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AbstractmLeaf features were examined in threeQuercus
species (Q. coccifera, Q. ilexandQ. faginea) along a steep
rainfall gradient in NE Spain. The analyzed leaf traits were
area, thickness, density, specific mass, leaf concentration of
nitrogen, phosphorous, lignin, cellulose and hemicellulose,
both on a dry weight basis (Nw, Pw, Lw, Cw, Hw) and on an
area basis (Na, Pa, La, Ca, Ha). These traits were regressed
against annual precipitation and correlated with each other,
revealing different response patterns in the three species.Q.
faginea, a deciduous tree, did not show any significant
correlation with rainfall. In Q. coccifera, an evergreen
shrub, Nw, Na, Lw, La and Ca increased with higher annual
rainfall, while Hw decreased. InQ. ilex, an evergreen tree,
leaf area, Pw and Lw increased with precipitation, whereas
specific leaf mass, thickness and Ha showed the reverse
response. Correlations between the leaf features revealed
that specific mass variation inQ. fagineaandQ. coccifera
could be explained by changes in leaf density, while inQ.
ilex specific leaf mass was correlated with thickness.
Specific leaf mass in the three species appeared positively
correlated with all the chemical components on a leaf area
basis except with lignin inQ. ilex and with P inQ. ilex and
Q. faginea. In these two tree species Pw showed a negative
correlation with specific leaf mass. It is suggested that each
species has a different mechanism to cope with water
shortage which is to a great extent related to its structure
as a whole, and to its habit.
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Introduction

Resource availability and environmental conditions may
influence the distribution and functional characteristics of
the species that inhabit a region (Beadle 1966; Carlquist
1977; Körner et al. 1989). Thus, water stress and low winter
temperatures have been considered to have moulded many
features of the flora in the Mediterranean region (Mitrakos
1980). However, many species of this flora have a wide
geographical distribution and therefore their individuals
have to thrive under contrasting environmental conditions.
This is the case for several woody species of the Iberian
Mediterranean flora. Intraspecific studies have revealed that
many plant characteristics can change under different
growing conditions (Bissing 1982; Woodward 1983; Baas
et al. 1984; Waring 1991; Karlsson 1992), leaves being
highly plastic to the prevailing conditions during leaf
expansion (Nobel et al. 1975; Jurik 1986). As leaves are
organs exposed to the environment, they are expected to
reflect in their morphology and structure an optimal adjust-
ment to the habitat conditions (Margaris and Mooney
1981). All this within-species variability may improve
plant performance, thereby allowing species to maintain
their fitness over a wide range of environmental conditions
and resource availability.

Although there are numerous studies dealing with leaf
morphological trends in response to environmental
changes, their functional interpretation should be carefully
considered, as it could be different depending on the scale
of the survey (Reich 1993) or on the factors which provoke
such trends (Chabot and Chabot 1977). For instance, a
smaller leaf area has been demonstrated to reduce
transpiration rate in leaves exposed to high radiation,
thus enhancing water use efficiency (Parkhurst and
Loucks 1972; Givnish 1979). Specific leaf mass (the dry
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weight : leaf area ratio, SLM) has been related to water and
carbon economy, but there is no single pattern to explain its
variation. At a structural level SLM variations can be
explained by changes of leaf density or leaf thickness,
both components varying independently (Witkowski and
Lamont 1991). Further, the same morphological change can
be attained by anatomical or chemical changes or both (Van
Arendonk and Poorter 1994). Numerous studies have relat-
ed differences in SLM among species to changes in the
proportion of support and photosynthetic tissue (Garnier
and Laurent 1994; Van Arendonk and Poorter 1994), high
SLM being related to low nitrogen content (Field and
Mooney 1986; Turner 1994), to low photosynthetic poten-
tial (Field and Mooney 1986; Reich et al. 1992) and to low
growth rate (Lambers and Poorter 1992). However, SLM
variations induced by different light regimes within a
species seem to be the consequence of changes in the
palisade parenchyma thickness, high SLM being associated
with high nitrogen content per unit of leaf area, and with a
higher photosynthetic rate (Chabot and Chabot 1977; Jurik
1986; Kull and Niinemets 1993). Rainfall gradients have

been less used to correlate leaf structural traits at an
intraspecific level. We expect that SLM changes induced
by aridity within a species would be more related to the
amount of support tissue than to the mesophyll develop-
ment, SLM thus being positively correlated with fibre and
negatively with nutrients.

In this study we consider the way in which various leaf
traits of threeQuercus species change along a rainfall
gradient in NE Spain.Q. ilex is an evergreen tree,Q.
cocciferaan evergreen shrub andQ. fagineaa deciduous
tree, all of them are quite common in the Mediterranean
woody flora of this area. The analyzed traits referred to leaf
morphology (area, thickness, specific mass and density) and
to leaf chemical composition (N, P and fibre content). As a
second objective, we try to understand the functional
implications of the morphological traits by analyzing their
correlations with the main components of the productive
and support tissues, i.e. nutrients (nitrogen and phospho-
rous) and fibre (cellulose, hemicellulose and lignin). A
rainfall gradient is a good frame to test the above-men-
tioned hypothesis.
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Fig. 1mLocation of studied sites across the phytoclimatic belts: I
Atlantic, II sub-Atlantic and sub-Mediterranean, III Mediterranean,
and IV high mountains. Sites are numbered, weather stations are
indicated byfull circles, and province capitals byopen circles. More
details of numbered sites in Table 1



Materials and methods

Study area

The study area is located in the NE quadrant of the Iberian Peninsula. It
extends along 350 km from the Atlantic coast to the middle Ebro basin
(41° 219–43° 169 N and 0°–2° 539 W; Fig. 1). This basin is
surrounded by several low mountain ranges which trap the humidity
from the Atlantic and Mediterranean fronts (Ruiz Urrestarazu 1982).
This situation generates a steep climatic gradient characterized by a
reduction in precipitation and increased continentality from the Atlan-
tic coast to the middle Ebro basin. In the Ebro basin, rainfall hardly
reaches 350 mm, minimum winter temperatures range between
0–1°C, due to the frequent deposition of cool air during anticyclonic
days, and mean maximum summer temperatures reach 33°C. On the
Atlantic coast precipitation reaches 1200 mm, mean minimum winter
temperatures are usually over 4°C, and mean maximum summer
temperatures do not exceed 25°C (Table 1).

In response to this climatic gradient, potential vegetation is
distributed along successive belts with different dominant species
(Rivas-Martı´nez 1987).Q. robur forests predominate in the lowlands
of the Atlantic belt whereasQ. ilex subsp. ilex communities are
confined to dry limestone soils. Sub-Atlantic and sub-Mediterranean
belts on lowland limestone areas are dominated byQ. fagineaand
different hybrids withQ. pubescens(Loidi and Herrera 1990).Q. ilex
subsp.ballota is an essential element of natural vegetation in Medi-
terranean areas (Aseginolaza et al. 1988), whereas the communities
dominated byQ. coccifera, Rhamnus lycioides, Pinus halepensisand,
occasionally,Juniperus thuriferaare the most common vegetation
types in the arid extreme (Braun-Blanquet and Bolo`s 1957).

Species studied

Quercus cocciferaL. is an evergreen shrub with a mean height of
2–3 m. It is the main component of the climax communities in the arid
extreme of the gradient (Braun-Blanquet and Bolo`s 1957), reaching the
Atlantic coast in a reduced number of localities on south facing
limestone slopes (Uribe-Echebarrı´a and Urrutia 1988).

Quercus ilexL. is an evergreen tree which includes two subspecies
in the Iberian Peninsula: subsp.ilex and subsp.ballota (Desf.) Samp. in
Bol. (Q. rotundifolia Lam.) (Amaral Franco 1990).Q. ilex subsp.
ballota attains a maximum average height of 12 m and is the most
important climax tree species in the Mediterranean part of the gradient,
only avoiding the driest extreme.Q. ilex subsp.ilex is taller (up to
27 m) and occupies important areas near the Atlantic coast and wet
valley bottoms in certain inland areas. In these places it usually
coexists with individuals of subspeciesballota, with which it usually
forms intermediates as reported in other areas (Rafii et al. 1993). In this
study we have sampled both subspecies along the climatic gradient.
Quercus ilexsubsp.ilex has been studied from two localities in the
Atlantic area (sites 1 and 4 in Table 1) and two localities in wet
depressions in the sub-Mediterranean area (sites 16 and 17 in Table 1).

Quercus fagineaLam. is a deciduous tree very abundant in
climacic communities of the Eurosiberian-Mediterranean transitional
areas (sub-Mediterranean and Mediterranean environments, avoiding
dry sites). It reaches 20 m in height and forms introgressive hybrids
with other deciduous oaks, mainlyQ. pubescens(Loidi and Herrera
1990), forming a species complex with a high morphological variabil-
ity. Nevertheless, in this work we did no take into account such
taxonomic differences, which are very difficult to identify, and we
considered all the complex asQ. faginea.

Study sites

Along the gradient we selected 22 sampling points in which at least
one of the studied species was present (Fig. 1, Table 1). As far as
possible, we chose sites with similar altitude, geology, substratum and
topography, although in some instances this was impossible due to the
state of degradation of the natural vegetation, especially in arid areas.
All sites were located on limestone or marls, except the population at
Peñaflor (site 14 in Fig. 1 and Table 1) which was on gypsum soil. The
altitudinal range of the sampled populations varied from 170 m on the
coast to 1000 m in the pre-Pyrenean range, although most of the sites
were located between 300 and 700 m (Table 1).

The climatic profile of each site was established from the closest
weather stations of the “Servicio Meteorolo´gico Nacional” (Fig. 1). In
some cases, rainfall and temperature data had to be extrapolated by
altitudinal regressions from other stations.
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Table 1mClimatic characteristics and sampled species (X) in the studied sites

Studied sites Altitude
(m)

Annual
precipitation
(mm)

Min. mean
January temp.
(°C)

Max. mean
July temp.
(°C)

Q. ilex Q. coccifera Q. faginea

1. Górliz 170 1034.0 6.3 23.0 X – –
2. Gallarta 260 1034.0 6.3 23.0 – X –
3. Arceniega 260 1217.0 3.3 27.3 – – X
4. Manãria 220 1484.0 3.3 24.2 X – –
5. Nanclares de Oca 520 774.4 1.2 27.8 X X X
6. Laguardia 500 514.3 1.3 27.7 – – X
7. Lumbier 420 801.4 0.2 30.0 X X –
8. Puente de la Reina 620 761.5 –1.6 30.0 X X –
9. Jaca 720 831.2 –1.2 28.2 – – X

10. Villanúa 1030 1201.0 –1.2 28.2 X – X
11. Ejea de los Caballeros 570 450.5 2.8 32.5 X X X
12. Agüero 680 686.0 0.0 29.6 X X X
13. Nuenoa 710 731.8 1.3 28.8 X X X
14. Vedado de Pena˜flor 370 370.7 1.5 32.0 X X –
15. Sierra de Alcubierre 580 452.5 1.9 32.1 X X X
16. Valle de Añisclob 730 1093.0 0.5 30.4 X – X
17. Mediano 500 891.1 –1.1 30.1 X X X
18. Sta. Liestra 600 909.8 –2.8 29.7 X – –
19. El Grado 470 627.7 –0.4 31.9 – – X
20. Olvena 360 587.5 –1.3 32.9 X X –
21. Fraga 250 409.7 0.9 31.1 – X –
22. Presa de Santa Ana 370 455.1 0.3 32.2 X X X

a In “Nueno” two trees ofQ. fagineagrowing on a xeric and a mesic microhabitat were selected
b In “Valle de Añisclo” two Q. ilex trees were selected, one belonging to subsp.ilex and the other to subsp.ballota



Methodology

Sampling was done in 1992 between mid-July and mid-August when
the current year’s leaves have usually reached their full stage of
development (P. Castro, unpublished data). At each sampling site one
plant of similar size per species was chosen. In order to reduce the
effects of within-tree variability, two 3-year-old branches were har-
vested from each plant at a mid-height on the southern side of the
crowns (Blue and Jensen 1988). Different leaf age cohorts were
separated in the field and frozen in the laboratory pending analysis.
Current year’s sun leaves were used for chemical analysis and sampled
on the same crown point of five trees per species in each site.

Leaf morphological features

From each leaf age cohort 50 leaves were used to calculate individual
leaf area (LA), leaf thickness (LTh), specific leaf mass (SLM) and leaf
density (LD). Leaves were defrosted and their LA measured with a
Delta-T Image Analysis System (Delta-T Devices LTD, Cambridge,
England). A piece of the blade was then cut avoiding main leaf veins
and LTh measured with an adapted caliber. Leaves were oven dried at
80 °C for 3 days and their SLM calculated dividing their dry weight by
LA. LD was calculated as the ratio between SLM and LTh. For
evergreen species, leaves grown in 1991 (1-year-old leaves) and

current-year leaves were used to analyze changes along the gradient.
This double analysis was necessary because 1992 had a dry winter and
late spring rainfall which delayed complete leaf maturation in a few
sites.

Leaf chemical analysis

Leaves were gently washed with distilled water and oven dried for 3
days at 80°C. Nitrogen content (N) was assessed by the standard
Kjeldahl procedure and leaf fibre (hemicellulose, cellulose and lignin)
by the method of Van Soest (Goering and Van Soest 1970). Phosphor-
ous (P) concentration was evaluated by vanadomolybdic colorimetry
(Becker 1961). All these concentrations were obtained as a fraction of
leaf dry weight and then transformed to an area basis by multiplying
them by SLM.

Statistical analysis

The relationships between plant traits and mean annual precipitation
were explored by regression analysis, the linear model rending the best
adjustment. Relationships among leaf features were studied by corre-
lation analysis. In the case of the evergreen species, regressions were
made with the data sets of the 1991 and 1992 leaf cohorts. As
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Table 2mAverage leaf features of the threeQuercusspecies (means+ 1 SE). The same letters in a column indicate no significant differences
(P $0.05). The concentration of chemical components are expressed on a dry weight and on a leaf area basis (lower row)

Species LA
(mm2)

LTh
(µm)

SLM
(mg cm–2)

LD
(mg cm–3)

N
(mg g–1)
(10–1mg cm–2)

P
(mg g–1)
(10–2mg cm–2)

Hemicell.
% dry weight
(mg cm–2)

Cellulose
% dry weight
(mg cm–2)

Lignin
% dry weight
(mg cm–2)

Q. coccifera 93+9a 276+10a 20.6+1.28b 744+41b 13.2+0.33a

2.5+0.18a
0.7+0.04a

1.3+0.08a
11.8+0.24a

2.2+0.13a
20.2+0.43b

3.7+0.26b
16.7+0.44b

3.1+0.22b

Q. ilex 281+22b 363+9c 20.4+0.57b 563+9a 13.9+0.34a

2.6+0.09a
0.9+0.04a

1.7+0.06b
13.0+0.24a

2.5+0.09a
24.1+0.54c

4.6+0.13c
17.2+0.55b

3.3+0.10b

Q. faginea 641+73c 227+5b 12.5+0.52a 556+25a 21.6+0.50b

2.7+0.09a
1.2+0.08b

1.5+0.07ab
17.0+0.50b

2.1+0.11a
17.2+0.40a

2.1+0.08a
14.7+0.51a

1.8+0.09a

Table 3mCorrelation coefficients between leaf features in the threeQuercusspecies. Data of chemical components have been calculated on a dry
weight and on a leaf area basis (in parentheses)

LTh LD N P Cellulose Hemicell. Lignin

Quercus coccifera SLM 0.46 0.85*** 0.33
(0.96***)

–0.33
(0.66*)

0.13
(0.96***)

–0.27
(0.95***)

0.20
(0.94***)

LTh –0.07 0.06
(0.40)

–0.27
(0.54)

0.39
(0.53)

0.11
(0.52)

–0.14
(0.37)

LD 0.36
(0.84***)

–0.07
(0.59*)

–0.08
(0.76**)

–0.38
(0.75**)

0.27
(0.83***)

Quercus ilex SLM 0.81*** –0.43 –0.03
(0.76***)

–0.66**
(–0.23)

–0.32
(0.67**)

–0.08
(0.62**)

–0.48
(0.42)

LTh –0.18 0.20
(0.75***)

–0.48
(–0.10)

–0.21
(0.60*)

–0.01
(0.54*)

–0.45
(0.30)

LD –0.41
(0.08)

–0.36
(–0.20)

–0.19
(0.23)

–0.12
(0.21)

–0.11
(0.26)

Quercus faginea SLM 0.13 –0.86*** –0.52
(0.78***)

–0.65**
(–0.10)

–0.38
(0.84**)

0.04
(0.84***)

–0.09
(0.76**)

LTh –0.39 –0.17
(0.01)

–0.05
(0.04)

0.22
(0.28)

0.54*
(0.39)

0.14
(0.19)

LD –0.37
(0.74**)

–0.57*
(–0.10)

–0.51
(0.61*)

–0.19
(0.60*)

–0.15
(0.60*)

* 0.055 P #0.01; ** 0.015 P #0.001; *** P #0.001



regressions performed with the 1991-born leaves showed slightly better
results, data shown in tables belong to this cohort. Leaf correlation data
were performed on the 1992-born leaves.

Results

Interspecific differences in leaf features

The average leaf features of the three species are repre-
sented on Table 2. LA and LTh differed significantly among
species.Q. cocciferadeveloped the densest blades,Q. ilex
the thickest ones andQ. faginea the largest leaves with
lowest SLM.

On a leaf dry weight basis,Q. faginea showed the
highest N, P and hemicellulose concentrations, and the
lowest cellulose and lignin content. No difference was
observed between the evergreen species, except in cellulose
content, which was higher inQ. ilex. On a leaf area basis,
all species showed similar hemicellulose and N contents.Q.
ilex showed the highest cellulose and P values, whileQ.
fagineapresented the lowest cellulose and lignin concen-
trations and intermediate P values.

Relationships among leaf features

Correlations among SLM, LTh and LD, and correlations of
these features with the chemical components, both on a dry
weight and on a leaf area basis, are represented in Table 3.
SLM was positively correlated with LD inQ. cocciferaand
Q. fagineaand with LTh in Q. ilex. SLM and LD in Q.
cocciferaandQ. fagineawere positively correlated with all
fibre and mineral components expressed on a leaf area
basis, except with P, inQ. faginea. When nutrients were
expressed on a dry weight basis, SLM and LD ofQ. faginea
presented a negative correlation with P. InQ. ilex, SLM and
LTh showed positive correlations with N, cellulose and
hemicellulose, expressed on a leaf area basis, while SLM
was negatively correlated with P on a dry weight basis.

Responses to the climatic gradient

In Q. coccifera,the leaf morphological variables did not
present any significant trend. N and lignin, expressed both
on leaf area and on dry weight basis and cellulose per leaf
area unit, tended to increase with rainfall, while hemicellu-
lose on a dry weight basis tended to decrease (Table 4). In
Q. ilex LA, P and lignin contents per gram of leaf dry
material showed a positive correlation with annual precip-
itation, whereas SLM, LTh and hemicellulose per unit of
leaf area showed the reverse trend (Table 5). In contrast to
the evergreen species, foliar characteristics ofQ. faginea
did not show any significant correlation with mean annual
precipitation (Table 6).

Discussion

The results of this study indicate that the threeQuercus
speciesexhibit different responses to the same rainfall
gradient.

Q. cocciferaproduced leaves with a higher N and lignin
content but a lower amount of hemicellulose towards the
most humid extreme of the gradient. Although LD and
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Table 6mRegression equations between leaf traits ofQuercus faginea
and annual precipitation

Leaf trait Relationship r2

LA 2.39E-01 x + 459.30 0.05
SLM –5.23E-04 x + 12.88 0.01
LTh –6.94E-03 x + 232.05 0.01
LD 1.37E-02 x + 545.18 0.00
N (mg/g) 3.26E-04 x + 1.91 0.18
N (mg/cm2) 3.20E-05 x + 0.24 0.05
P (mg/g) 3.12E-05 x + 0.10 0.06
P (mg/cm2) 3.48E-06 x + 0.01 0.10
Cellulose (%) 6.74E-04 x + 16.65 0.01
Cellulose (mg/cm2) –5.57E-05 x + 2.17 0.00
Hemicellulose (%) 1.13E-03 x + 16.17 0.03
Hemicellulose (mg/cm2) 5.14E-05 x + 2.09 0.00
Lignin (%) 3.72E-03 x + 11.86 0.26
Lignin (mg/cm2) 3.18E-04 x + 1.59 0.06

* 0.055 P #0.01; ** 0.015 P #0.001; *** P #0.001

Table 4mRegression equations between leaf traits ofQuercus coccifera
and annual precipitation

Leaf trait Relationship r2

LA 7.23E-03 x + 88.88 0.00
SLM 9.23E-03 x + 14.81 0.17
LTh –1.59E-02 x + 286.81 0.01
LD 3.85E-01 x + 507.58 0.30
N (mg/g) 3.69E-04 x + 1.08 0.42 *
N (mg/cm2) 1.99E-04 x + 0.12 0.38 *
P (mg/g) –2.31E-06 x + 0.07 0.00
P (mg/cm2) 5.91E-06 x + 0.01 0.14
Cellulose (%) 3.40E-03 x + 17.98 0.21
Cellulose (mg/cm2) 2.58E-03 x + 2.06 0.32 *
Hemicellulose (%) –3.01E-03 x + 13.76 0.50 **
Hemicellulose (mg/cm2) 5.80E-04 x + 1.79 0.06
Lignin (%) 4.62E-03 x + 13.76 0.36 *
Lignin (mg/cm2) 2.51E-03 x + 1.48 0.37 *

* 0.055 P #0.01; ** 0.015 P #0.001; *** P #0.001

Table 5mRegression equations between leaf traits ofQuercus ilexand
annual precipitation

Leaf trait Relationship r2

LA 2.42E-01 x + 85.31 0.55 ***
SLM –5.19E-03 x + 24.58 0.45 **
LTh –7.23E-02 x + 421.59 0.35 *
LD –3.11E-02 x + 588.07 0.06
N (mg/g) 4.87E-05 x + 1.35 0.01
N (mg/cm2) –5.90E-05 x + 0.32 0.19
P (mg/g) 4.08E-05 x + 0.05 0.49 **
P (mg/cm2) 4.03E-06 x + 0.01 0.21
Cellulose (%) 1.97E-03 x + 22.52 0.07
Cellulose (mg/cm2) –7.47E-04 x + 5.23 0.17
Hemicellulose (%) –1.10E-03 x + 13.87 0.04
Hemicellulose (mg/cm2) –7.68E-04 x + 3.12 0.37 **
Lignin (%) 3.76E-03 x + 14.19 0.25 *
Lignin (mg/cm2) –1.19E-04 x + 3.39 0.01

* 0.055 P #0.01; ** 0.015 P #0.001; *** P #0.001



SLM in this species did not show any significant relation-
ship with precipitation, they did present a tendency to
increase with rainfall. SLM inQ. coccifera can be ex-
plained by differences in LD. Together with other factors,
LD variation can be a consequence of several anatomical
changes, such as a reduction of cell diameter, an increase of
cell wall thickness or an increase of the proportion of the
densest tissues (Witkowski and Lamont 1991; Garnier and
Laurent 1994). All these changes would displace the
proportion of cell cytoplasm to cell wall towards the second
term, priming support versus production (Niemann et al.
1992; Garnier and Laurent 1994). Correlation data suggest
that this fact does not occur inQ. coccifera, where both
fibres and nutrients, the main components of cell wall and
cytoplasm respectively, increased on a leaf area basis when
LD increased, none of them diluting any of the others. The
increase in LD in this species can probably be explained by
an increase of cell number and cell packing. Nitrogen
content has been found to be positively correlated with
photosynthetic capacity (Field and Mooney 1986; Reich et
al. 1992). Therefore the observed increase of N with
precipitation in Q. coccifera, suggests that this species
might have a higher assimilation rate in the humid areas
than in the more arid sites.

Q. ilexshowed more significant trends with precipitation
than the other two species, showing lower LA and higher
LTh and SLM as rainfall decreased. The increase in LTh
and the higher assimilation rate per unit of leaf area,
associated with higher radiation levels during leaf growth,
are a consequence of the enhanced development of palisade
parenchyma (Chabot and Chabot 1977; Jurik 1986). The
additional leaf material inQ. ilex to increase both LTh and
SLM contains N, cellulose and hemicellulose, as the three
components increase in quantity per leaf area unit, although
N increases at a higher rate than the others. This fact could
indicate that the added tissue is N-rich, a typical feature of
chlorenchyma. Surprisingly, P, a typical component of cell
protoplasm, did not follow the same trend as N, as reported
in several interspecific studies (Rundel 1988; Turner 1994).
P became diluted when SLM increased towards the arid
part of the gradient.

Q. fagineashowed no leaf response to rainfall. Like in
Q. coccifera, LD appeared correlated with SLM, but the
added material showed a slightly different composition.
With an increase of LD the amount of N per leaf area
increased faster than the amount of fibres, suggesting that,
as inQ. coccifera, the increase of LD and SLM may be due
to the larger number of cells in a tissue richer in N than
fibres (chlorenchyma) and/or due to a reduction of the air
spaces in this tissue. As withQ. ilex, the addition of
material diluted P.

When we try to interpret leaf trait variations along the
aridity gradient in terms of improvement of water use
efficiency, the different responses of the threeQuercus
species can be explained by their different structure.Q.
faginea, in comparison with the two evergreenQuercus,
develops more productive leaves (lower SLM and fibre
content, and higher N and P concentration on a dry weight
basis) with a shorter leaf life span (5–7 months), part of

which coincides with summer drought. All these features
indicate thatQ. fagineamust be strongly dependent on a
reliable water supply to thrive in dry Mediterranean areas.
We believe that this is attained, on the one hand, by
developing a deep root system which taps deep water as
doesQ. pubescens(Valentini et al. 1992), a species which
exhibits many morphological and ecological similarities
with Q. faginea. On the other hand,Q. faginea tends to
occupy valley bottoms and low permeability substrata, such
as marls or clays, which provide some water accumulation
in deep soil layers. These features would allow this species
to be relatively independent of the regional rainfall regime
and explain the lack of observed responses along the
gradient.

Leaf changes associated with precipitation inQ. ilex
probably influence water economy, since reduction of LA
and increase of SLM and LTh with aridity may improve
water use efficiency (Parkhurst and Loucks 1972; Mooney
et al. 1978; Givnish 1987). Similar trends have been
observed by Sala et al. (1994) comparing structural varia-
tions in a Q. ilex forest canopy in a wet and a dry year.
Interspecific studies have also shown a decrease of LA and
an increase of SLM with aridity (Goble-Garratt et al. 1981;
Specht and Specht 1989; Floret et al. 1990). Additionally,
physiological studies have demonstratedQ. ilex to have a
marked stomatal response under water stress (Duhme and
Hinckley 1992; Tretiach 1993). All these data suggest that
this evergreen tree species relies on its foliage plasticity and
physiology to overcome water shortage.

A quite different pattern appeared inQ. coccifera, which
did not show any morphological adjustment with rainfall
variation. Rambal and Leterme (1987) also did not observe
any SLM change in sun leaves of differentQ. coccifera
populations along a rainfall gradient. At a physiological
level Q. cocciferadoes not show a quick stomatal response
to aridity, and it can maintain an appreciable stomatal
conductance during the summer (Tenhunen et al. 1985;
Duhme and Hinckley 1992), consuming all the water
available in the soil profile explored by its root system.
All these findings suggest a non-conservative water use
pattern inQ. coccifera(Rambal 1984). Field observations
made by the authors have pointed out that this species can
easily shed part of its foliage under very strong water stress.
Such findings suggest that a “self-pruning” could be a way
to recover water status when leaf water potential has
dropped to extreme values. Rambal and Leterme (1987)
found thatQ. cocciferaadjusts to water availability along a
precipitation gradient, mainly by decreasing whole exposed
plant leaf area, rather than by leaf morphology changes.

This study shows that the three species exhibit different
mechanisms of SLM, LTh and LD variation, which reflect
different patterns of anatomical and chemical change along
the same climatic gradient. Leaf morphological variability
of Q. fagineaand Q. cocciferacannot be interpreted in
terms of moderation of water consumption nor improve-
ment of water use efficiency;Q. fagineaprobably avoids
water shortage by developing a large and deep root system
and occupying high water storing capacity soils, whileQ.
cocciferaavoids extreme aridity by shedding an important
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part of its foliage under stressful conditions. However,Q.
ilex may increase its water use efficiency by leaf morpho-
logical changes and also by stomata closure. Our data
suggest that, in spite of their phylogenetical proximity,
the different variation patterns observed in the three studied
species along the same rainfall gradient are strongly related
to their whole plant structure and their habit.
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