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Abstract Large differences in leaf physiology and mor-
phology between ontogenetic stages of a single woody
species have often been observed. Far less attention,
however, has been devoted to studying the ontogenetic
changes observed in leaf phenology patterns, despite the
relevance of leaf phenology in determining the leaf car-
bon balance and leaf and plant mortality. Leaf emer-
gence patterns and leaf longevity were studied in the
saplings and mature trees of the evergreen Quercus ilex
and the deciduous Quercus faginea. Our aim here was to
analyze and interpret the possible tree-age related dif-
ferences in these leaf traits. Unlike the adults, in which
only one flush of leaf growth was observed, several leaf
cohorts were produced within each year in the saplings.
Sapling leaves showed a lower mean duration than those
of the adults. However, Q. faginea saplings exhibited
large plasticity in leaf longevity, which was not seen in
the case of Q. ilex. The differences in leaf emergence
patterns and in leaf longevity between growth stages
seemed to be related to differences in resource avail-
ability for leaf production and in leaf mass per unit area,
respectively. We propose that the sequential leaf devel-
opment in saplings may be an important mechanism
enabling tree species to cope with resource limitation in
the early stages of life.
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Introduction

Large differences between ontogenetic stages of a single
woody species have often been observed. Accordingly,
characterizing a species and understanding its strategies

and long-term responses to environmental factors
requires careful study of such tree-age related changes.
Differences among growth stages have been reported in
different woody species as regards hydraulic conduc-
tance (Mencuccini and Grace 1996; Ryan and Yoder
1997; Hubbard et al. 1999) and water use patterns
(Donovan and Ehleringer 1992; Cavender-Bares and
Bazzaz 2000; Mediavilla and Escudero 2004), in leaf gas-
exchange rates (Bond 2000; Day et al. 2001), and in
different leaf traits related to differences in leaf physi-
ology, such as leaf mass per unit area (LMA), leaf
lamina thickness, and nitrogen concentrations (Ishida
et al. 2005; England and Attiwill 2006; Juárez-López
et al. 2008). Far less attention, however, has been
devoted to studying the ontogenetic changes observed in
other characteristics, such as leaf phenology patterns,
despite the relevance of leaf phenology in determining
the leaf carbon balance (Kikuzawa 1995; Gill et al. 1998)
and leaf and plant mortality (Jones et al. 1994, 1997).

The few studies comparing leaf phenology patterns in
different growth stages have reported differences in
certain traits, such as the timing and duration of leaf
emergence, with an earlier emergence in initial stages
than in mature specimens of deciduous tree species (Gill
et al. 1998; Seiwa 1999a, 1999b; Augspurger and Bartlett
2003). The earlier phenology of seedlings of deciduous
species has been interpreted as a mechanism that allows
them to avoid shade stress (Gill et al. 1998; Seiwa 1999a,
1999b; Augspurger and Bartlett 2003), and that provides
advantage of ephemerally available resources—not only
light but also water and nutrients (Jones et al. 1989),
thus increasing carbon gain and the survival of the
plants during their initial stages. However, many other
aspects of leaf phenology may also be important in
understanding the strategies used by a given species in
different parts of its life cycle, such as the time needed to
deploy leaf biomass and the mean leaf life span, which
may be especially relevant in environments subjected to
both cold and drought stress during the life of the leaf,
as is usual in Mediterranean climates (Mitrakos 1980;
Terradas and Savé 1992).
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In the present work, leaf emergence patterns and leaf
longevity were studied in the saplings and mature trees
of two oak species with different leaf habits in a cold
Mediterranean climate. The low winter temperatures
and the summer drought typical of cold Mediterranean
climates often constrain photosynthetic activity to a
short period during late spring and early summer (Me-
diavilla and Escudero 2003a). Under these circum-
stances, a rapid deployment of photosynthetic material
in spring can be crucial for plant fitness (Fenner 1998).
We hypothesize that although the Mediterranean species
should develop their leaf biomass as fast as possible at
the start of the growing season in order to take advan-
tage of most of this short favorable period, low resource
availability for leaf production during the seedling stage
could induce differences in leaf phenology between
saplings and adult trees, which would in turn affect the
final leaf carbon balance at the different stages. In pre-
vious studies (Juárez-López et al. 2008), we have re-
ported lower N concentrations in leaves of saplings in
comparison with their counterparts from the adult stage,
because of the smaller root systems and the patterns of
root distribution of the saplings. The differences in the
availability of nitrogen between saplings and adults
determined differences in the biochemical capacity and
photosynthetic rates (Juárez-López et al. 2008). Our aim
here was to analyze if the differences in resource avail-
ability also lead to tree-age related differences in leaf
traits and leaf phenology and interpret these differences
in terms of their implications for the competitive ability
of our two oak species during the most critical part of
the life cycle of woody species: i.e., the initial growth
stages (Kozlowski et al. 1991).

Materials and methods

Study species and site

We studied Quercus ilex L. subsp ballota (Desf.) Samp.
and Quercus faginea Lam., two species widely distrib-
uted throughout the interior of the Iberian Peninsula,
where they are used extensively for reforestation pro-
grams. Both oak species are typical components of
Mediterranean plant communities (Barbero et al. 1992),
and their leaf phenology has been addressed by a few
authors, although only at the adult tree stage (Escudero
and Del Arco 1987; Castro-Dı́ez and Montserrat-Martı́
1998; Mediavilla and Escudero 2003b), being described
Q. ilex as evergreen and Q. faginea as deciduous.

The two species were studied over 3 years (1997–
1999) at two plots located close to the city of Salamanca,
in central-western Spain, between latitudes 40�54¢N and
40�58¢N and longitudes between 6�07¢W and 6�35¢W.
Both species were present at each of the selected plots.

One plot consisted of sparse populations (about 50
trees ha�1) of isolated mature trees over 100 years old
with open pasture areas between the individuals. These

savannah-like formations (‘‘dehesas’’) are very frequent
in the western part of the Iberian Peninsula. Trunk
diameter at 1.3 m height ranged from 20 to 60 cm and
mean heights were 6–10 m. At the other plot, saplings,
planted at a density of 1,000 ha�1, were studied. Plant-
ing was carried out during November 1994 with seed-
lings obtained from acorns collected in areas close to the
stands studied. Before planting, the seedlings had been
grown in a nursery during their first growth season, and
hence our study was conducted during their fourth, fifth,
and sixth year of life. During the last growth season,
sapling height was around 50–70 cm, and maximum
trunk diameter varied between 9 and 12 mm for the
deciduous species and 6 and 8 mm for Q. ilex.

The climate (precipitation and temperature) and soil
characteristics are fairly homogeneous over the whole
study area (Table 1). The climate is cold Mediterranean,
with cold wet winters and a period of summer drought
that occurs each year. The soils, in all cases dystric
Cambisols, are poor in organic matter and in nutrient
contents, having a medium/low water holding capacity
(Dorronsoro 1992) (Table 1). The soil N contents were
analyzed according to the methods described in Bremner
(1960) in two samples taken at each plot in 1997: one at
the surface (excluding the forest floor) and the second at
around 50 cm depth. Each sample was a composite of 12
subsamples collected at random.

Sampling methods and data analyses

In order to analyze the leaf emergence patterns and to
calculate leaf life span in the adult specimens, sampling
of terminal branches with leaves from different crown
positions of each canopy was performed on ten speci-
mens of each species selected at random over 3 years of
study. The samples were immediately taken to the lab-
oratory and the branches were separated into annual
segments (shoots) of different age classes. Only one flush
of leaf growth per year was observed in both species.
Accordingly, all the leaves born in one particular year
were considered to belong to the same age class. Sub-
samples of 40–50 shoots per tree were used to calculate
the average number of leaves per shoot on each date and
for each age class. In the saplings, on each census date
over the 3 years of study, we estimated the total number
of leaves of each age class present in the crown in ten
specimens selected for each species. Unlike the adults,
several leaf cohorts were produced within each year,
which were distinguished by marking them with colored
wires, and leaf number analysis was performed sepa-
rately for each flush. The censuses, both in saplings and
in mature trees, were conducted at monthly intervals
during most of the year, and at 10-day intervals during
the leaf emergence period (from May to July). The mean
number of leaves of a given age on each census date were
used to elaborate life tables, which enabled us to cal-
culate the mean life span for the leaves of each species
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according to standard methods (Begon and Mortimer
1986).

Leaf mass per unit area (LMA) of each leaf type was
also estimated in order to look for possible differences in
LMA associated with differences in leaf life span. In the
adult trees, the LMA was estimated for each of the ten
specimens used to estimate leaf longevity on each year as
a mean of the values obtained for 25 mature and fully
expanded leaves of each age class randomly sampled in
the crowns. In the seedlings we estimated leaf longevity
by non-destructive measurements, and, accordingly, the
leaves used to estimate LMA were collected on indi-
viduals next to the specimens selected for leaf longevity
measurements. The area (with a Delta-T Image Analysis
System, delta-T Devices Ltd., Cambridge, UK) and dry
mass (after desiccation at 70�C to constant mass) of the
leaves collected were measured in the laboratory, and
dry mass per unit area was derived from these data. One
single LMA value was obtained for each leaf type and
growth stage (and for each of the different intra-annual
flushes in the saplings) as an average of the data ob-
tained during the 3 years of study, after ascertaining that
there were no significant differences among years (data
not shown).

One-way analysis of variance and Fisher’s protected
LSD test were used to establish significant differences at
a level of P £ 0.05 between means after applying the
Levene test to check for homogeneity of variances. For
data analysis we used the SPSS Statistical Package
(SPSS Inc., Chicago, IL, USA).

Results

In mature trees, there was only one flush of leaf emer-
gence at the beginning of the growth season, such that
the maximum leaf biomass was attained rapidly (Fig. 1).
In the saplings, leaf emergence occurred almost 1 month
earlier than in the adults of the same species (Fig. 1). In
the initial growth stages, there was an average of three

flushes of leaf emergence in both species and hence the
total leaf number per tree gradually increased during
spring and the first part of the summer, the maximum
number having been reached towards mid-July or even
after (Fig. 2). Within each species, no relationship was
observed between the number of flushes and the total
number of leaves produced per tree in any of the study
years (n = 10 specimens per species and year; average
R2 = 0.025, P = 0.6829 for Q. faginea; R2 = 0.003,
P = 0.8908 for Q. ilex). In both species, the first leaf
flush was the most abundant, usually producing
approximately 50% of the total number of leaves finally
generated by each individual (Fig. 2).

In Q. ilex saplings, the number of leaves retained in
the canopy in all the flushes was very high until the spring
(March–April) of the following year, when a gradual
decrease of the number of leaves was observed, which
was especially accelerated during summer (between June
and September) (Figs. 1, 2). Thus, mean leaf life span
was about 15 months for the saplings of this species
(Table 2). In the adults, however, the number of leaves
per shoot remained close to the initial maximum values
until the end of summer (September) of the following
year, when leaf loss started to increase. The mean leaf life
span in the adults was therefore longer than 2 years
(Table 2). In Q. faginea saplings, most of the leaves
produced at the start of the growth season were retained
until July–August of the same year, when an intense leaf
abscission occurred (Figs. 1, 2). Consequently, in this
case, the mean leaf life span was about 7 months. This is
only slightly lower than the mean leaf duration in mature
trees of the same species (Table 2), in which leaf abscis-
sion was delayed to late autumn–early winter (Novem-
ber–December) (Fig. 1). However, unlike the Q. ilex
saplings, which did not exhibit differences in leaf lon-
gevity among the different flushes produced within each
growth season, in Q. faginea the different flushes exhib-
ited different phenological patterns, especially in respect
of leaf abscission. Most of the leaf loss observed in theQ.
faginea saplings during late summer and early autumn

Table 1 Sites characteristics

(1) Climatic data are provided
by the National Institute of
Meteorology (Valladolid
Centre)
(2) Details of soil characteristics
are given by Dorronsoro (1992)

Characteristics Plot A Plot B

Tree age class Mature trees Saplings
Elevation a.s.l. (m) 850 900
Climate (1)
Average annual temperature (�C) 11.82 12.50
Average July-August temperature (�C) 21.45 22.08
Average December-January temperature (�C) 5.12 5.28
Average annual precipitation (mm) 465 445
Average summer precipitation (mm) 92 88
Soil (2)
Sand content (%) 54.9 54.5
Clay content (%) 24.1 28.6
Silt content (%) 21.0 16.9
Available water capacity (%) 10.6 11.3
Total soil N content (%)
Superficial 0.062 0.056
50-cm depth 0.028 0.024

M.O. (%) 5.30 5.60
pH 5.15 5.11
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(August–September) corresponded to the leaves that had
emerged during the first flush produced in the spring
(April) of the same year, which almost completely dis-
appeared before the end of the year (Fig. 2). By contrast,
most of the leaves that had emerged in the following
flushes of the same growth season (second and third or-
der) were retained in the canopy throughout the first
autumn-winter period after their emergence and were
shed when new leaf cohorts emerged at the start of the

following growth season (Fig. 2). The same trends were
observed for the different flushes produced both in 1997
and 1998. As a consequence, whereas the first leaf flush
that appeared each year attained a mean longevity of
about 161 days, the mean duration of the leaves pro-
duced in the subsequent flushes increased to about
285 days (Table 2). However, no significant differences
in LMA were observed among the different flushes in the
saplings of both species (Table 2).

Fig. 1 Variation in the total
number of leaves per plant in
saplings and the number of
leaves per shoot in mature trees
in Q. ilex and Q. faginea
(n = 10). Error bars are
omitted for clarity
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Fig. 2 Time patterns in the
mean leaf number per sapling of
the different flushes produced
throughout the growing season
in the saplings of Q. ilex and Q.
faginea (n = 10)

1087



Discussion

Leaf emergence

The low winter temperatures and the summer drought
typical of cold Mediterranean climates often constrain
photosynthetic activity to a short period during late
spring and early summer (Mitrakos 1980; Terradas and
Savé 1992). Mediterranean oak species exhibit a strong
stomatal sensitivity to increases in evaporative demands
and decreases in leaf water potential along summer
(Mediavilla and Escudero 2003c). On the other side, very
little CO2 assimilation was measured at temperatures
around 10�C during sunny days in winter in the species
used in the present study (Mediavilla and Escudero
2003a). Under these circumstances, it would be expected
that plants would develop their leaf biomass as fast as
possible at the start of the growing season in order to
take advantage of most of this short favorable period.
This was in fact the type of behavior observed for the
mature specimens of the two species studied here, which
tended to concentrate leaf emergence in a single flush at
the beginning of the growth season, as has been ob-
served for these same species in many other sites and
under different climatic conditions (Mediavilla and
Escudero 2003b, 2003c). As has been reported for other
species (Gill et al. 1998; Seiwa 1999a, 1999b; Augspurger
and Bartlett 2003), leaf emergence in the saplings oc-
curred earlier than in the adults. However, in the sap-
lings, leaf production was only completed after several
flushes, and hence occurred relatively late in the growth
season, in agreement with the findings of other authors
studying other oak species (Hanson et al. 1988; Norby
and O’Neill 1989; Welandera and Ottosson 1998).

The differences in leaf emergence patterns between
adults and saplings of the same species are probably a
consequence of the differences in resource availability
for leaf production during both stages. With increasing
age (and size) the plant produces larger resource-
acquiring organs (e.g., roots and foliage area), and its
storage capacity increases, whereas growth rates de-
crease (Bond 2000; Boege and Marquis 2005). As well as
providing a greater reserve of nutrients and carbohy-
drates that can be translocated from the different reserve

organs, a more developed root system (Cavender-Bares
and Bazzaz 2000; Juárez-López et al. 2008) allows adult
specimens to fulfill the heavy requirements derived from
concentrating the whole annual leaf production in a
single flush. In saplings, however, reduced nutrient up-
take, and especially low carbohydrate reserves, probably
limits the number of leaves that the saplings are able to
deploy when environmental conditions become favor-
able at the start of the growth season. New leaves may
only be deployed when the previous leaf flushes become
productive and supply sufficient resources for the pro-
duction of new leaf biomass.

Taking into account the greater resource limitations
in saplings with respect to adults, it may be expected that
losses of leaf biomass through herbivory will have a
greater negative impact on plant performance in the
initial growth stage than in later stages (Haukioja and
Koricheva 2000; Warner and Cushman 2002). Non-
synchronous leaf production could also be important for
minimizing the impacts of herbivory, decreasing the
degree of synchrony between plant phenology and that
of herbivores and helping to guarantee the survival of at
least a fraction of the total number of leaves produced
by a plant. In any case, it is possible that an early
development of the photosynthetic apparatus during the
sapling stage is not as important as it is for the adult
stage, because saplings are capable of maintaining po-
sitive assimilation rates during relatively dry periods of
the growth season, whereas the adults maintain a much
more conservative gas-exchange strategy (Mediavilla
and Escudero 2004).

Leaf longevity

The mean duration of the leaves of Q. ilex saplings was
shorter than that of their counterparts from mature
trees. This may be explained in terms of the lower LMA
of the former, which renders their leaves more vulnera-
ble to physical hazards such as frosts and droughts
(Wright and Cannon 2001; Shipley et al. 2006). How-
ever, the saplings behaved as typical evergreens, their
leaves lasting about two growing seasons. In Q. faginea
saplings, the leaves attained a mean duration that was
only slightly shorter than that of mature trees. Similarly

Table 2 Mean (±SE, n = 10) leaf mass per unit area (LMA) and leaf longevity of the different leaf flushes in the species studied

Species Growth stage Flush order LMA (g m�2) Mean leaf longevity (days)

Q. ilex Trees 1st 264 ± 4.09a 807 ± 52a
Q. ilex Saplings 1st 217 ± 2.49b 466 ± 38b

2nd 221 ± 3.01b 461 ± 42b
3rd 216 ± 3.75b 448 ± 26b

Q. faginea Trees 1st 146 ± 3.57a 242 ± 21b
Q. faginea Saplings 1st 131 ± 2.00a 161 ± 11c

2nd 137 ± 2.33a 291 ± 21a
3rd 129 ± 1.42a 281 ± 16a

For each variable and species, means with different letters differ significantly (P > 0.05)
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to Q. ilex, the LMA of saplings of Q. faginea was lower
than that of the adults, but the differences in leaf mass
per area between both stages were considerably smaller
in Q. faginea than in Q. ilex. These smaller differences in
the LMA could help to explain why the differences in
leaf longevity between growth stages were also relatively
reduced in the deciduous species.

However, in Q. faginea saplings, important differ-
ences were seen between the leaves produced in the dif-
ferent flushes. In some cases, the leaves were truly
deciduous, being shed during their first growing season,
whereas in other cases they were retained up to the
following growth season, thus exhibiting evergreen
behavior. Surprisingly, there were no significant differ-
ences in LMA between deciduous and evergreen leaf
cohorts of Q. faginea. This plasticity in leaf longevity
observed within individuals of Q. faginea saplings sug-
gests that factors other than genetics and climate would
contribute to determining the patterns of leaf demog-
raphy in the earlier stages of Q. faginea.

The first leaf flush of Q. faginea produced in 1997
disappeared after approximately 5 months, whereas leaf
longevity in the other two or three flushes was almost
double, most of the leaves being shed when a new leaf
cohort emerged at the start of the following growth
season. Leaf production in Q. faginea entails greater
nitrogen investments per unit leaf mass than in Q. ilex
(Mediavilla and Escudero 2003a; Juárez-López et al.
2008). In addition, previous studies have shown that
during the seedling or sapling stage, the root distribution
pattern involves a more severe N limitation in Q. faginea
than in Q. ilex (Juárez-López et al. 2008), which is
exacerbated by the shorter residence time of N in the leaf
biomass in Q. faginea (Silla and Escudero 2004). In Q.
faginea, leaf construction during the growth season may
thus require amounts of N larger than those supplied by
root uptake. Retaining the leaves from the previous
growth season in the crown would provide an extra N
reserve that could be remobilized and allocated to the
new leaves, and minimize the dependence of the plants
upon soil nutrients (Jonasson and Chapin 1985). Re-
translocation of nutrients from aging leaves could sup-
port nutrient input into new, actively growing leaves as a
consequence of the sequential leaf development. The
retention of leaves until the following growth season is
not necessary in later growth stages, when a larger size
permits increases in the root uptake ability and storage
capacity in different parts of the plant. Accordingly, leaf
senescence in the initial growth stages of Q. faginea
seems to be largely determined by N limitations. The
sequential leaf development could be then an important
mechanism enabling Q. faginea to cope with N defi-
ciency in the early stages of life.
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