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ABSTRACT

Leaf aging induces various photosynthetic responses through changes in the growth and
development of vines. This study aimed to estimate the responses of leaf photosynthetic
capacity and leaf nitrogen content (N) investments throughout the growing season. The altered
ambient light intensity and CO, concentrations were demonstrated to affect the leaf
photosynthetic capacity in grapevines at three different years of age based on non-rectangular
hyperbola and 4/C; model approaches. The leaf growth stages were significantly higher for all
leaf photosynthetic parameters than for the vine age factor, as estimated from the two main
model approaches. In addition, the acclimation of the light-saturated photosynthetic rate (Pax),
maximum carbon assimilation rate (A4ma), apparent maximum rate of carboxylation due to
Rubisco activity (V. max) and apparent maximum rate of electron transport in RuBP regeneration
(Jmax) showed slight differences among vine ages, which gradually increased starting at 4 weeks
and suddenly declined during the senescence stage, at 20 weeks after leaf unfolding. Similarly,
the leaf N investments in terms of the photosynthetic nitrogen use efficiency (PNUE), Rubisco
(P)), bioenergetics (P») and thylakoid light harvesting (P;) were slightly higher in the 18-year-
old vines than the other vines. There was a stronger relationship between N investments and
Vemax than Juax when the data for all leaf growth stages and vine ages were pooled. These
findings suggest that this variation may lead to differences in the potential to predict
photosynthetic carbon gains among leaves and vines of different ages.
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1. Introduction

Photosynthetic carbon assimilation
results directly from the photosynthetic
reaction before carbon is translocated for
accumulation or storage in the living parts of
plants [1]. Among leaf development stages,
the leaf becomes the main carbon absorption
source in plants, which plays an important
role in determining the fixation of CO; for
growth and biomass production throughout
the growing season [2].

Photosynthesis models have become
an important tool that have been used widely
for analysis of the photosynthetic responses
of plant leaves [3]. Due to the acclimation of
photosynthesis to light, it can be described
based on a non-rectangular hyperbola (NRH)
model as a steady state response to leaf
irradiance [4-5]. Furthermore, biochemical
models based on determining CO»
concentration rates under different leaf
temperature conditions are frequently
analyzed with respect to the maximum
carboxylation rate (Ve max) [6], the maximum
rate of electron transport (Jmax) and triose-
phosphate utilization (7PU), which were
originally considered to be the three rate
limiting steps in C; plants and were
subsequently developed for considering
photosynthetic responses, as mathematically
expressed by [7-8] using the following
parameters: 1) the RuBP-saturated rate of
CO; assimilation (Rubisco-limited rate), 2)
the RuBP-limited rate of CO, assimilation
(electron transport-limited rate) and 3) the
export-limited rate of CO, assimilation
(phosphate-limited rate).

In addition to the changes that occur in
photosynthetic responses based on several
environmental ~ factors,  photosynthetic
activities are also strongly limited by leaf
ontogeny [9], leaf age [10] or other leaf
structural  traits [11].  Photosynthetic
behaviors as a function of leaf age are usually
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related to the leaf nitrogen distribution [12-
13], particularly resulting from acclimation
to seasonal variability and leaf structural
traits [14]. The leaf age-related effect on the
seasonal/nitrogen relationship is closely
linked to the leaf nitrogen use efficiency [15],
which is expressed as the maximum carbon
assimilation rate (Amw) per unit of leaf
nitrogen/area (N,) or on the basis of a leaf
nitrogen/mass unit (N,) over the growing
season. In this relationship, the variation in
the photosynthetic nitrogen use efficiency
(PNUE) has been used to consider
acquisition and assimilation over the leaf life
span [16]. Moreover, Vma and Juqr are the
main parameters used for considering
photosynthetic functions based on the
nitrogen fractions allocated to Rubisco (P,)
and to bioenergetics (P) [17].

The indeterminate growth habit of
grapevines is primarily governed by leaf
ontogeny and leaf age over the course of the
growing season. The different leaf ages
within a canopy can be ascribed to changes
in the intercepted light [18] or temperature
acclimation [19] by leaf photosynthetic
responses. Additionally, the chlorophyll
content, Rubisco activity, photosynthetic
electron transport activities and thylakoid
proteins in the grape leaf are strongly
associated with the process of leaf aging [20].
Light-harvesting complexes of thylakoid
proteins are responsible for transporting light
energy, which is essentially invested in
carbon assimilation [21]. It is therefore likely
that the acclimation of the photosynthetic
capacity, which results in changes in leaf
ages, can be used for predicting the carbon
gain potential associated with the leaf life
span.

The aim of this study was to estimate
the acclimation of the photosynthetic
capacity and nitrogen partitioning to the
photosynthetic apparatus in leaves and vines
of different ages during the growing season.
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Two main modeling approaches (NRH and
biochemical models) were used for the
estimation of photosynthetic functions,
including some leaf structural traits, for
calculating the N investment fractions.

2. Materials and Methods
2.1 Experimental site and plant material

The experiment was conducted in the
Daxing district (39°73'N, 116°33'E) in
northern China (Beijing region) during the
growing season (April-September). A
commercial hybrid grapevine cultivar (Vitis
vinifera L. x Vitis labrusca L. ‘Kyoho’) was
used as the experimental plant material;
plants were spaced at 3.00 x 0.70 m (=4,000
vines/ha) and grown on Y-shape trellises in a
commercial vineyard.

Three healthy grapevines of each vine
age (5-, 10- and 18-years) were used in the
experiments. Leaf measurements were
performed at 5 time points: 4, 8, 12, 16 and
20 weeks after leaf unfolding, according to
the beginning of the main phenological
events occurring after leaf unfolding. The
timing of these events were as follows:
anthesis or blooming stage (5" week),
véraison stage (10" week) and harvesting
stage (18™ week). For all of the sampled
vines, leaves of the same age that were fully
exposed to the sun were selected and marked
with plastic tags. Three leaves of a similar
age per vine were randomly measured to
determine gas exchange parameters.
Subsequently, three leaves at the same stages
were collected and used as three replicates,
and these data were averaged to analyze
photosynthetic activity according to the leaf
area, leaf dry mass and chlorophyll and
nitrogen content.

2.2 Leaf photosynthetic parameters

Leaf photosynthetic responses were
analyzed in field trial conditions with a
portable photosynthesis system (LI-6400XT,
Li-Cor Inc., Lincoln NE, USA). For the first
experiment addressing leaf photosynthetic
parameters, quantitative responses
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associated with leaf photosynthesis were
obtained for the light- saturated
photosynthetic rate (Pyax), apparent quantum
yield, or photosynthetic efficiency (¢), light
curve convexity (®), dark respiration (Ry),
light saturation index (/) and light
compensation index (/) [22], which were
considered by fitting based on a non-
rectangular hyperbola (VRH) model. The net
photosynthesis rate ( P,) could then be
calculated using the following Eq. (2.1) [4-
5]:

max

. pI+P - \/(((;5.1 +P )2 -4041P j

n 20 d
(2.1)
Photosynthetic curves were

determined under an altered ambient LED
light source (6400-02B) at intervals of 200
pmol m™? s™, up to 2,000 umol m? s'. The
ambient CO; concentration and leaf chamber
temperature were constantly controlled at
400 pmol CO, mol™ and 25 °C, respectively.

The second experiment examining leaf
photosynthetic parameters involved
examination of the apparent maximum rate
of carboxylation due to Rubisco activity
(Vemax), the apparent maximum rate of
electron transport in RuBP regeneration
(Jmax) and triose-phosphate utilization (7PU)
using the photosynthesis models of [6], as
applied by [ 23], with Egs. (2.2), (2.3) and
(2.4):

C +K.(1+O0K,)
Jo= (4,, + Rd)(4.5(,:l. +10.5T )’(2'3)
Y (Cz - )
Wp =3Vpy- (2.4)

Here, W, is the potential rate of CO;
assimilation due to Rubisco activity; C; is the
intercellular partial pressure of CO»; O is the
oxygen concentration; K. and K, are the
Michaelis-Menten constants of Rubisco
activity for carboxylation and oxidation,
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respectively; Ame 1S the maximum carbon
assimilation rate pmol CO, m? s™); and I' is
the CO; compensation point. Finally, the
phosphate- limited photosynthesis rate (#))
which is limited at high CO; concentration
levels, can be estimated from the velocity of
TPU (Vrpu). To estimate the values of Ve max,
Jmax, TPU and Ry, linear curve fitting was
used from the Rubisco and RuBP- limited
portion of the A/C; response curves, as
described by [24]. Additionally, in the
present study, Juqx can be estimated using Eq.
(2.3) and then expressed as Juuc, Which is
obtained from gas exchange measurements
and is strongly related to the other described
method [25]. The A/C; response was
determined continuously using a leaf
chamber at 25 °C under a photosynthetic
photon flux density (PPFD) of 1,200 pmol
m s~ ' and a relative humidity of 40-50%.
The CO: concentration was regulated,
beginning at 400, 200, 100, 75, 50, 25 or 0
pmol CO» mol !, followed by 370, 600, 800,
1,000, 1,200, 1,500 or 1,800 pmol CO,
mol™, respectively. Most of the gas exchange
parameters were only measured during the
period of 09:00-15:00 on clear days.
Additionally, the carbon assimilation rate (4)
and the parameters C;, C. (CO; concentration
at the site of Rubisco at the chloroplast level)
and T° were also determined for
measurement of the mesophyll conductance
(gm) in the leaves as required parameters for
curve fitting using modeling method (Eq.

(2.9)) [26]:
A
m = . (2.5)
&=t _c
2.3 Leaf structural traits in the

photosynthetic apparatus

2.3.1 Leaf chlorophyll content

Each leaf was cut into two 1 mg
samples from the middle portion of the leaf
blade and extracted with N N-
dimethylformamide (DMF) to determine the
total chlorophyll content (Chl) (mg L™"). The
absorption of each chlorophyll sample was
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recorded at 647 and 664 nm with a UV
spectrophotometer (UV-2550, Shimadzu,
Tokyo, Japan) and the total Chl was
quantified with the equations described by
[27].

2.3.2 Leaf nitrogen content

The individual leaf area was measured
using an LI-3000C portable leaf area meter
(Li-Cor Inc., Lincoln NE, USA). The
sampled leaves were harvested directly and
dried in an oven at 65 °C for 48 hours, and
the leaf dry mass was then measured to
determine the leaf mass per unit area (LMA).
Finely ground tissues were digested to
determine the total leaf nitrogen content (V)
using the Kjeldahl method. Based on
nitrogen partitioning to the photosynthetic
apparatus, the apparent fractions of NV per unit
of leaf area (V,) and leaf dry mass (V,,) were
used and expressed on a basis of either mass
or area for determining leaf structural traits.
In addition, the N investment fractions could
be used to perform estimations in terms of the
PNUE (N allocated to Ama), Rubisco (Pr)
(Eq. (2.6)), bioenergetics (Py) (Eq. (2.7)) and
thylakoid light harvesting (P;) (Eq. (2.8))
according to [21] and represented by [28],
which were calculated as follows:

T — (2.6)
(6.25xV_xN.)

T @.7)
(8.06xJ xN.)

p-— 2.8)
(NmXCB)

where Ve and J,. are the maximum rate of
RuBP carboxylation (mol CO, g' Rubisco
s'") and the photosynthetic electron transport
capacity (mol ¢ mol cyt f! s') at a leaf
temperature of 25 °C, respectively; Cc is the
leaf chlorophyll concentration (mmol g '),
and Cjp is the constant of chlorophyll binding
of the thylakoid protein complexes (mmol
Chl (g N)'"), as calculated and described by
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[21, 29]; the values of J,.x are obtained from
Jiax.c as described above.
2.4 Statistical analyses

Statistical analyses were conducted
using SPSS 15.0 (SPSS Inc., Chicago, USA).
The data were subjected to two-way analysis
of variance (ANOVA) to compare the effects
of leaf developmental stages and vine ages
for all of the measured parameters.
Statistically significant differences in means
were compared using Tukey's HSD (honestly
significant difference) test. The relationships
between the apparent nitrogen investment
fractions and photosynthetic parameters
were tested using Pearson’s correlation and
simple linear regression procedures to
examine significance.

3. Results and Discussion

3.1 Changes in leaf photosynthetic
parameters under light-saturating and
biochemical limitations
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The differences in the leaf growth
stage responses are presented in Fig. 1. Py
increased sharply from 4 to 12 weeks and
remained stable from 12 to 16 weeks, then
gradually declined again until senescence
occurred at 20 weeks. In contrast, the
maximum value was reached at 8 weeks in
5-year-old vines. Conversely, R; decreased
dramatically at 8 weeks and remained stable
until 16 weeks, before slowly increasing
again at 20 weeks. /., which showed a pattern
similar to R; in all vines across each leaf
growth stage, decreased rapidly after the first
stage and then increased slightly in the last
stage. In addition, there was evidence of ; in
the acclimation response. Although this

index was slightly higher in 5-year-old vines
at 4 weeks after leaf unfolding, the /; values
fluctuated between 700 and 1,000 pmol m™
s in each leaf growth stage.
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Fig. 1. Changes in the light-saturated photosynthetic rate (Pumax) (2), dark respiration rate (Rq) (b), light
saturation index (Zs) (c) and light compensation index (/) (d) in grape leaves at 4, 8, 12, 16 and 20 weeks
after unfolding on grapevines of different ages (bars represent mean =+ sd, n= 3).
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Fig. 2 shows the pattern of A/C;
responses during the five leaf growth stages
in the vines of three different ages during the
growing season. Am. showed the same
pattern as Ve max, Jmaxr and TPU throughout the
period of leaf development. The highest
values of these parameters were achieved at
8 to 16 weeks, after increasing at the
beginning, and then steadily declining at the
end of the leaf growth stages, though this
pattern differed for R, which was similar to
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decline in R; began at 4 weeks and lasted
until 16 weeks; a slight increase was then
observed at 20 weeks, especially in 10-year-
old vines, while R, for both 5- and 18-year-
old vines remained fairly stable at 16 and 20
weeks. Despite the large differences in gm
detected in the early stage for all vine ages,
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Fig. 2. Changes in the maximum carbon assimilation rate (4mar) (2), apparent maximum rate of
carboxylation (Vemar) (b), triose-phosphate utilization (7PU) (c), apparent maximum rate of electron
transport (Jmar) (d), dark respiration rate (R«) (e) and mesophyll conductance (gm) (f) in grape leaves at 4,
8, 12, 16 and 20 weeks after unfolding on grapevines of different ages (bars represent mean + sd, n= 3).
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3.1.1 Photosynthetic capacity in
different ages of grapevine leaves

There was evidence for an effect of the
leaf growth stage on the photosynthetic
capacity under light-saturating conditions, as
estimated using the NRH model. The
acclimation patterns of P and I, appeared
to be dependent upon leaf and vine ages (Fig.
1). This pattern was similar regarding the
seasonal variability during the growing
season (April-September) in photosynthetic
parameters and leaf ages, which have
commonly shown higher values in either
fully expanded leaves or mature stages and
decrease thereafter during the senescence
stage in V. vinifera L. ‘Pinot noir’ [20] and V.
vinifera L. ‘Syrah’ leaves [30]. This may be
due to the fact that young leaves are not
completely developed for performing
photosynthetic assimilation, which then
declines during the acceleration of the
senescence phenomenon in the leaf [31]. In
contrast, R; showed a peak incidence in
young leaves and then decreased with leaf
age. Vine leaves show a high response rate
regarding the partitioning of respiration into
its growth and maintenance components in
the early stage of leaf growth, while a lower
rate of maintenance respiration is dominant
in older leaf stages [32]. During leaf
maturation and senescence, it has been
suggested that the decrease in respiration
might be caused by a low availability of
solutes, due to their translocation to other
parts of the vine; this translocation of solutes
out from leaves in the dark requires energy
gained from respiration [33].

Furthermore, a decline in /. is likely to
be imposed by changes in the respiration
processes in response to different leaf ages,
as observed in both V. vinifera L. ‘Riesling’
and ‘Chasselas’ [34]. In addition, these
photosynthetic parameters were also affected
by changes in vine age-related acclimation,
despite the fact that the highest mean values
of Puax and Ry were observed in 10- and 5-
year-old vines, respectively. It is possible
that the photosynthetic capacity varies under
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age-related changes in vines of different
ages. In this regard, photosynthetic responses
have also been observed in other woody
plants, although these changes were not
found to be greater in the oldest trees as
compared to both the juvenile and mature
trees [35].

The leaves from vines of all three ages
showed a similar pattern regarding their
photosynthetic ~ capacity  under  the
investigated CO» concentration conditions,
as estimated by the A/C; curve-fitting method
(Fig. 2). It is notable that the acclimation of
the photosynthetic capacity of the leaves was
predominantly determined by the leaf growth
stage, as evidenced by the high significance
of all investigated parameters found for the
leaf age factor. In contrast, the trends in
Vemars Jmax, TPU and Apmae were similar
between different vine ages. Therefore, it is
possible to estimate the changes in
biochemical limitations, especially for Ve max
and Jua, as a strong relationship was
observed between leaf age-dependent
variation and Ay [36].

Although the photosynthetic capacity
increased with leaf age during development
and declined thereafter, the variations in this
capacity were strongly linked to the change
in g, [37], as a higher g, was recorded at 8
to 16 weeks. This association is mainly due
to the fact that the leaf growth stage is
strongly limited by the response of g, to
intercellular CO; concentrations, imposing a
constant degree of limitation on the leaf
photosynthetic capacity [38], especially for
Vemax and Jua, which were significantly
lower in both young and senescing leaves
than leaves in other growth stages. In
addition, it has previously been found that an
increasing demand for COs is associated with
a higher g, response, leading to an increased
CO; concentration in chloroplasts [39].
Therefore, gm can be directly affected by the
number of chloroplasts, which varies with
structural traits in leaves of different ages
[11]. The results of this study imply that vine
leaves in the mature stage, or at 8 to 16 weeks
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of age, possess a greater potential ability to
fix carbon than both young and senescing
leaves.

3.2 Changes in the apparent /N investment
fractions and the photosynthetic
apparatus

The results regarding leaf nitrogen
partitioning to photosynthetic apparatus are
shown in Fig. 3. Despite the differences
detected between the vine ages regarding the
leaf mass per unit area (LMA) in the different
leaf growth stages, slightly higher values
were found when the leaves were undergoing
senescence than in earlier stages. In contrast,
the values of N, decreased from the
beginning to the last leaf growth stages. The
values of N, were found to show almost the
same pattern as N, in all leaf growth stages,
being significantly lower in 18-year-old
vines than in the other two vine ages, with the
exception of the 12-week stage. Differences
in total Chl were also found between
different leaf and vine ages. The total Ch/
contents for all leaves were highest at 16
weeks before declining dramatically at 20
weeks.

Leaf N and total Chl responded in a
similar manner to photosynthetic functions
both between different leaf growth stages and
different vine ages. The PNUE values for
both 5- and 10-year-old vines increased
significantly from 4 to 12 or 16 weeks, but
remained stable from 12 to 20 weeks for 18-
year-old vines. The value of P, was slightly
higher for 18-year-old vines and was lowest
for 10-year-old vines. The results for 18-
year-old grapevines were highly similar to
those for 10-year-old vines, steadily
increasing until 20 weeks, whereas the values
suddenly decreased for both 5- and 10-year-
old vines. In addition, P, was highest in 18-
year-old vines at all leaf growth stages,
except for at 12 weeks, when P, values were
similar to the other two vine ages, and the
values for all sampling stages decreased at 20
weeks. There were no large differences in P;
detected between the three vine ages, which
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seemed to favor 18-year-old vines over either
5- or 10-year-old vines, especially in the 16-
20-week leaf growth stages. However, there
was a reduction in P; at the last stage, which
followed a similar pattern as previously
shown for Ps. Fitting the linear relationships
between the apparent fraction of N
investments to Ve max and to Jyq resulted in a
high coefficient of determination (1)
associated with significant differences for the
pooled data for all leaf growth stages and
vine ages (Fig. 4). There were positive
correlations observed for both V., e and Jyax,
although the highest r* values were found for
Vemax with all of the N investment
parameters. Regarding PNUE activity, it was
significantly different for V. e (P<0.01) and
slightly lower for Ju« (P<0.01). Highly
significantly differences were found in V¢ max
for both P, and P, though the difference
decreased significantly for J... However,
the lowest significant differences were found
in P; for both V¢ max and Jiax (P<0.05).

3.2.1 Photosynthetic nitrogen use
efficiency in different ages of grapevine
leaves

The pattern of changes in the leaf
photosynthetic capacity was found to be
almost the same as the pattern of changes in
leaf structural traits, in which an increased
leaf mass was associated with increases in
LMA and total Chl in vines of all three ages
(Fig. 3). On the basis of the leaf mass and leaf
area, LMA and total Chl were high as the
leaves rapidly expanded during spring and
slightly declined at the end of the growing
season. The apparent N fractions declined
with increasing leaf age when expressed on a
mass or an area basis for N, and N,
respectively. Thus, there was a high demand
for N for contributing to new vine leaf growth
in early stages, though a decrease might
occur during leaf ontogeny, especially if
either leaf mass or leaf area is not a limitation
for the growth distribution over the growing
season [9, 40].
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In the same leaf growth stages, PNUE,
P,, Py and P; were strongly influenced by the
acclimation of leaf Ch/ and leaf N per unit of
leaf area and leaf mass, regardless of the
environmental conditions. A similar pattern
was observed during the growing season in
olive trees [38], where a higher leaf N content
in terms of both N, and N, likely enhanced
the photosynthetic capacity. Moreover, the
variations in P, and P, which are derived
from both photosynthetic functions (Ve max
and Jnax), were specifically impacted by N,
as previously reported for woody plants [28].
Despite the dependence of N, on light-
harvesting components (P;), the capacity for
light utilization was remarkably similar to the
total Chl content in vines of different ages.
This is mainly due to the fact that leaf Ch/ is
associated with soluble proteins in the
thylakoid membranes of chloroplasts, which
decline during the senescence stage of grape

leaves [41]. The degradation of these
proteins may result in an altered
photosynthetic ~ capacity  during  the

senescence stage in the vines of all three
ages.

Additionally, soluble proteins have
been found to show a linear relationship to
N, under growth irradiance and to directly
affect photosystem I (PSI) and photosystem
II (PSII), including the light-harvesting

chlorophyll protein complexes of the
chloroplast  thylakoid involved in
photosynthetic electron transport [29].

Consequently, changes in the proportions of
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N and total Chl could reflect the
photosynthetic light harvesting capacity of
C; plants [12]. Thus, the quantitative
partitioning of both leaf N and total Ch/ can
play a significant role in determining the
light harvesting efficiency of vine leaves
with regard to the carbon gain potential
associated with the acclimation of leaf
structural traits during seasonal changes,
although light harvesting efficiency might be
tightly restricted by environmental light
conditions [21] and N supply [42] for leaf
photosynthesis. Coincidently, the results
obtained regarding the relationships between
the key parameters of photosynthetic
capacity ( Vemar and Juer) and N investments
in the photosynthetic machinery showed that
they followed changes in leaf structural
traits, total Ch/ and leaf N partitioning among
the periods of the growing season. The r’
results (Fig. 4) show that the proportion of N
might be more highly invested in
carboxylation functions than in electron
transport functions, which is consistent with
the positive relationship between V. and
the fractional leaf nitrogen investment, or
between 4,..x and N associated with Rubisco
activity [43] based on age-related changes in
leaf structural traits. Furthermore, it appears
likely that the function of Rubisco in the
storage of N preserved changes in the balance
between the carboxylation capacity and
electron transport capacity in addition to its
catalytic role [44].
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Fig. 3. Changes in the leaf mass per unit area (LMA) (a), fraction of N in the leaf dry mass (Nu) (D),
amount of N per unit of leaf area (Na) (c), total chlorophyll content (Chl) (d), N allocated to Amax (PNUE)
(e), N allocated to Rubisco (Pr) (f), N allocated to bioenergetics (P») (g) and N allocated to thylakoid
light harvesting (P;) (h) in grape leaves at 4, 8, 12, 16 and 20 weeks after unfolding in different ages of
grapevines (bars represent mean + sd, n= 3)
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grapevines of different ages (asterisks (*,**) represent a significant effect (P<0.05 or P<0.01) according
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4. Conclusion

This study showed that photosynthetic
functions were related to the acclimation
occurring across vine ages, even though they
were only slightly affected by some aspects
of photosynthetic parameters. Leaf age
seemed to be a more impactful factor than
vine age, as demonstrated by the leaf
photosynthetic responses that occurred
throughout the growing season. Therefore, it
can be concluded that the acclimation of
structural traits and the partitioning of total
Chl and N in grape leaves were directly
induced by age-related phenomena. All of
the NV allocation to photosynthetic functions
(PNUE, P., Py and P)) is specifically imposed
by the leaf N acquisition activity and
photosynthetic capacity potential. The age-
related changes in the functional investment
of N might therefore mainly limit the carbon
gain in grape leaves. Finally, the age-related
acclimation of the net carbon gain per unit
leaf area needs to be considered in further
studies to assess carbon sequestration during
the growing season, particularly in
grapevines of different ages.
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Appendix

Abbreviations: A, carbon assimilation
rate; Amax, maximum carbon assimilation rate; Ca,
chlorophyll binding of the thylakoid protein
complex; Cc, leaf chlorophyll concentration; Ce,
CO2 concentration in the chloroplast; Chl,
chlorophyll content; C;, intercellular partial
pressure of CO2; gm, mesophyll conductance; I,
light compensation index; I;, light saturation
index; Jmax, apparent maximum rate of electron
transport of RuBP regeneration; Juc, capacity of
photosynthetic electron transport; K., Michaelis-
Menten constants of Rubisco activity for
carboxylation; K,, Michaelis-Menten constants of
Rubisco activity for oxidation; LMA, leaf mass
per unit area; N, nitrogen content; NRH, non
rectangular hyperbola; Na, fraction of N per unit
of leaf area; N, fraction of N per unit of leaf dry
mass; O, oxygen concentration; Pp, fraction of N
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allocated to bioenergetics; Pumar, light-saturated
photosynthetic rate; Py, fraction of N allocated to
thylakoid light harvesting; P», net photosynthesis
rate; PNUE, fraction of N allocated to Amax;
PPFD, photosynthetic photon flux density; P»,
fraction of N allocated to Rubisco; Rs, dark
respiration  rate;  TPU,  triose-phosphate
utilization; Vemar, apparent maximum rate of

113

carboxylation by Rubisco activity; Ver, maximum
rate of RuBP carboxylation; Vrry, velocity of
TPU; W., potential rates of CO> assimilation by
Rubisco  activity; W),, phosphate-limited
photosynthesis rate; ¢, apparent quantum yield;
O, light curve convexity; I'", CO2 compensation
point.



