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Abstract — The impact of winter stress on plants from a Mediterranean area was evaluated through comparison of photosystem II (PS II)
efficiencies and phenomorphological characteristics of two Mediterranean woody species –Quercus ilex (evergreen) andCistus albidus
(semi-deciduous). The studies were carried out in NE Spain, at two sites with different mean winter temperatures. The results showed that
reductions of the efficiency of PS II may occur in Mediterranean plant communities during winter, and are especially remarkable on colder days.
The extent and duration of the decrease in PS II efficiency (photoinhibition) depended not only on the climatic conditions, but also on the site,
on the species considered and on the position of leaves in the plant canopy. Increased photoinhibition at the colder site was only clear forC.
albidus. Nevertheless, the efficiencies of PS II were always higher inC. albidus than inQ. ilex. Phenological patterns, morphology and leaf
inclination may protectC. albidus leaves from potentially photoinhibitory conditions in winter. Morphological and structural photoprotection
is apparently not so well developed inQ. ilex, which probably relies more on increased protection at the photochemical level of its long-lived
leaves. As has been reported in relation to summer-drought stress,Q. ilex has possibly developed a strategy of tolerance to photoinhibition,
whereasC. albidus relies preferentially on avoidance features. © 2000 Éditions scientifiques et médicales Elsevier SAS
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1. INTRODUCTION

Dry summers and cool winters are usually given as
the main characteristics of the Mediterranean climate
[31]. Summer drought, entailing high radiation inten-
sities and air temperatures as well as water shortage, is
generally considered the primary constraint to the
productivity and dynamics of the vegetation in
Mediterranean-climate regions [31, 44, 49]. It is rec-
ognised that Mediterranean woody species have devel-
oped various functional and structural characteristics
that allow them to survive the summer stress period
and to grow and reproduce during the favourable times
of the year (e.g. [4, 12, 21, 40]).

However, a few authors suggest that winter cold
stress plays a similarly important role in the develop-
ment and distribution of Mediterranean evergreen
species [29, 30]. Although many reports are available
on the effects of natural winter conditions on plant
growth and function (e.g. [2, 20, 38]), few concern

Mediterranean species [19, 45, 46]. The mildness of
the Mediterranean winter may allow a relatively high
photosynthetic activity in evergreen plants [4, 42, 45].
However, there is evidence that winter conditions such
as lower temperatures and shorter photoperiods con-
dition plant metabolism and growth in Mediterranean
ecosystems [4, 21, 24, 46]. Winter may thus represent
an additional and important limitation to the annual
productivity of these species, especially if we consider
that this period normally precedes one of intense
growth and reproduction effort, in spring, which prob-
ably relies on currently acquired and previously stored
energy [31].

Mediterranean winters may be relatively cold, and
often associated with cloudless skies. These conditions
make photoinhibitory effects possible [1, 2, 3, 20],
because photosynthesis may be impaired by low tem-
peratures, and thus high light levels cannot be utilised.
Photoinhibition is associated with various processes of
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dissipation of excitation energy and serves primarily as
a strategy to allow the survival of the photosynthetic
structures [1, 38]. It thus represents a mechanism of
protection rather than a damage [1, 2, 36]. However, if
photoinhibition causes a significant limitation to net
carbon assimilation [34], then it may affect productiv-
ity and growth, and therefore species distribution [20,
46].

The aim of this work was to test the following
hypotheses: i) Mediterranean plants are susceptible to
photoinhibition under unfavourable conditions pre-
vailing in winter – e.g. relatively low temperatures and
high light intensities; ii) that susceptibility varies with
the species considered, and with the position of leaves
in the canopy; and iii) the same species displays
different responses in sites with different climates.

We compared the physiological and phenological
behaviour of two woody species – Quercus ilex, an
evergreen sclerophyll, and Cistus albidus, a semi-
deciduous species – during winter in Catalonia (NE
Spain). The two functional types represented by these
species rely on distinct phenological, structural and/or
physiological features to overcome summer drought
stress (table I), but the question arises as to whether
those and/or other characteristics are effective against
potential winter stress. Chlorophyll fluorescence
parameters were used to detect any possible effects of
daily and seasonal variation in air temperature and
light intensity levels on the maximal and actual effi-
ciencies of PS II in these species. To evaluate the effect
of different leaf positions within the canopy, we
studied leaves at different azimuths in each plant.
Moreover, to investigate the influence of cold over the
long-term, we chose two sites with different winter
temperatures where both species occur. Chlorophyll
fluorescence measurements were accompanied by
morphological and phenological monitoring, for sub-
sequent consideration of the structural and functional
features of these species.

2. MATERIALS AND METHODS

2.1. Site description

Two sites were selected, one at the Park of Collse-
rola (41º26’ N, 2º08’ E), the other at the Park of Sant
Llorenç del Munt i l’Obac (41º38’ N, 2º01’ E), in
Catalonia (NE Spain). The first site – ‘Collserola’ –
closer to the coast, is on a south-facing slope with
schistic soils (alt. 350 m); the plant community is a
typical maquis, with woody species such as Quercus
ilex, Q. coccifera, Arbutus unedo, Erica arborea and
Cistus spp. Annual precipitation averages 700 mm and

annual temperature 14 °C; mean winter and summer
temperatures range from 8 to 11 °C and from 21 to
24 °C, respectively [22]. The second site – ‘Sant
Llorenç’ – is at an altitude of 900 m, with weakly
aggregated soils of calcareous conglomerates. Here,
the plant community is dominated by Q. ilex and
Phillyrea latifolia, accompanied by species such as
Cistus albidus, Buxus sempervirens, Thymus vulgaris
and Rosmarinus offıcinalis. Annual precipitation aver-
ages 700 mm and annual temperature 12 °C; mean
winter and summer temperatures range from 5 to 8 °C
and from 18 to 22 °C, respectively [22].

2.2. Environmental monitoring

Air temperature and precipitation data concerning
the sampling period were obtained from the Collserola
weather station (Servei Meteorològic de Catalunya)
and from the local weather station at the Park of Sant
Llorenç del Munt i l’Obac.

2.3. Plant material

In NE Spain, Quercus ilex grows on coastal or
subcoastal areas of temperate Mediterranean climate,
on all kinds of soil substrates [9]. It may form
relatively dense woodlands or be an important com-
ponent of shrubland communities (maquis). Cistus

Table I. Structural, phenological and physiological characteristics of
Cistus spp. and evergreen Quercus spp. usually considered as
adaptations to overcome the Mediterranean summer drought stress
(derived from the references within brackets).

Characteristics Cistus spp. Quercus spp.

Plant form shrubs shrubs and trees

Specific leaf mass low [12] high [8, 35]

Leaves relatively thin [14] relatively thick

Trichome density high (both surfaces)
[12]

abaxial surface only
[43]

Root depth shallow [13, 27] deep [27]

Growth period long [14] short [8, 35]

Canopy reduction
(summer)

considerable [14, 21,
49]

slight [35, 49]

Leaf longevity < 1 year [14, 40] > 1 year [35]

Leaf water potential very low [12 , 27,
49]

relatively high [8, 27,
41, 49]

Stomatal control moderate-high [12,
21]

high [8, 44]

Net photosynthesis
rate

> in spring > in spring and
autumn

< in summer [12, 21] < in summer [8, 41,
45]
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albidus is a pioneer shrub with densely haired leaves,
frequently found in more xeric and disturbed sites. It
grows on dry soils near the coast, where winters are
mild and summers are rather hot [9].

At each study site, shrubs of each species (Q. ilex
and C. albidus) were selected, all sufficiently close to
each other to optimise the sampling procedures. At
Collserola, C. albidus shrubs were always smaller
(< 1.5 m high) than Q. ilex (< 2.5 m high). In each of
three shrubs per species, twelve branches – six facing
south and six facing north-west – were tagged for
subsequent chlorophyll fluorescence and phenomor-
phological studies. At Sant Llorenç, the selected
shrubs of Q. ilex and C. albidus were very close to
each other, forming a large canopy not higher than
1.7 m. Five shrubs were selected – three on the south
and two on the north sides of the canopy – and six
branches were tagged on each of them. None of the
selected branches was shaded by neighbouring plants
at any time of the day, but north branches seldom
received direct sunlight during the study period (win-
ter).

2.4. Chlorophyll fluorescence measurements

Chlorophyll fluorescence parameters were mea-
sured in situ with a PAM-2000 fluorometer (Walz,
Effeltrich, Germany), after Bilger et al. [5].

The same healthy leaves per shrub and azimuth
were used throughout the daily sampling programmes
at the two sites. Additionally, at Sant Llorenç clearly
steep leaves (insertion angle > 60°) were measured
from south branches of C. albidus. This type of leaves
was assessed because the phenological data indicated
that they represented a considerable proportion of the
C. albidus canopies at that site (see Results). Thus,
three groups of leaves were studied – horizontal leaves
from north/north-west branches, and horizontal and
steep leaves from south branches (hereafter referred to
as north, south, and steep leaves, respectively). Within
each group, the selected leaves were those receiving
maximum solar radiation throughout the day. In the
case of Q. ilex, the same leaves were often used on
several sampling dates. This was not so for C. albidus
due to greater fragility of its leaves. All measurements
were made on the adaxial surface of current-year
leaves. Q. ilex and C. albidus shrubs were measured
alternately to avoid any influence on the comparison
caused by diurnal changes in fluorescence yield.

The actual and the maximal efficiencies of photo-
system II (PSII) (sensu [15]) were determined as
DF/F’m (in light-exposed leaves) and Fv/Fm (in dark-
adapted leaves), respectively. Determinations of
DF/F’m and Fv/Fm were made on different days.

Five light-adapted leaves per branch azimuth (north/
north-west and south) were measured in each species

under natural conditions [15] during the central hours
of the day. Simultaneously, photon flux density inci-
dent on the leaf (PFD) was measured by a sensor of the
leaf clip holder (model 2030-B, Walz, Effeltrich,
Germany).

Maximal efficiency of PS II, Fv/Fm, was used to
quantify photoinhibition [36, 37] and measured after
20-min dark adaptation of the leaf using light-weight
clamp cuvettes. These measurements were done at
predawn and at various times during the day, in six
leaves per leaf group of all the selected plants. On the
Fv/Fm sampling dates, the diurnal courses of the
photon flux density incident upon each of the studied
leaves (PFD) was determined with the Micro
Quantum/Temperature Sensor 2060-M (Walz, Effel-
trich, Germany).

2.5. Phenomorphological measurements

For each selected shrub and azimuth (north/north-
west and south branches), the same six to eight
branches were monitored for phenological changes on
two occasions: mid-February and mid-March (1998).
Only current-year shoots were studied, i.e. those hold-
ing leaves emerged after the previous summer (C.
albidus) or in the previous spring (Q. ilex). The
development of new shoots and buds, the number of
expanded leaves, and the occurrence of foliage dam-
age (e.g. yellowing and desiccation in C. albidus, and
desiccated or bleached spots in Q. ilex) were recorded.
In C. albidus, leaf inclination was also taken into
account, as it changes from vertical (ca. 80°) at the
apex to horizontal (ca. 0°) at the base of the stem.
Leaves were thus classified as ‘steep’ (> 50°) and
‘horizontal’ (< 50°).

In mid-March, leaf samples of both sites were
collected from each shrub and azimuth for laboratory
determinations. Total chlorophyll content was mea-
sured with a Chlorophyll Meter (SPAD-502, Minolta,
Japan), and the values corrected for each species
according to previous calibrations against standard
analytical methods [32, 48]. These samples were also
used for determination of specific leaf weight, calcu-
lated from leaf disks (64 mm2) dried in an oven at
70 °C to constant weight.

2.6. Statistical analyses

For each species, phenomorphological data were
compared between sites and leaf groups using two-
way analyses of variance with repeated measurements;
differences between means were tested through Tukey
tests. Regression analysis was used to compare the
relationships between DF/F’m and PFD; differences
between the two species were tested with analyses of
covariance of DF/F’m with PFD. For each site and
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species, the diurnal patterns of Fv/Fm were compared
between leaf groups and between dates with one-way
ANOVAs with repeated measurements. For each spe-
cies, the relationship between Fv/Fm values and the
corresponding air temperature and PFD values were
analysed through correlation tests. All the statistical
analyses were performed with the Statistica software
package (StatSoft, Inc., 1995, Tulsa, USA).

3. RESULTS

3.1. Climatic conditions

During the winter study period (February-March
1998) minimum daytime air temperatures ranged from
4.2 to 14.3 °C at Collserola, and from –2.2 to 10.7 °C
at Sant Llorenç (figure 1). Maximum air temperatures
reached 23.4 and 22.3 °C at Collserola and Sant
Llorenç, respectively. Minimum diurnal air tempera-
tures were frequently below 5 °C at Sant Llorenç,
while at Collserola they were generally above that
value. During this period, cumulative precipitation
was about 11 mm at Collserola and 15 mm at Sant

Llorenç (figure 1) – and clear sunny days were very
frequent. Although considerably dry for the season,
this period was preceded by relatively high precipita-
tion in late January (figure 1). Moreover, predawn
shoot water potentials of the studied plants, measured
with a Scholander-type pressure chamber in mid-
March (ca. –0.6 MPa, both species) were very similar,
or even higher than those reported for Q. ilex and
Cistus spp. in winter [8, 13, 21]. These facts indicate
that the plants were not experiencing water stress
during the study period.

Photon flux densities measured on various occa-
sions at both sites (data not shown, but see figure 3)
indicate consistently higher values at Sant Llorenç,
this being possibly related to a frequent haze at the
more coastal site, Collserola.

3.2. Chlorophyll fluorescence measurements

The relationship between the actual efficiency of
PSII (DF/F’m) and PFD is depicted in figure 2 for 3 d
differing in diurnal air temperatures. As expected,
DF/F’m decreased by late morning in south leaves, and
in the afternoon in north-west leaves, remaining high
and stable throughout the day in north leaves, which
did not receive direct sunlight at any time of the day
(results not shown). In Q. ilex, the DF/F’m responses
to PFD were similar on these 3 d and lower than in C.
albidus (figure 2). The differences in actual efficiency
between the two species were significant on the
warmer days (P < 0.01, ANCOVA), but tended to
decrease with decreasing air temperatures, and disap-
peared on the coldest day, at Sant Llorenç (colder site).

Diurnal courses of the maximal efficiency of PSII
(Fv/Fm), are displayed in figure 3. In this 3-d
sequence, the second day was the coldest, so that the
responses of plants prior to, during, and after the
‘extreme-cold’ event may be evaluated.

South leaves presented the greatest differences
between days and species, in terms of Fv/Fm. Except
for C. albidus at Collserola (17 February and 25
March, figure 3A), they always displayed the lowest
values (P < 0.05), as compared to north/north-west, or
steep leaves (figure 3). The highest recorded values
were 0.83 for C. albidus (17 February, figure 3A) and
0.72 for Q. ilex (17 February, figure 3A). Minimum
values (ca. 0.67 in C. albidus at Sant Llorenç, and 0.55
in Q. ilex at Collserola) were measured on the coldest
days (figure 3). After the general Fv/Fm reduction on
these days, recovery to values similar to, or even
higher than on the previous sampling (first day) was
particularly evident for C. albidus (figure 3).

Steep leaves of C. albidus (Sant Llorenç) behaved
very similarly to north leaves of the same plants
(figure 3B), but tended to have even higher predawn
values. North leaves generally presented stable Fv/Fm

Figure 1. Diurnal maximum and minimum air temperatures (lines)
and daily precipitation (bars) during the study period at Collserola
and Sant Llorenç. Arrows indicate the dates of the chlorophyll
fluorescence sampling presented in the Results.
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values throughout the day, but lower on the coldest day
(figure 3B). The highest values were recorded on the
third day – C. albidus, 0.81; Q. ilex, 0.80 (figure 3B) –
and the lowest on the predawn of the coldest day, for
Q. ilex (0.71, figure 3B).

The daily evolution of Fv/Fm in north-west leaves
(Collserola) mirrored the variation in PFD, i.e. it
remained high during the morning and declined in the
afternoon, with increasing light intensities (figure 3A).
This decline was more pronounced on the coldest day.
Fv/Fm values in these leaves did not fully recover in
the late afternoon of any of the sampled days.

Photoinhibition, as indicated by the level and dura-
tion of low Fv/Fm values in all the leaf groups, was
more pronounced at Sant Llorenç than at Collserola
for C. albidus, but the opposite trend was observed for
Q. ilex. Nevertheless, Fv/Fm was always higher in C.
albidus than in Q. ilex leaves (figure 3).

The relationship between the minimum daily Fv/Fm
and the corresponding value of air temperature and
PFD (either actual or cumulative) was investigated
through simple and multiple regressions, for each
species. Minimum Fv/Fm correlated significantly with
air temperature (P < 0.05), but not with the concurrent
PFD values (P > 0.05). However, significant negative
correlations were found (P < 0.001) when the cumu-
lative daily PFD was considered. The multiple regres-
sions between minimum daily Fv/Fm and the corre-
sponding air temperature and cumulative PFD were
significant for both species (r = 0.53, for Q. ilex,
r = 0.55 for C. albidus; P < 0.001).

3.3. Phenomorphological measurements

Leaf demography of C. albidus changed during late
winter at both sites (figure 4), with old leaf yellowing
and shedding from the base of the shoot, and expan-
sion of new, apical leaves. By the first sampling date
(mid-February), apical leaves had recently emerged,
indicating that growth was already occurring earlier in
the season. In turn, Q. ilex shoots were phenologically
dormant, only a few leaves being shed.

Differences in leaf number between azimuths were
significant (P < 0.05) only at Collserola, in March (C.
albidus), south shoots presenting more leaves than
north-west ones (figure 4). The number of leaves per
shoot was significantly lower (P < 0.05) at Sant
Llorenç than at Collserola (C. albidus, figure 4).

In C. albidus, the proportion of steep leaves was
significantly higher (P < 0.001) on south than on
north/north-west shoots (figure 5). Although not sig-
nificantly, it was consistently higher at Sant Llorenç
than at Collserola. Except for the February sampling at
Collserola, steep leaves in south shoots always out-
numbered the horizontal ones (figure 5).

Differences in chlorophyll content between azi-
muths, although generally significant, were not con-
sistent (table II). In C. albidus, the values were higher
in south than in north-west leaves at Collserola, but the
opposite trend was observed at Sant Llorenç. South
and north-west Quercus ilex leaves had similar chlo-
rophyll contents at Collserola, but not at Sant Llorenç.
Compared to south leaves, north/north-west ones had
lower specific leaf weight (SLW) in both species
(table II). At Collserola, C. albidus shrubs had less
sclerophyllous leaves than at Sant Llorenç, regardless
of azimuth, but Q. ilex only showed this trend in north
leaves.

Figure 2. Dependence of the actual efficiency of PSII (DF/F’m) on
incident photon flux density (PFD). Data from diurnal courses
recorded on the 5 and 18 February (Collserola) and 26 February (Sant
Llorenç). The range of diurnal air temperatures is displayed. Mea-
surements were made on north (Sant Llorenç), north-west (Collse-
rola) and south leaves (both sites), and each point represents the value
of a single leaf. The significance level of the difference between the
two species is shown for each day.
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Figure 3. Daily courses of air temperature, PFD incident on the leaves and maximal PS II efficiency, Fv/Fm, of C. albidus (circles and triangles)
and Q. ilex (squares) on three winter days at Collserola (A) and Sant Llorenç (B). Responses from different leaf groups are shown: south (open
symbols), steep (triangles), north (B) and north-west (A) (closed symbols). Each symbol represents the average of the measurements on
12–18 leaves ± SE.
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4. DISCUSSION

4.1. General photoinhibitory responses

These results confirm our initial hypothesis that
photoinhibition may occur in Mediterranean plant
communities during winter. In other words, Mediter-
ranean winter temperatures are low enough to trigger
photoinhibitory responses under high light conditions,
similarly to what is frequently reported for evergreens
in temperate and boreal regions (e.g. [2, 20, 38]).
Increasing diurnal light intensities led to decreased
efficiencies of PS II (DF/F’m and Fv/Fm), with further
declines on colder days (figures 2, 3). As has also been
found by other authors [2, 20], the Fv/Fm decline was

better correlated with the cumulated dose of light
energy reaching the leaves than the actual incident
PFD at the time of the fluorescence measurement.
However, no strong diurnal or seasonal increase in
minimal fluorescence, Fo, parallel to Fv/Fm decline
was recorded (data not shown), indicating that there
was no chronic PSII damage [37, 38].

The extent and duration of photoinhibition
depended not only on the climatic conditions, but also
on the species considered and on the position of leaves
in the plant canopy. Diurnal Fv/Fm decline was

Figure 4. Leaf phenological events in C. albidus and Q. ilex at
Collserola and Sant Llorenç (1998). Number of expanded leaves:
present (total, up-directed bars), new (top section of up-directed bars)
and shed (down-directed bars). Each bar and bar section represents
the mean of 12–24 shoots on a current-year shoot basis. Vertical lines
represent standard errors of the means.

Figure 5. Proportion of steep leaves relative to the total number of
leaves in C. albidus shoots, at Collserola and Sant Llorenç. Each bar
represents the mean of 12–24 shoots, on a current-year shoot basis.
Vertical lines represent standard errors of the means. The asterisk
indicates a significant difference (P < 0.001) between branch azi-
muths: south (white bars) and north/north-west (shaded bars).
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generally reversible (figure 3), the exceptions being
presented by north-west leaves (figure 3A), and by all
leaf groups on the coldest days.

Fv/Fm and DF/F’m values of Q. ilex (figures 2, 3)
were similar to, or lower than those measured under
summer conditions [17, 39, 42]. This may indicate
some degree of sustained photoinhibition during win-
ter in Q. ilex at our studied sites. In C. albidus
however, Fv/Fm was considerably higher (figure 3)
than was found during summer by other authors [49].
This suggests that summer leaves of semi-deciduous
species are more susceptible to photoinhibition than
winter leaves, possibly because other stress factors
(e.g. drought, heat) concur with high light intensities
during summer [24]. However, the minimum Fv/Fm
values found in C. albidus (figure 3) were somewhat
lower than those recorded by Karavatas and Manetas
[24] in other Cistus species during winter.

4.2. Growth and structural features

The phenomorphological patterns of the studied
plants (figure 4; table II) agreed with those previously
described for Mediterranean evergreen and semi-
deciduous species ([14, 19, 21, 35], see also table I).
While Q. ilex remained phenologically dormant, C.
albidus presented continuous growth during the stud-
ied winter period (figure 4).

Specific leaf weight (SLW) values of Q. ilex were
similar to those described for mature individuals of
this species in relatively open stands [8, 27]. In turn, C.
albidus presented relatively higher SLW at both sites
(table II) than in SW Portugal [14].

4.3. Species comparison

Generally, the semi-deciduous C. albidus was less
prone to photoinhibition than Q. ilex, as shown by its
consistently higher DF/F’m (figure 2) and Fv/Fm val-
ues (figure 3). Phenology and structure may provide
important stress-avoiding characteristics which seem
to be effective throughout the relatively short leaf

lifespan of C. albidus. In Cistus spp., winter leaves –
leaves emerging during autumn and winter – attain a
mean age of 6 months [14]. Similarly to summer
leaves [49], they are likely to avoid cold-induced
photoinhibition by keeping a steep position
(figure 3B). As the leaf grows older, it becomes less
steep and progressively more affected by higher light
intensities and hence photoinhibition. The protection
mechanisms at the structural level are then no longer
effective, either because of the age-dependent reduc-
tion of trichome density and radiation absorbing com-
pounds at the leaf surface [23], or simply because
excessive radiation loads cannot be effectively dissi-
pated through the available processes at the physi-
ological level. Indeed, horizontal leaves were always
more photoinhibited than steep ones (figure 3B),
though still with relatively high Fv/Fm ratios. This can
be explained by the fact that the same leaves were not
measured throughout the study in C. albidus (see
Materials and Methods), i.e. measurements on the
same horizontal leaves throughout the season would
have presumably shown further photoinhibition.

Contrary to some other Mediterranean evergreen
species [11], Q. ilex does not considerably change leaf
inclination, although some proportion of the canopy
may present more vertical leaf insertions [7]. Thus,
any degree of structural protection from excessive
incident light (at the leaf level) depends primarily on
tissue organisation and composition, e.g. thick
cuticles, high wax contents, etc. [10, 16]. In Q. ilex, the
same leaves are submitted to both annual stresses (first
summer drought, and then winter cold), and seem to
rely more on a higher efficiency of protective pro-
cesses at the photochemical level [1, 15, 17, 39]. Some
leaf damage was observed after winter (data not
shown), but leaves kept most of their green area and
were not shed (figure 4). This suggests that photosyn-
thesis of Q. ilex was not significantly impaired during
the cold periods, as shown by other studies [28].

In relation to summer-drought stress, evergreen
sclerophylls and semi-deciduous species are generally

Table II. Leaf chlorophyll content and specific leaf weight (SLW) of the studied plants in mid-March (means and standard errors,
n = 12–40 leaves). Branch azimuth is indicated. For each species, site and parameter, means with the same superscript are not significantly
different (P > 0.05) between orientations. * indicates significantly different (P < 0.05) means between sites, for each species and azimuth.

Parameter C. albidus Q. ilex

Collserola Sant Llorenç Collserola Sant Llorenç

Total chlorophyll 51.7 ± 1.3 Sa* 33.1 ± 2.3 Sb 62.8 ± 2.1 Sa* 42.8 ± 3.2 Sb

(µg·cm–2) 44.3 ± 2.8 NWb 46.0 ± 1.4 Na 62.0 ± 1.9 NWa 59.9 ± 1.7 Na

SLW (mg dw·cm–2) 13.3 ± 0.3 Sa* 17.4 ± 0.6 Sa 21.5 ± 0.5 Sa 21.9 ± 0.3 Sa

12.2 ± 0.3 NWb* 13.8 ± 0.4 Nb 18.4 ± 0.4 NWb* 20.9 ± 0.4 Na
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described as tolerators and avoiders, respectively [13,
19, 21, 49]. It seems that the same classification can be
applied when winter-cold stress is considered, at least
for the two species studied here. Moreover, the leaf
characteristics usually described as adaptations
towards summer stress are apparently efficient towards
winter stress as well (tables I, II; figure 5).

4.4. Within-plant variations

The protective role attributed to increased leaf
angles under summer-stress conditions [16, 47], was
also found during the winter period: steep leaves of C.
albidus presented reduced photoinhibition, if at all
(figure 3B). This becomes even more important if we
consider that steep leaves in this species are the
youngest leaves, and that young leaves may have a
reduced photodissipative capacity [6]. An additional
benefit from steep angles may be a slight temperature
increase during cold nights, as compared to
horizontally-oriented leaves [25].

The differences in SLW and chlorophyll contents
between south and north/north-west leaves were the
ones generally expected, respectively from ‘sun’ and
‘shade’ leaves [41]. In evergreen shrubs, water rela-
tionships differ only slightly between sun and shade
leaves [41], suggesting that they developed different
mechanisms to withstand microclimatic conditions
(avoidance and tolerance mechanisms, respectively in
sun and in shade leaves) [41]. In our study, leaves not
receiving full sunlight (i.e. north, north-west or steep
leaves) generally showed higher maximal and actual
efficiencies of PS II than sun-exposed (south) ones
(figures 2, 3), as found by other authors [3, 18, 20].
Nevertheless, on colder days, there was some degree
of photoinhibition in other than south leaves (e.g.
north and north-west, figure 3). Moreover, in Q. ilex,
some predawn Fv/Fm values of north leaves were
lower than mid-morning values (figure 3B), indicating
incomplete recovery from the previous day’s photoin-
hibition. Groom et al. [20] report slower recovery after
severe photoinhibition or in the dark at low tempera-
tures, which could explain the results we obtained in
north leaves (figure 3B).

4.5. Site comparison

As also found in a comparable study by Tretiach et
al. [46], somewhat different ecological conditions
brought about important differences in plant perfor-
mance between the two studied sites, which were
particularly evident during periods of more intense
cold stress. From the climatic point of view, the two
sites in our study differ in mean winter air tempera-
tures (see Site description) and this difference was
particularly evident during the study period (figures 1,
3). Therefore, winter stress can be considered an

important environmental constraint when they are
compared. Such a comparison may serve as an
approach to the long-term effects of such stress on
species behaviour.

Both species decreased leaf chlorophyll contents by
32–36 % at Sant Llorenç (table II), possibly a strategy
to reduce excessive light capture at this colder and
more luminous site. It was found that leaves of Cistus
ladanifer also present lower chlorophyll contents at
colder sites [33]. Decreased chlorophyll contents may
be an adaptive response against photoinhibition as
they reduce the light harvesting capacity of the leaf [1,
26]. This would at least partially explain the differ-
ences found for this parameter between sites and
azimuths (table II).

Moreover, C. albidus presented less, steeper and
more sclerophyllous leaves at the colder site (table II).
This appears as further evidence to consider C. albidus
more susceptible to increasingly stressful winter con-
ditions than Q. ilex, as shown by predawn Fv/Fm
values at the two sites (figure 3), and that it has to
reinforce its structurally photoprotective characteris-
tics and semi-deciduous habit to overcome that con-
straint. In turn, and despite being more photoinhibited
than C. albidus, Q. ilex presents more similar predawn
Fv/Fm values (maximal PS II efficiency) under differ-
ent site climates (figure 3), suggesting some degree of
adaptation to Mediterranean cold conditions, as shown
for Quercus coccifera by Mitrakos [30].

5. CONCLUSIONS AND FINAL REMARKS

The results confirmed our initial hypotheses: i) the
studied Mediterranean plants were photoinhibited
under winter conditions; ii) the extent of that photoin-
hibition was enhanced on colder days, and more
intense in the evergreen species (Q. ilex) than in the
semi-deciduous one (C. albidus). Moreover, leaf posi-
tion in the canopy played a decisive role, south,
well-exposed leaves being the most photoinhibited; iii)
when comparing two sites differing in winter tempera-
tures, C. albidus tended to present increased photoin-
hibition at the colder site, whereas Q. ilex showed
rather similar photoinhibition levels. C. albidus appar-
ently had to ‘change’ more than Q. ilex when facing a
colder environment.

Although only for a relatively short life period, C.
albidus leaves are able to maintain relatively high PS
II efficiencies, presumably because their structural
(e.g. leaf inclination) and morphological characteris-
tics (e.g. high trichome density, high leaf reflectance)
prevent excessive light energy from reaching (and
damaging) the photosynthetic apparatus. It is conceiv-
able that these mechanisms are no longer sufficiently
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effective when the leaves senesce. Continuous leaf
renewal during winter possibly enables the shrub to
avoid permanent photoinhibition. In turn, Q. ilex
produces long-lived leaves which may be structurally
more resistant to cold injury but are apparently less
well protected against excessive light intensity loads.
Therefore, their PS II efficiency is lower, but stable
over large ranges of stress (summer drought and winter
cold), probably at the expense of a strong investment
in photodissipative processes, e.g. via the xanthophyll
cycle [1, 17, 18]. Q. ilex seems to have developed a
strategy of tolerance to photoinhibition, whereas C.
albidus apparently avoids it.
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