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Leaves of Mediterranean evergreen tree species experience a reduction in net CO2 assimilation (AN) and mesophyll
conductance to CO2 (gm) during aging and senescence, which would be influenced by changes in leaf anatomical traits
at cell level. Anatomical modifications can be accompanied by the dismantling of photosynthetic apparatus associated to
leaf senescence, manifested through changes at the biochemical level (i.e., lower nitrogen investment in photosynthetic
machinery). However, the role of changes in leaf anatomy at cell level and nitrogen content in gm and AN decline
experienced by old non-senescent leaves of evergreen trees with long leaf lifespan is far from being elucidated. We
evaluated age-dependent changes in morphological, anatomical, chemical and photosynthetic traits in Quercus ilex
subsp. rotundifolia Lam., an evergreen oak with high leaf longevity. All photosynthetic traits decreased with increasing
leaf age. The relative change in cell wall thickness (Tcw) was less than in chloroplast surface area exposed to intercellular
air space (Sc/S), and Sc/S was a key anatomical trait explaining variations in gm and AN among different age classes.
The reduction of Sc/S was related to ultrastructural changes in chloroplasts associated to leaf aging, with a concomitant
reduction in cytoplasmic nitrogen. Changes in leaf anatomy and biochemistry were responsible for the age-dependent
modifications in gm and AN. These findings revealed a gradual physiological deterioration related to the dismantling of
the photosynthetic apparatus in older leaves of Q. ilex subsp. rotundifolia.
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Introduction

The ecological implications of differences in leaf lifespan have
been analyzed by cost–benefit models that optimize leaf lifetime
carbon gain in different environments (Chabot and Hicks 1982,
Kikuzawa 1991, Ackerly 1999). These models postulate that
leaves should be replaced when leaf maintenance costs during
unfavorable periods surpass the carbon gain in favorable periods
or, alternatively, the potential future gain is less than the cost
of losing the leaves in terms of carbon and nutrient investment

(Chabot and Hicks 1982). It is widely acknowledged that devel-
oping leaves show a rise in photosynthesis to maximum levels
that is followed by an age-dependent decrease in photosynthetic
potential until leaf senescence (Freeland 1952, Chabot and
Hicks 1982, Niinemets et al. 2004, 2006, 2009, 2012,
Harayama et al. 2016).

Evergreen tree species with long leaf lifespan retain
several cohorts of foliage that can contribute significantly to
canopy photosynthesis (Niinemets et al. 2005, Warren 2006,
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Peguero-Pina et al. 2007, Yasumura and Ishida 2011). Indeed,
Escudero and Mediavilla (2003) analyzed the decline in
photosynthetic performance of several evergreen species from
Mediterranean-type climates with long lifespan, concluding that
the retention of old leaves resulted in a higher whole-canopy
net CO2 assimilation, despite their lower assimilation rate.

Studies have also found evidence for increased photosyn-
thetic limitation in older leaves of different plant species due
to a reduced mesophyll conductance to CO2 (gm) (Loreto et al.
1994, Flexas et al. 2007a, Zhang et al. 2008, Niinemets et al.
2009), including Mediterranean evergreen tree species during
aging and senescence (Niinemets et al. 2005, 2006). In fact,
gm plays a predominant role in the photosynthetic process of
Mediterranean evergreen tree species, being often the most
limiting factor for net CO2 assimilation (Flexas et al. 2014,
Galmés et al. 2014, Niinemets and Keenan 2014, Peguero-Pina
et al. 2016a, Peguero-Pina et al. 2017a, Peguero-Pina et al.
2018, Alonso-Forn et al. 2021).

Values of gm for a given plant species can be influenced by
different leaf anatomical traits, mainly the cell wall thickness, the
mesophyll and chloroplast surface area exposed to intercellular
air space per unit leaf area (Sm/S and Sc/S, respectively) and
the chloroplast size (Terashima et al. 2011, Tomás et al. 2013,
Peguero-Pina et al. 2016b, 2017b, Sáez et al. 2017, Sáez
et al. 2018, Carriquí et al. 2019). Given the strong control
of leaf anatomy on gm, Niinemets et al. (2005) suggested
that the drawdown of photosynthesis and gm in older leaves
of Mediterranean evergreen tree species could be associated
with increases in the thickness of mesophyll cell walls with
increasing leaf age. Moreover, Niinemets et al. (2009) proposed
that the dismantling of the photosynthetic apparatus associated
to leaf senescence would reduce Sc/S, which could explain the
reduction of both gm and net CO2 assimilation. Recently, Clarke
et al. (2021) concluded that reduced gm in older leaves of the
annual forb Nicotiana tabacum was associated with cell wall
thickening and reduction in Sc/S. However, to the best of our
knowledge, there is a lack of empirical studies of age-dependent
changes in leaf anatomical traits (i.e., cell wall thickness, Sc/S,
chloroplast number and size) as the mechanistic explanation for
the decline in photosynthetic potential of older leaves in species
with long leaf lifespan.

Moreover, the dismantling of photosynthetic apparatus asso-
ciated to leaf senescence can be manifested through a decrease
in leaf nitrogen content and/or lower fractions of nitrogen in
photosynthetic enzymes of functional chloroplasts (i.e., Rubisco
and rate-limiting components of photosynthetic electron trans-
port). Reallocation of N from older to younger leaves has
been interpreted as a mechanism to improve whole-canopy
photosynthesis (Thomas and Stoddart 1980, Chabot and Hicks
1982, Field 1983, Field and Mooney 1983, Smart 1994,
Kitajima et al. 1997). Indeed, Warren (2006) and Kuusk et al.
(2018) found that the concentrations of nitrogen and the

maximum rate of carboxylation (Vcmax) decreased with needle
age in different Pinus species. On the other hand, Hikosaka
(2005) suggested that the decrease in photosynthetic potential
in evergreen species with a longer leaf lifespan is not necessarily
coupled with leaf nitrogen content. In this regard, Niinemets
et al. (2005) only found minor changes in nitrogen content per
unit area in older leaves of Mediterranean evergreens despite
the fact that the capacities for photosynthetic electron transport
(Jmax) and Vcmax decreased fivefold on an area basis.

Therefore, the role of leaf anatomy and nitrogen content
in determining gm and photosynthetic capacity in old non-
senescent leaves of evergreen trees with long leaf lifespan is
far from being elucidated. We hypothesized that (i) changes in
leaf anatomical traits (e.g., increased cell wall thickness and/or
decreased Sc/S) in older leaves of evergreen species with long
leaf lifespan are primarily responsible for decreases in foliage
photosynthetic potentials in older leaves and (ii) anatomical
modifications are accompanied by age-dependent changes at
biochemical level (e.g., the decrease in nitrogen investment in
photosynthetic machinery). To test these hypotheses, we evalu-
ated the age-dependent changes in morphological, anatomical,
chemical and photosynthetic traits in Q. ilex subsp. rotundifolia
Lam., a Mediterranean evergreen oak with high leaf longevity (ca
28 months, according to Mediavilla and Escudero 2003) and a
high fraction of leaves >1 year old that play an important role
in canopy photosynthesis (Sala i Serra 1992, Corcuera et al.
2005).

Materials and methods

Plant material and experimental conditions

This study was carried out with adult ca 5 m tall trees of Q. ilex
subsp. rotundifolia (‘Cazorla’ provenance, seed origin: 38◦06′ N,
02◦33′ W, 1236 m above sea level, Spain) growing outdoors at
CITA de Aragón (41◦39′ N, 0◦52′ W, Zaragoza, Spain) under
Mediterranean conditions (mean annual temperature 15.4 ◦C,
total annual precipitation 298 mm). All trees were exposed
to the same environmental conditions and drip-irrigated every
2 days. Physiological measurements were carried out in Septem-
ber 2018 in current-year (0-year-old), 1-year-old and 2-year-
old leaves from three branches of three 15-year-old trees. The
same measurements were repeated during September 2020
in current-year (0-year-old), 1-year-old and 2-year-old leaves
from the same three branches of the same trees. Thus, the
current-year leaves (0-year-old) measured in September 2018
correspond to the 2-year-old leaves measured in September
2020.

Light environment was characterized with three HOBO Pen-
dant temp/light sensors (ONSET, Bourne, MA, USA) placed
along a branch to determine the average light intensity above
each of the three leaf cohorts studied (0-year-old, 1-year-old
and 2-year-old). Measurements were recorded every 1 min
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Age-related changes in photosynthesis of holm oak 3

during three sunny days of September 2018 (Figure S1 avail-
able as Supplementary data at Tree Physiology Online). The
integrated daily quantum flux density (Qint, mol m−2 day−1) was
calculated for each leaf cohort from the mean values of incident
solar radiation (Cescatti and Zorer 2003) (Figure S2 available
as Supplementary data at Tree Physiology Online).

Leaf gas-exchange and chlorophyll fluorescence
measurements

Simultaneous gas-exchange and chlorophyll fluorescence mea-
surements were carried out between 09:00 and 10:00 h
(solar time) with a portable photosystem system CIRAS-2 (PP-
Systems, Amesbury, MA, USA) fitted with an automatic universal
leaf cuvette (PLC6-U, PP-Systems) and an FMS II portable
pulse amplitude modulated fluorometer (Hansatech Instruments
Ltd, Norfolk, UK). All measurements were conducted under the
following standard environmental conditions: CO2 concentration
surrounding the leaf (Ca) of 400 μmol mol−1, leaf temperature
of 25 ◦C, vapor pressure deficit of 1.25 kPa and saturating pho-
tosynthetic photon flux density (PPFD) of 1500 μmol m−2 s−1.
Additional measurements were also performed under lower
PPFD of 350 and 750 μmol m−2 s−1 in September 2018.
After steady state gas-exchange rate was reached, the net
assimilation rate (AN), the stomatal conductance (gs) and the
effective quantum yield of PSII (�PSII) were estimated. �PSII

was calculated as (F′
M–FS)/F′

M, where FS is the steady-state
fluorescence yield and F′

M is the maximum fluorescence yield
during an 1 s saturating light pulse of ca 8000 μmol m−2 s−1

(Genty et al. 1989). Photosynthetic electron transport rate (Jflu)
was then calculated according to Krall and Edwards (1992),
following the methodology described in Peguero-Pina et al.
(2016a). Leakage of CO2 in and out of the cuvette was deter-
mined for the same range of CO2 concentrations as described
in Flexas et al. (2007b) and used to correct the values of AN

and corresponding substomatal CO2 concentration (Ci).

Estimation of mesophyll conductance, gm and maximum
velocity of carboxylation (Vcmax) by gas exchange and
chlorophyll fluorescence

Mesophyll conductance (gm) and maximum velocity of carboxy-
lation (Vcmax) were estimated according to the variable J method
of Harley et al. (1992) (Eq. (1)) and the one-point method of
De Kauwe et al. (2016) (Eq. (2)), respectively, as follows:

gm = AN

Ci − �∗(JF+8(AN+RL))
JF−4(AN+RL)

(1)

Vcmax = AN(
Ci−�∗
Ci+Km

)
− 0.015

(2)

where AN and Ci values used correspond to the gas-exchange
measurements at saturating light. The chloroplastic CO2

compensation point in the absence of mitochondrial respiration

(�∗) and the respiration rate in the light (RL) were estimated as
in Flexas et al. (2007a), whereas Km (the effective Michaelis–
Menten constant) was estimated as in De Kauwe et al.
(2016).

Morphological and anatomical measurements
and leaf nitrogen concentration

Sections of 1 mm × 1 mm were cut between the main veins
from the same leaves used for gas-exchange and processed for
anatomical measurements following the methodology described
in Peguero-Pina et al. (2016c). Semi-thin (0.8 μm) and ultra-
thin (90 nm) cross-sections were cut with an ultramicrotome
(Reichert and Jung model Ultracut E). Semi-thin cross-sections
were stained with 1% toluidine blue and viewed under a
light microscope (Optika B-600TiFL, Optika Microscopes, Pon-
teranica, Italy). Ultrathin cross-sections were contrasted with
uranyl acetate and lead citrate and viewed under a transmission
electron microscope (H600, Hitachi, Tokyo, Japan). Light and
electron microscopy images were analyzed with ImageJ software
(http://rsb.info.nih.gov/nih-image/) to determine leaf anatomi-
cal characteristics. Light micrographs were used to measure leaf
thickness, mesophyll thickness between the two epidermal lay-
ers, number of palisade layers, fraction of the mesophyll tissue
occupied by the intercellular air spaces (f ias), and mesophyll
(Sm/S) and chloroplast (Sc/S) surface area facing intercellular
air spaces per leaf area (Evans et al. 1994, Syvertsen et al.
1995, Tomás et al. 2013). Electron micrographs were used
to measure the cell wall thickness (Tcw), cytoplasm thickness
(Tcyt), chloroplast length (Lchl) and chloroplast thickness (Tchl)
(Tomás et al. 2013). Moreover, total chloroplast area (Achl)
and total area occupied by starch grains and plastoglobuli (Ast

and Aplg, respectively) were also measured to estimate the
percentage of functional area per chloroplast as (Achl–Astg–Aplg)
× 100. Each anatomical trait was measured in three different
sections and four to six different fields of view.

Leaf dry mass per unit area (LMA) was measured in Septem-
ber 2018 and September 2020 in nine leaves per cohort
from the same branches previously used for gas exchange and
chlorophyll fluorescence measurements (three leaves of each
age from each of the three trees used for measurements). Leaf
area was measured after scanning the leaves with the ImageJ
software. Leaf dry mass was determined after leaves were oven
dried at 70 ◦C for 3 days. The LMA was calculated as the ratio
of foliage dry mass to foliage area.

Total leaf nitrogen (Ntotal) was quantified in dried leaves using
an Organic Elemental Analyzer (Flash EA 112, Thermo Fisher
Scientific Inc., Waltham, MA, USA). For the leaves measured
in September 2020, the cell wall fraction was obtained after
performing the neutral fiber detergent (NDF) following the
method of Goering and Van Soest (1970). Nitrogen content of
the cell wall fraction (Ncell wall) was further estimated using the
elemental analyzer as aforementioned. The fraction of nitrogen
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allocated in the cytoplasm (Ncytoplasm) was calculated as follows:
Ncytoplasm = (Ntotal × 100–Ncell wall × NDF)/(100–NDF).

Mesophyll conductance modeled on the basis of anatomical
traits

Mesophyll diffusion conductance estimated using the measured
leaf anatomical traits (gm,a) was calculated as a compos-
ite conductance of within-leaf gas and liquid diffusion path-
ways, according to the one-dimensional gas diffusion model of
Niinemets and Reichstein (2003) as applied by Tosens et al.
(2012):

gm,a = 1
1

gias
+ R•Tk

H•gliq

(3)

where gias is the gas phase conductance from substomatal
cavities to outer surface of cell walls, gliq is the conductance
in the liquid and lipid phases from the outer surface of cell
walls to chloroplasts, R is the gas constant (Pa m3 K−1 mol−1),
Tk is the absolute temperature (K) and H is the Henry’s law
constant for CO2 (Pa m3 mol−1). gm,a is defined as a gas-
phase conductance, and thus H/(RTk), the dimensionless form
of the Henry’s law constant converts gliq to the corresponding
gas-phase equivalent conductance (Niinemets and Reichstein
2003).

The gas-phase conductance (and the reciprocal term, r ias)
was calculated as described in Niinemets and Reichstein
(2003):

gias = 1

rias
= DA • fias

�Lias • τ
(4)

where �Lias (m) is the average gas-phase thickness, τ is the
diffusion path tortuosity (1.57 m m−1, Syvertsen et al. 1995),
DA is the diffusivity of the CO2 in the air (1.51.10−5 m2 s−1

at 25 ◦C) and f ias is the fraction of intercellular air spaces.
�Lias was taken as the half of the mesophyll thickness. Total
liquid phase conductance (gliq) from the outer surface of cell
walls to the carboxylation sites in the chloroplasts is the sum
of serial resistances of the cell wall (rcw), the plasmalemma
(rpl) and the liquid phase inside the cell (rcel,tot) (Tomás et al.
2013):

gliq = Sm(
rcw + rpl + rcel,tot

) • S
(5)

Cell wall conductance was calculated as described in
Peguero-Pina et al. (2012). We used a value of 0.028 for
the porosity of cell wall as previously estimated by Tomás et al.
(2013) for Q. ilex. We used an estimate of 0.0035 m s−1 for
the conductance of plasma membrane (Tosens et al. 2012).
The conductance inside the cell was calculated considering two
different pathways of CO2 (one for cell wall parts lined with
chloroplasts and the other for interchloroplastial areas, Tholen
et al. 2012) as described by Tomás et al. (2013).

Quantitative limitations analyses of AN

The relative controls on AN were separated into their functional
components according to the quantitative limitation analysis
of Grassi and Magnani (2005) as applied in Tomás et al.
(2013). This methodology allows comparing relative changes
in limitations to net CO2 assimilation into limitations due to
limited gs to CO2 (gs,CO2; stomatal limitations, ls), gm (mesophyll
limitations, lm) and leaf biochemistry (biochemical limitations,
lb). Each of the three components, ls, lm and lb, can vary
between zero and one (ls + lm + lb = 1). They were calculated
as:

ls = gtot/gs,CO2 • δAN/δCc

gtot + δAN/δCc
(6)

lm = gtot/gm • δAN/δCc

gtot + δAN/δCc
(7)

lb = gtot

gtot + δAN/δCc
(8)

where gtot is the total conductance to CO2 from leaf surface to
carboxylation sites in the chloroplasts (1/gtot = 1/gs,CO2 + 1/gm).
The values of gm (Eq. (1)) were used to calculate the
chloroplastic CO2 concentration (Cc) as Cc = Ci–AN/gm.
δAN/δCc was calculated as the slope of the relationship between
Cc and AN, considering a Cc range of 50–100 μmol mol−1.

Chlorophyll measurements

Discs from the leaves measured in September 2020 were
wrapped in aluminum foil, frozen in liquid nitrogen and stored
at −20 ◦C. Pigments were extracted with acetone (100%) in
presence of Na-ascorbate. Extracts were thawed on ice, filtered
through a 0.45-μm filter and chlorophylls were determined
spectrophotometrically (V-1100, J.P. Selecta, Abrera, Spain)
according to Lichtenthaler (1987).

Statistical analysis

Data are expressed as means ± standard error of the mean.
One-way analyses of variance were performed to identify the
leaf age effect on each of the measured traits. Multiple com-
parisons were carried out among 0-, 1- and 2-year-old leaves
using the post hoc Tukey’s honestly significant difference test.
Student’s t-tests were used to compare current-year leaves (0-
year-old) measured in September 2018 with 2-year-old leaves
measured in September 2020 to evaluate the changes of
the measured traits due to leaf aging within the same cohort
of leaves. Principal components analysis (PCA) was used to
summarize the multivariate relationships among the measured
traits of 0-, 1- and 2-year-old leaves. All statistical analyses
were performed in the R software environment (version 4.0.0,
R Development Core Team 2018).

Results

For measurements performed both in 2018 and in 2020, all
photosynthetic characteristics decreased with increasing leaf
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Age-related changes in photosynthesis of holm oak 5

Figure 1. Photosynthetic characteristics for 0- (current), 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in 2018 and 2020: AN,
net assimilation rate; gs, stomatal conductance; gm, mesophyll conductance; Jflu, photosynthetic electron transport rate; Vcmax, maximum velocity of
carboxylation. Data are means ± SE. Different letters indicate significant differences among 0-, 1- and 2-year-old leaves (Tukey’s test, P < 0.05).
Asterisks indicate significant differences between current-year leaves measured in 2018 and 2-year-old leaves measured in September 2020 (striped
bars) (Student’s t-test, P < 0.05).

age within the individual branches (Figure 1). In addition, for
the same cohorts of leaves measured in two different years
(0-year-old leaves in 2018 and 2-year-old leaves in 2020),
leaf photosynthetic traits were also greater in 0-year-old leaves
measured in 2018 than in 2-year-old leaves measured in

2020 (Figure 1). Analogously, leaf nitrogen concentration (N)
decreased with increasing leaf age, although exclusively in terms
of nitrogen allocated in the cytoplasm (Figure 2). The LMA
varied less, and only the current-year leaves measured in 2018
had a lower LMA than 1- and 2-year-old leaves (Figure 2).
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Figure 2. Leaf mass per area (LMA) (upper panel) and total leaf nitrogen
concentration (N) on mass basis (medium panel) for 0- (current),
1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in
2018 and 2020. Lower panel shows cytoplasmic and cell wall N
concentrations on mass basis for 0- (current), 1- and 2-year-old leaves
of Q. ilex subsp. rotundifolia measured in 2020. Data are means ±
SE. Different letters indicate significant differences among 0-, 1- and
2-year-old leaves (Tukey’s test, P < 0.05). Asterisk indicates significant
differences between current-year leaves measured in 2018 and 2-year-
old leaves measured in September 2020 (striped bars) (Student’s t-test,
P < 0.05).

Leaf age-dependent differences in net assimilation rate (AN)
were primarily driven by mesophyll conductance (gm) and max-
imum velocity of carboxylation (Vcmax). Thus, the correlations
between AN and gm (r2 = 0.94, P < 0.001) and between AN

and Vcmax (r2 = 0.91, P < 0.001) were stronger than those
found between AN and gs (r2 = 0.32, P < 0.001) and between
AN and Jflu (r2 = 0.26, P < 0.001) (Figure 3). Analysis of the
partitioning of photosynthetic limitations further confirmed that
AN was mainly limited by gm and the relative importance of
mesophyll limitation (lm) increased with leaf age (P < 0.05,
Figure S3 available as Supplementary data at Tree Physiology
Online). AN (r2 = 0.40, P < 0.001) and Vcmax (r2 = 0.36,
P < 0.001) increased with increasing N concentration on area
basis (Figure 4). No significant correlations were found between
LMA and AN and between LMA and N (P > 0.01, Figure 4).

Two-year-old leaves had a lower chloroplast surface area
facing intercellular air spaces (Sc/S) than current and 1-year-
old leaves (Figure 5). Moreover, Sc/S for 2-year-old leaves mea-
sured in 2020 was much lower than that for 0-year-old leaves
measured in 2018 (Student’s t-test, P < 0.05) (Figure 5). This
primarily reflected presence of fewer chloroplasts in older leaves
(Figure 6). Furthermore, a sharp decrease in the percentage
of functional area per chloroplast was observed in 2-year-old
leaves, both in 2018 and 2020, mainly due to a strong increase
in the size of starch grains and plastoglobuli (Figures 6 and 7).
The percentage of functional area per chloroplast was also lower
for 2-year-old leaves measured in 2020 than in current-year
leaves measured in 2018 (Figure 7). Cell wall thickness (Tcw)
was greater in 2-year-old leaves than in 0- and 1-year-old leaves
both in 2018 and 2020 (Figure 5). There were no age-related
changes in chloroplast thickness (Tchl) (Figure 5). Mesophyll
surface area facing intercellular air spaces per leaf area (Sm/S)
also did not differ among leaf cohorts, except for a higher
value in 0-year-old than in 1- and 2-year-old leaves measured in
2018 (Figure 5). Tcw, Tchl and Sm/S did not display significant
differences between 0-year-old leaves measured in 2018 and
2-year-old leaves measured in 2020 (Figure 5).

Across leaf ages, a strong positive relationship was observed
between Sc/S and AN (r2 = 0.61, P < 0.001) and a negative
relationship between Tcw and AN (r2 = 0.39, P < 0.05)
(Figure 8). No correlations were detected between Tchl and
Sm/S and AN (P > 0.05, Figure 8). A positive linear relationship
was observed between measured values of gm (Eq. (1)) and
gm values modeled using leaf anatomical traits (gm,a, Eq. (3))
(r2 = 0.44, P < 0.001, Figure S4 available as Supplementary
data at Tree Physiology Online). Together with the correlations
of AN with Sc/S and Tcw (Figure 8), this underscores the
importance of leaf anatomy in determining the differences in
gm and AN among the different leaf age classes in Q. ilex subsp.
rotundifolia.

In the PCA, the first and second principal components
accounted for 53% and 15% of the total variation (Figure S5
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Age-related changes in photosynthesis of holm oak 7

Figure 3. Relationships between net assimilation rate (AN) and (i) stomatal conductance (gs) (upper left panel), (ii) mesophyll conductance (gm)
(upper right panel), (iii) photosynthetic electron transport rate (Jflu) (lower left panel) and (iv) maximum velocity of carboxylation (Vcmax) (lower
right panel) for 0- (current), 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in 2018 and 2020. ∗∗∗P < 0.001.

available as Supplementary data at Tree Physiology Online).
The first component integrated the variation in An, positively
associated with gm, Sc/S, Vcmax (and, to a lesser extent, N,
gs and Jflu), but negatively associated with Tcw. Conversely,
the second component was not related with An, but showed
positive weights for Sm/S and Tchl, and negative weights for
gs and Jflu. The scores of the studied leaf cohorts in the
PCA biplot indicated that the functional and anatomical traits
analyzed clearly differentiated 0-, 1- and 2-year-old leaves of Q.
ilex subsp. rotundifolia. In particular, the three leaf age classes
differed clearly along the first component (An and associated

traits), whereas the second component explained the variability
within each leaf cohort.

Discussion
Our study demonstrated a major decline in the photosynthetic
activity with leaf age in Q. ilex subsp. rotundifolia, an evergreen
Mediterranean oak with long leaf lifespan (Figure 1). Thus,
this work agrees with the previous findings for this species by
Escudero and Mediavilla (2003) and Niinemets et al. (2005,
2006). Furthermore, we have established a clear link between
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8 Alonso-Forn et al.

Figure 4. Relationships between LMA and (i) net assimilation rate (AN) (upper left panel) and (ii) total leaf nitrogen concentration (N) on mass basis
(upper right panel) for 0- (current), 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in 2018 and 2020. Relationships between total
leaf nitrogen concentration (N) on area basis and (iii) net assimilation rate (AN) (lower left panel), and (iv) maximum velocity of carboxylation (Vcmax)
(lower right panel) for 0-, 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in 2018 and 2020. N.s. means non-significant relationship
(P > 0.05). ∗∗∗P < 0.001.

the decrease in AN and the changes in gm experienced by
the different leaf cohorts (Figure 3) as indicated by Niinemets
et al. (2005) for some Mediterranean evergreen tree species.
This link has been also evidenced for Q. ilex subsp. rotundifolia
when describing the within-species variation in gm and AN

(Peguero-Pina et al. 2017b) and the response of these traits
to water stress (Peguero-Pina et al. 2018, Alonso-Forn et al.
2021). In fact, the results here obtained support the idea that
AN was mainly limited by gm and the relative importance of

mesophyll limitation (lm) increased with increasing leaf age
(P < 0.05, Figure S3 available as Supplementary data at Tree
Physiology Online).

The good relationship between modeled and measured gm

(Figure S4 available as Supplementary data at Tree Physiology
Online) largely underpins a predominant role of anatomical traits
in determining photosynthetic differences among different leaf
age classes in Q. ilex subsp. rotundifolia. However, it should
be noted that gm measured with the Harley et al. (1992)
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Age-related changes in photosynthesis of holm oak 9

Figure 5. Cell wall thickness (Tcw), chloroplast thickness (Tchl) and mesophyll (Sm/S) and chloroplast (Sc/S) surface area facing intercellular air
spaces per leaf area for 0- (current), 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in 2018 and 2020. Data are means ± SE.
Different letters indicate significant differences among 0-, 1- and 2-year-old leaves (Tukey’s test, P < 0.05). Asterisk indicates significant differences
between current-year leaves measured in 2018 and 2-year-old leaves measured in September 2020 (striped bars) (Student’s t-test, P < 0.05).

method was higher than gm modeled with anatomical traits,
which is contrary to expectations as modeled gm usually gives
the maximum theoretical value. This fact suggests the existence
of other factors that might also influence the age-dependent
changes in gm displayed by Q. ilex subsp. rotundifolia. In this
regard, Roig-Oliver et al. (2021) demonstrated that short-
term changes in cell wall composition (i.e., pectins enhance-
ment) were associated with gm decline under water deficit in
Helianthus annuus L. Therefore, it would be possible that long-
term changes in cell wall composition might affect cell wall
conductance and photosynthesis in Q. ilex subsp. rotundifolia,
although this is a matter that deserves further investigation.

In any case, regarding leaf anatomy, the reduction of both gm

and AN in older leaves of this species was clearly induced by
increases in cell wall thickness (Tcw) and reductions in chloro-
plast surface area exposed to intercellular air space per unit leaf
area (Sc/S) (Figures 8 and S5 available as Supplementary data
at Tree Physiology Online). To the extent of our knowledge, this
is the first study that provides empirical evidence demonstrating
changes in ultrastructural leaf anatomical traits as the explana-
tion for the drawdown of photosynthesis and gm with leaf age in
species with high leaf longevity. Concerning cell wall thickness,
Sugiura et al. (2020) stated that the decrease in gm in old
senescing leaves of Glycine max and Phaseolus vulgaris could
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10 Alonso-Forn et al.

Figure 6. Transverse sections of 0- (current) (a, b), 1- (c, d) and 2-
year-old (e, f) leaves of Q. ilex subsp. rotundifolia measured in 2018 (a,
c, e) and 2020 (b, d, f). GR, grana; SG, starch grain; PG, plastoglobulus.
Bars, 2 μm.

be partly attributable to an increase in cell wall mass. Carriquí
et al. (2021) also reported that leaf aging was associated with
increases in Tcw in Arabidopsis thaliana, albeit without effects
on gm and photosynthesis probably due to a compensatory
association between increased Tcw and decreased chloroplast
thickness. Niinemets et al. (2005) suggested that the age-
dependent increase in LMA in Mediterranean species reflected
the higher investments in cell wall during leaf aging, with a
concomitant effect on the CO2 drawdown from internal air
spaces to chloroplasts due to limited gm. However, in our study,
we only found minor changes in LMA among different leaf
cohorts (Figure 2), and found no correlation between LMA and
AN (Figure 4). In addition, changes in Tcw during leaf aging,
although correlated with AN, were relatively small (Figures 8 and
9). By contrast, the stronger relationship found between AN and
Sc/S (Figure 8) demonstrated that Sc/S is the key anatomical
trait dominating the variations in gm and AN among different
leaf age classes in this species. Although the cell walls typically
exert the strongest control on gm (Peguero-Pina et al. 2017a,
Veromann et al. 2017), other components such as Sc/S as

Figure 7. Functional area per chloroplast (%) for 0- (current), 1-
and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in 2018
and 2020. Data are means ± SE. Different letters indicate significant
differences among 0-, 1- and 2-year-old leaves (Tukey’s test, P < 0.05).
Asterisk indicates significant differences between current-year leaves
measured in 2018 and 2-year-old leaves measured in September 2020
(striped bars) (Student’s t-test, P < 0.05). Micrographs located at the
right of the panel show a representative chloroplast for each of the
studied age classes.

observed in our study and in Veromann-Jürgenson et al. (2020),
chloroplast thickness (Peguero-Pina et al. 2012) or the liquid-
phase pathway length between cytosol and chloroplasts (Lei
et al. 2021) can dominate changes in gm. In fact, irrespective
of the leaf age class, all Tcw values found in our study were
relatively high, implying a major control on gm (Terashima et al.
2011). However, the relative age-dependent change in Tcw was
less than Sc/S, implying that age-dependent modifications in
gm were dominated by Sc/S in our study. Analogously, needle
age-dependent reductions in gm in three Mediterranean Pinus
species were associated with reductions in Sc/S (Kuusk et al.
2018).

The reduction of Sc/S in old leaves may be related to the
progressive dismantling of the photosynthetic apparatus asso-
ciated to leaf aging (Niinemets et al. 2009, 2012). Chloroplast
dismantling, i.e., the transition to the so-called ‘gerontoplasts’,
is an essential process in leaf senescence that is characterized
by ultrastructural changes such as the increase in size and
number of plastoglobuli (Niinemets et al. 2012, Mulisch and
Krupinska 2013, Domínguez and Cejudo 2021). In our study,
chloroplasts in older leaves were characterized by a sharp
decrease in their functional area (Figure 7), which could be
associated to the size increase experienced by starch grains and
plastoglobuli in 2-year-old leaves of Q. ilex subsp. rotundifolia
(Figure 6). Leaf aging was also manifested in a decrease in
total leaf nitrogen concentration, mainly in terms of nitrogen
allocated in the cytoplasm of 2-year-old leaves (Figure 2).
Consequently, it might be expected that the dismantling of the
photosynthetic apparatus could have a strong impact on the
amount of Rubisco, explaining the sharp decrease in Vcmax
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Age-related changes in photosynthesis of holm oak 11

Figure 8. Relationships between net assimilation rate (AN) and (i) cell wall thickness (Tcw) (upper left panel), (ii) chloroplast thickness (Tchl) (upper
right panel), (iii) mesophyll surface area facing intercellular air spaces per leaf area (Sm/S) (lower left panel) and (iv) chloroplast surface area facing
intercellular air spaces per leaf area (Sc/S) (lower right panel) for 0- (current), 1- and 2-year-old leaves of Q. ilex subsp. rotundifolia measured in
2018 and 2020. N.s. denotes a non-significant relationship (P > 0.05). ∗∗P < 0.05. ∗∗∗P < 0.001.

experienced by 2-year-old leaves (Figure 1), with a substan-
tial impact on the photosynthetic capacity of this species
(Figure 3 and 4).

At this point, the next question is, which is triggering the age-
dependent decline of photosynthetic potential in Q. ilex subsp.
rotundifolia? Different authors have argued that this could be the
consequence of self-shading of older leaves within the crown
as they age (Field and Mooney 1983, Kitajima et al. 1997,
Ackerly 1999, Ishida et al. 1999, Niinemets et al. 2004, 2006,
2009). Thus, Terashima et al. (2005) stated that self-shading
of older leaves might be involved in chlorophyll degradation
and the regulation of leaf senescence. On the other hand,
reacclimation of evergreen leaves to reduced light conditions
is typically associated with increased chlorophyll content to

harvest more light (Brooks et al. 1994, 1996). In addition,
in these studies, chlorophyll a to b content also decreased
upon reacclimation of older leaves after shading (Brooks et al.
1996), indicating a greater share of chlorophyll associated with
the light harvesting complex II (Lichtenthaler et al. 2007). We
observed a decrease in light availability in 1- and 2-year-old
leaves with respect to current-year leaves of Q. ilex subsp.
rotundifolia (Figures S1 and S2 available as Supplementary data
at Tree Physiology Online), but without major consequences
for the total amount of chlorophylls (Chl a + Chl b, Table S2
available as Supplementary data at Tree Physiology Online).
However, contrary to other studies, the ratio Chl a/Chl b was
higher in 2-year-old than in 1-year-old leaves (Table S2 available
as Supplementary data at Tree Physiology Online), indicating
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limited acclimation of pigment-protein complexes to altered light
level but an acclimation to a higher light energy excess in Q. ilex
subsp. rotundifolia.

Self-shading could also promote a decrease of nitrogen
in older foliage due to the retranslocation from shaded to
sunlit leaves (Hikosaka 2005). The concurrent decrease of
AN and nitrogen should imply the absence of changes in
photosynthetic nitrogen-use efficiency (PNUE) with leaf age
(Mooney et al. 1981, Field and Mooney 1983). However, in our
study, we observed a strong decrease in PNUE with leaf age in
Q. ilex subsp. rotundifolia, as demonstrated in other evergreen
oak species (Escudero and Mediavilla 2003, Niinemets et al.
2004, Yasumura and Ishida 2011). This reflected a much
greater decrease in net CO2 assimilation than in leaf nitrogen
content (Table S1 available as Supplementary data at Tree
Physiology Online). Thus, this species has a substantial fraction
of older leaves with an inherently low photosynthetic potential
and nitrogen-use efficiency, irrespective of the amount of inci-
dent light (Table S1 available as Supplementary data at Tree
Physiology Online). Despite this, 2-year-old leaves maintained a
positive carbon balance, so the retention of these leaves would
yield a higher whole-canopy net CO2 assimilation despite their
low PNUE and intrinsic water-use efficiency (iWUE = AN/gs)
(Table S1 available as Supplementary data at Tree Physiology
Online).

Besides self-shading, a possible increase in the allocation
of nitrogen to cell walls with leaf age could also decrease
photosynthetic activity and PNUE (Niinemets et al. 2009). A
higher investment on cell wall biomass is expected to lead to
an increase of LMA (Onoda et al. 2004). However, as stated
above, we only found minor changes in LMA among different leaf
cohorts (Figure 2), which was in line with the results obtained
by Yasumura and Ishida (2011) for the evergreen oak Quercus
myrsinaefolia. Moreover, we did not observe an increase in the
nitrogen content per dry mass in the cell wall with leaf age
(Figure 2), and Tcw did not show differences between the same
cohort of leaves measured in 2018 (current-year) and in 2020
(2-year-old) (Figure 5).

Therefore, it is not well established the triggering factor for
the age-dependent physiological deterioration evidenced by
leaves of Q. ilex subsp. rotundifolia. In this regard, the role
of leaf hydraulic conductance decline as the causing factor
of photosynthetic decay in senescent leaves should be also
considered. The role of leaf hydraulics in leaf senescence
was suggested early by Neumann and Stein (1984), who
hypothesized that the sequential pattern of leaf senescence
observed during plant development in P. vulgaris L. may be
related to progressive changes in the hydraulic architecture of
the plant. Brodribb and Holbrook (2003) found a declining
leaf hydraulic conductance that was probably linked to the
loss of photosynthetic capacity during leaf senescence in

two deciduous tree species (Calycophyllum candidissimum
and Rhedera trinervis). In line with this, Locke and Ort
(2014) showed that hydraulic decline in G. max during
senescence was accompanied by gradual decreases in leaf
water status and photosynthesis, although they could not
conclude if this decline triggered photosynthetic decline and
senescence. This mechanism was described by Giraldo et al.
(2013), who proposed that the timing of leaf senescence
in Solanum lycopersicum L. was determined by an age-
dependent decline in leaf hydraulic conductance limiting gas
exchange. However, these authors did not find evidence of
this phenomenon in deciduous tree species such as Acer
saccharum Marsh. and Quercus rubra L. In any case, to the
best of our knowledge, no studies have dealt with this issue in
evergreen trees with long leaf lifespan. More research is needed
to clarify the possible involvement of leaf hydraulics decline
in the age-dependent changes of photosynthetic capacity
observed in Q. ilex subsp. rotundifolia.

Conclusions

In conclusion, our study demonstrates major age-dependent
changes in leaf photosynthetic capacity that were driven by
alterations in mesophyll conductance due to anatomical mod-
ification. However, the age-dependent decrease in the foliage
photosynthetic potentials was weakly associated with self-
shading and/or an increase in cell wall biomass. By contrast,
confirming our hypotheses, we observed that changes in leaf
anatomical (i.e., a strong decrease in Sc/S) and biochemical (i.e.,
a decrease in leaf nitrogen content and nitrogen investments
in photosynthetic machinery) traits were responsible for the
age-dependent modifications. These changes reflect a gradual
physiological deterioration related to the dismantling of the
photosynthetic apparatus. Further research is needed to elu-
cidate the ultimate causing factor that triggers the physiolog-
ical deterioration of leaves of evergreen trees with long leaf
lifespan.
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