 is the youngest. Values followed by different letters differ significantly
(Duncan, P<0.05). a*: PB 260 differed from RRIT 251 but not from RRIM 600. V.« and J,. could not be estimated in the oldest

class (W1).
WhOI‘l A max 8s chax25 J; max25
W1 P>F ns 0.045
RRIT 251 2.1 0.053 a
RRIM 600 4.1 0.050 a
PB 260 3.2 0.029 a*
W2 P>F Ns 0.048 ns ns
RRIT 251 10.4 0.139 a 50.5 88.7
RRIM 600 8.3 0.101 ab 56.0 93.8
PB 260 7.1 0.058 b 49.5 70.2
W3 P>F 0.040 ns 0.035 0.017
RRIT 251 12.8 a 0.218 622 a 1186 a
RRIM 600 12.2 ab 0.188 579b 109.8 a
PB 260 10.0b 0.110 575b 89.7b
W4 P>F ns ns 0.002 ns
RRIT 251 13.9 0.281 67.1a 111.0
RRIM 600 12.7 0.220 589b 118.3
PB 260 12.9 0.200 575b 110.8

in the purpose of modelling canopy photosynthesis. This
is an easy-to-access parameter integrating both age and
architectural effects.

Effect of whorl rank on photosynthesis of 2-year-old
field-grown rubber trees: A,,,, of whorls W3 to W5 was
in the same range as A, of young leaves in the pot
experiments and in previously reported experiments.
Among twelve clones, Nataraja and Jacob (1999) found
Amax to vary between 11 and 15 pmol m?2 s Apax 1IN
RRIM 600 was similar to results of Samsuddin ez al.
(1987) and Ceulemans et al. (1984). PB 260 was found to
have a higher Apa, (24.8 pmol m? s™') by Ceulemans
et al. (1984), but not by Samsuddin er al. (1987)
(10.3 pmol m* s ™). RRIT 251, a clone recently selected
in Thailand, was not included in previous clonal com-
parisons of photosynthesis. Therefore we confirmed the
clonal effect reported in previous studies, but we also
showed that there was a larger variability in 4,,,, between
whorls of the same clone than between clones for the
same whorl rank. The strong decrease in A, with leaf
age was not reported in studies by Samsuddin and Impens
(1979b) and Antas Miguel et al. (2007) because these
authors did not study leaves older than 100 days.

This study reports the first estimation of two major
parameters determining the biochemical capacities of the
photosynthetic apparatus, the maximum rate of carboxy-
lation (Vi yax) and the maximum rate of electron transport
(Jmax) 1n field-grown clones of rubber trees. This is an
important step for modelling canopy photosynthesis in
this major tree crop. Mean Jp,x and V.« were in the
upper part of the range recorded in fourteen tropical rain

74

forest species (Costes et al. 2005). The much lower
decrease in Jy,u and Venax with leaf age, as compared to
Amax, showed that photosynthetic capacity was not the
major factor affecting A, in old leaves. This was
confirmed by the low coefficient of determination of the
correlation at leaf level between A,.x and Jn.x and parti-
cularly Apax and Vepax. Vemax and nitrogen content both
showed little variation, possibly indicating that Rubisco
concentrations are stable and allow the maintenance of a
high RuBP carboxylation capacity. However this
interpretation was limited by the impossibility to estimate
Jmax and Vo in the oldest leaves (W1) which had the
lowest Amax. Jmax and Vemax did not correlate with nitrogen
content, contrary to previous reports on other species
(Harley et al. 1992, Le Roux et al. 1999, Niinemets et al.
1999). However, a large part of the variation in nitrogen
content within the canopy reflects adaptation to
differences in irradiance (Boardman 1977, Niinemets
et al. 1999, Frak et al. 2001). In our conditions, irradiance
levels were relatively homogeneous, as trees were still
isolated and exhibited little or no self-shading, possibly
explaining the low range in nitrogen content. In older
rubber plantations with a closed canopy, we can expect
larger changes in nitrogen content between shaded and
sunlit leaves, and also more changes in photosynthetic
parameters (Senevirathna et al. 2003, Vincent 2006). We
observed that stomatal conductance was highly variable
and well correlated with A.,. These results were
obtained in wet conditions (Table 1), meaning that
climatic limitations on g are unlikely to explain the
correlation. Samsuddin and Impens (1979a) also found
that stomatal conductance might be important to explain
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Fig. 4. Effect of leaf-age class, or whorl rank (oldest whorl W1 to youngest whorl W5), on leaf gas exchange of 2-year-old rubber
trees (3 clones, PB 260, RRIM 600 and RRIT 251): light-saturated CO, assimilation rate (A4.y), photosynthetic nitrogen-use
efficiency (A, /N,), dark respiration (Rp), maximum rate of carboxylation (¥ y.), maximum rate of electron transport (J;,.x) and
stomatal conductance (g;). Each value represents the average + SE of 7 leaves per flush. Different letters indicate values that differ

significantly between whorls of the same clone (Duncan P<0.05).

differences in photosynthesis between rubber clones, and
Sobhana et al. (1996) observed a correlation between g
and A, in rubber seedlings. However, the co-evolution
of A and gg with leaf age in rubber trees has not been
described before. The decrease in g; we observed with
leaf aging has been reported in other species (Jordan et al.
1975, Field and Mooney 1986, Han et al. 2008).
However, the phenology of tropical species differs from
that of temperate species, particularly leaf lifespan is
often longer in tropical species (Vincent 2006). But few
data are available on the latter. Kitajima et al. (2002)
showed that g; decreased with age (up to 90 days) in only
one of the 2 pioneer tropical tree species they studied.
The strong decrease in both A,,,x and g in older whorls
could be due to the onset of leaf senescence. However
LMA did not vary between mature leaves, indicating that
their morphology was likely to be similar and that they
were neither thickening, nor decaying. Evolution of

SPAD also indicated no decrease in leaf greenness in
mature whorls. The stronger decrease with leaf age in Ny,
than N, indicated that there was no or little exportation of
N from old leaves, but rather dilution (accumulation of
non-N chemicals), likely starch, known to accumulate as
leaves mature (Belesky and Hill 1997, Patakas and
Noitsakis 2001, Szadel et al. 2003). Such an accu-
mulation of photosynthetic products may be a direct or
indirect cause of the limitation of assimilation in older
leaves, as sink regulation of photosynthesis has been
demonstrated (review by Paul and Foyer 2001). However,
such regulation is usually considered on a whole plant
level, or when branches are artificially isolated (Urban
et al. 2004). It is not likely that the different whorls of a
branch would be differentially affected by changes in
carbon demand. Moreover, regulation of photosynthesis
by sink activity is mainly mediated by changes in nitro-
gen allocation, which were not observed in our study.
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Fig. 5. Relationship between stomatal conductance (g;) and light-saturated CO, assimilation rate (4,,,) of 2-year-old rubber trees.
Dots represent observed data and the line represents an asymptotic function fitted to the observations. All clones pooled together (top
left), clone RRIM 600 (top right), clone PB 260 (bottom left) and clone RRIT 251 (bottom right).

In many models devoted to canopy photosynthesis,
the Jarvis (1976) model of stomatal conductance is
coupled with Farquhar’s model (1980) of leaf photo-
synthesis, and g is indirectly used instead of C; in the
equations describing the carboxylation rate limited by
Rubisco (.) and the carboxylation rate limited by RUBP
regeneration (Wj) (Wang and Jarvis 1993). However,
maybe because the Farquhar’s model sounds more
biochemically grounded, whereas the Jarvis’ model is
purely empirical, the latter has received less attention.
Our results showed that in field-grown rubber trees,
modelling stomatal conductance is of first importance in
order to model canopy photosynthesis.

Conclusions: Whorls were revealed as a practical vari-

References

Antas Miguel, A., Mota de Oliveira, L.E., Ramos Cairo, P.A.,
Melo de Oliveira, D.: Photosynthetic behaviour during the
leaf ontogeny of rubber tree clones [Hevea brasiliensis (Wild.
ex. Adr. de Juss.) Muell. Arg.], in Lavras, MG. — Ciénc.
Agrotec. 31: 91-97, 2007.

76

able to classify leaves in gas exchange studies on field-
grown rubber trees. This could be expanded to many
tropical species having the same periodic growth patterns.

Light-saturated CO, assimilation rate (4.) varied
much more between whorls of the same clone than
between clones. It may be more important to take into
account the whorl effect than the clone effect in studies of
photosynthesis in field-grown rubber trees.

The decrease in photosynthetic capacity, as indicated
by Jmax and Vemax, could not explain the strong decrease in
Amax With leaf age.

Stomatal conductance was the most important factor
explaining changes in A,,,x and attempts to model canopy
photosynthesis of the rubber tree should focus on this
function.

Belesky, D.P., Hill, N.S.: Defoliation and leaf age influence on
ergot alkaloids in tall fescue. — Ann. Bot. 79: 259-264, 1997.
Bernacchi, C.J., Singsaas, E.L., Pimentel, C., Portis, Jr. AR.,
Long, S.P.: Improved temperature response functions for
models of Rubisco-limited photosynthesis. — Plant Cell



EFFECT OF LEAF AGE AND POSITION ON LIGHT-SATURATED CO, ASSIMILATION RATE IN RUBBER TREES

Environ. 24: 253-259, 2001.

Boardman, N.K.: Comparative photosynthesis of sun and shade
plants. — Annu. Rev. Plant Physiol. 28: 355-377, 1977.

Ceulemans, R., Gabriels, R., Impens, 1.: Comparative study of
photosynthesis in several Hevea brasiliensis clones and Hevea
species under tropical field conditions. — Trop. Agri. 61: 273-
275, 1984.

Combes, J. C., du Plessix, C. J.: [Etude du développement
morphologique de la couronne de 1'Hevea brasiliensis (Mull.
Arg. Euphorbiacées-Crotonoidées)]. — Ann. Sci. Forest. 31:
207-228, 1974. [In French.]

Coste, S., Roggy, J.C., Imbert, P., Born, C., Bonal, D., Dreyer,
E.: Leaf photosynthetic traits of 14 tropical rain forest species
in relation to leaf nitrogen concentration and shade tolerance.
— Tree Physiol. 25: 1127-1137, 2005.

Dreyer, E., Le Roux, X., Montpied, P., Daudet, F.A., Masson,
F.: Temperature response of leaf photosynthetic capacity in
seedlings from seven temperature tree species. — Tree Physiol.
21: 223-232,2001.

Ethier, G.J., Livingston, N.J.: On the need to incorporate
sensitivity to CO, transfer conductance into the Farquhar-von
Caemmerer-Berry leaf photosynthesis model. — Plant Cell
Environ. 27:137-153, 2004.

Farquhar, G.D., von Caemmerer, S.: Modelling of photosyn-
thetic response to environmental conditions. — In: Lange,
O.L., Nobel, P.S., Osmond, C.B., Ziegler, H. (ed.):
Physiological Plant Ecology. II, Water Relations and Carbon
Assimilation. Vol. 12. Pp. 549-587. Springer, Berlin —
Heidelberg — New York 1982.

Farquhar, G.D., von Caemmerer, S., Berry, J.A.: A biochemical
model of photosynthetic CO, assimilation in leaves of C,
species. — Planta 149: 78-90, 1980.

Field, C., Mooney, H.: The photosynthesis—nitrogen relation-
ship in wild plants. — In: Givnish, T.J. (ed.): On the Economy
of Form and Function. Pp. 25-55. Cambridge Univ. Press,
Cambridge — London — New York — New Rochelle —
Melbourne — Sydney 1986.

Frak, E., Le Roux, X., Millard, P., Dreyer, E., Jaouen, G., Saint-
Joanis, B., Wendler, R.: Changes in total leaf nitrogen and
partitioning of leaf nitrogen drive photosynthetic acclimation
to light in fully developed walnut leaves. — Plant Cell
Environ. 24: 1279-1288, 2001.

Hallé, F., Martin, R.: Etude de la croissance rythmique chez
I'Hevea (Hevea brasiliensis Mull. Arg. Euphorbiacees -
Crotonoidees). — Adansonia 8: 475-503, 1968.

Han, Q.M., Kawasaki, T., Nakano, T., Chiba, Y.: Leaf-age
effects on seasonal variability in photosynthetic parameters
and its relationships with leaf mass per area and leaf nitrogen
concentration within a Pinus densiflora crown. — Tree
Physiol. 28: 551-558, 2008.

Harley, P.C., Tenhunen, J.D.: Modeling the photosynthetic
response of Cs leaves to environmental factors. — In: Boote,
K.J., Loomis, R.S. (ed.): Modeling Crop Photosynthesis -
from Biochemistry to Canopy. Vol 19. Pp. 17-39. Crop
Science Society of America, American Society of Agronomy,
Madison 1991.

Harley, P.C., Thomas, R.B., Reynolds, J.F., Strain, B.R.:
Modelling photosynthesis of cotton grown in elevated CO,. —
Plant Cell Environ. 15: 271-282, 1992.

Hikosaka, K., Murakami, A., Hirose, T.: Balancing
carboxylation and regeneration of ribulose-1,5-bisphosphate
in leaf photosynthesis: temperature acclimation of an ever-
green tree, Quercus myrsinaefolia. — Plant Cell Environ. 22:

841-849, 1999.

Hikosaka, K., Nabeshima, E., Hiura, T.: Seasonal changes in the
temperature response of photosynthesis in canopy leaves of
Quercus crispula in a cool-temperate forest. — Tree Physiol.
27:1035-1041, 2007.

Jarvis, P.G.: Interpretation of the variations in leaf water poten-
tial and stomatal conductance found in canopies in the field. —
Philos. Trans. Roy. Soc. London B 273: 593-610, 1976.

Jordan, W.R., Brown, K.W., Thomas, J. C.: Leaf age as a
determinant in stomatal control of water-loss from cotton
during water stress. — Plant Physiol. 56: 595-599, 1975.

Kitajima, K., Mulkey, S.S., Samaniego, M., Wright, S.J.:
Decline of photosynthetic capacity with leaf age and position
in two tropical pioneer tree species. — Amer. J. Bot. 89: 1925-
1932, 2002.

Kositsup, B., Montpied, P., Kasemsap, P., Thaler, P., Améglio,
T., Dreyer, E.. Photosynthetic capacity and temperature
responses of photosynthesis of rubber trees (Hevea
brasiliensis Muell.Arg.) acclimate to changes in ambient
temperatures. — Trees 23: 357-365, 2009.

Le Roux, X., Grand, S., Dreyer, E., Daudet, F.A.: Parametri-
zation and testing of a biochemically based photosynthesis
model for walnut (Juglans regia) trees and seedlings. — Tree
Physiol. 19: 481-492, 1999.

Le Roux, X., Bariac, T., Sinoquet, H., Genty, B., Piel, C.,
Mariotti, A., Girardin C., Richard, P.: Spatial distribution of
leaf water-use efficiency and carbon isotope discrimination
within an isolated tree crown. — Plant Cell Environ. 24: 1021-
1032, 2001.

Medlyn, B.E., Dreyer, E., Ellsworth, D., Forstreuter, M.,
Harley, P.C., Kirschbaum, M.U.F, Le Roux, X., Montpied, P.,
Strassemeyer, J., Walcroft, A., Wang, K., Loustau, D.:
Temperature response of parameters of a biochemically based
model of photosynthesis. II. A review of experimental data. —
Plant Cell Environ. 25: 1167-1179, 2002.

Nataraja, K.N., Jacob J.: Clonal differences in photosynthesis in
Hevea brasiliensis Miill. Arg. — Photosynthetica 36: 89-98,
1999.

Niinemets, U., Tenhunen, J.D., Canta, N.R., Chaves, M.M.,
Faria T., Pereira, J.S., Reynolds, J.F.: Interactive effects of
nitrogen and phosphorus on the acclimation potential of
foliage photosynthetic properties of cork oak, Quercus suber,
to elevated CO, concentrations. — Glob. Change Biol. 5: 455-
470, 1999.

Niinemets, U, Cescatti, A., Rodeghiero, M., Tosens, T.: Leaf
internal diffusion conductance limits photosynthesis more
strongly in older leaves of Mediterranean evergreen broad-
leaved species. — Plant Cell Environ. 28: 1552-1566, 2005.

Nugawela, A., Aluthhewage, R.K.: The effect of tapping on the
CO, assimilation rates of Hevea brasiliensis Muell. Arg.
Leaves. — J. Rubb. Res. Inst. Sri Lanka, 70: 45-51, 1990.

Patakas, A., Noitsakis, B.: Leaf age effects on solute accumu-
lation in water-stressed grapevines. — J. Plant Physiol. 158:
63-69, 2001.

Paul, M.J., Foyer, C.H.: Sink regulation of photosynthesis. — J.
Exp. Bot. 52: 1383-1400. 2001.

Samsuddin, Z., Impens, I.: Ecophysiological aspects of high
density planting related to Hevea brasiliensis latex
production. — Acta Hort. (ISHS) 65: 77-78, 1978a.

Samsuddin, Z., Impens, I.: Water vapour and carbon dioxide
diffusion resistances of four Hevea brasiliensis clonal
seedlings. — Exp. Agr. 14: 173-177, 1978b.

Samsuddin, Z., Impens, I.: Comparative net photosynthesis of

77



B. KOSITSUP et al.

four Hevea brasiliensis clonal seedlings. — Exp. Agr. 14: 337-
340, 1978c.

Samsuddin, Z., Impens, I.: Relationship between leaf age and
some carbon dioxide exchange characteristics of four Havea
brasiliensis Muell. Arg. clones. — Photosynthetica 13: 208-
210, 1979a.

Samsuddin, Z., Impens, I.: The development of photosynthetic
rates with leaf age in Hevea brasiliensis Muell. Arg. clonal
seedlings. — Photosynthetica. 13: 267-270, 1979b.

Samsuddin, Z., Tan, H., Yoon, P.K.: Correlation studies on
photosynthetic rates, girth and yield in Hevea brasiliensis. — J.
Nat. Rubber Res. 2: 46-54, 1987.

Sangsing, K., Kasemsap, P., Thanisawanyankura, S., Gohet, E.,
Thaler P.: Respiration Rate and a Two-component Model of
Growth and Maintenance Respiration in Leaves of Rubber
(Hevea brasiliensis Muell. Arg.). — Kasetsart J. (Nat. Sci.) 38:
320-330, 2004.

Senevirathna, A.M.W.K., Stirling, C.M., Rodrigo, V.H.L.:
Growth, photosynthetic performance and shade adaptation of
rubber (Hevea brasiliensis) grown in natural shade. — Tree
Physiol. 23: 705-712, 2003.

Sobhana, P., Dey, S.K., George, E.S., Jacob, J., Sethuraj, M.R.:
Variation in mineral composition of leaves and its relationship
with photosynthesis and transpiration in polyclonal seedlings
of Hevea brasiliensis. — Indian J. Nat. Rubber Res. 9: 48-54,
1996.

Szadel, A., Lorenc-Plucinska, G., Karolewski, P., Matysiak, R.:
Photochemical activity, photosynthetic pigments and carbo-

78

hydrates in poplar leaves fumigated with sulphur dioxide. —
Dendrobiology 49: 57-61, 2003.

Thaler, P., Pages, L.: Periodicity in the development of the root
system of young rubber trees (Hevea brasiliensis Muell.
Arg.): Relationship with shoot development. — Plant Cell
Environ. 19: 56-64, 1996.

Urban, L., Léchaudel, M., Lu, P.: Effect of fruit load and gird-
ling on leaf photosynthesis in Mangifera indica L. — J. Exp.
Bot. 55: 2075-2085, 2004.

Vincent, G.: Leaf life span plasticity in tropical seedlings grown
under contrasting light regimes. — Ann. Bot. 97: 245-255,
2006.

Wang, Y.P., Jarvis, P.G.: Influence of shoot structure on the
photosynthesis of Sitka spruce (Picea sitchensis). — Funct.
Ecol. 7: 433-451, 1993.

Waullschleger, S.D.: Biochemical limitations to carbon
assimilation in C; plants - a retrospective analysis of the A/C;
curves from 109 species. — J. Exp. Bot. 44: 907-920, 1993.

Xie, S., Luo, X.: Effect of leaf position and age on anatomical
structure, photosynthesis, stomatal conductance and tran-
spiration of Asian pear. — Bot. Bull. Acad. Sin. 44: 297-303,
2003.

Yamori, W., Nokuchi, K., Terashima, I.: Temperature accli-
mation of photosynthesis in spinach leaves: analyses of
photosynthetic components and temperature dependencies of
photosynthetic partial reactions. — Plant Cell Environ. 28:
536-547, 2005.





