
Is Shade Beneficial for Mediterranean Shrubs Experiencing Periods of Extreme
Drought and Late-winter Frosts?

FERNANDO VALLADARES1,2,* , JOANA ZARAGOZA-CASTELLS3, DAVID SÁNCHEZ-GÓMEZ1,
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† Background and Aims Plants are naturally exposed to multiple, frequently interactive stress factors, most of which
are becoming more severe due to global change. Established plants have been reported to facilitate the establishment
of juvenile plants, but net effects of plant–plant interactions are difficult to assess due to complex interactions
among environmental factors. An investigation was carried out in order to determine how two dominant evergreen
shrubs (Quercus ilex and Arctostaphylos uva-ursi) co-occurring in continental, Mediterranean habitats respond to
multiple abiotic stresses and whether the shaded understorey conditions ameliorate the negative effects of
drought and winter frosts on the physiology of leaves.
† Methods Microclimate and ecophysiology of sun and shade plants were studied at a continental plateau in central
Spain during 2004–2005, with 2005 being one of the driest and hottest years on record; several late-winter frosts
also occurred in 2005.
† Key Results Daytime air temperature and vapour pressure deficit were lower in the shade than in the sun, but soil
moisture was also lower in the shade during the spring and summer of 2005, and night-time temperatures were
higher in the shade. Water potential, photochemical efficiency, light-saturated photosynthesis, stomatal conductance
and leaf 13C composition differed between sun and shade individuals throughout the seasons, but differences were
species specific. Shade was beneficial for leaf-level physiology in Q. ilex during winter, detrimental during spring
for both species, and of little consequence in summer.
† Conclusions The results suggest that beneficial effects of shade can be eclipsed by reduced soil moisture during dry
years, which are expected to be more frequent in the most likely climate change scenarios for the Mediterranean
region.

Key words: Frost, climate change, shade, drought, plant–plant interactions, Quercus ilex, Arctostaphylos uva-ursi, soil
moisture, facilitation.

INTRODUCTION

Global climate change is bringing to Mediterranean regions
not only a general increase of temperatures but also an
increased aridity and a higher frequency of extreme climatic
events such as heat waves and late-winter frosts
(Diffenbaugh et al., 2005; Christensen et al., 2007).
Responses of Mediterranean plants to summer stresses
(i.e. drought, heat and high light) have been intensively
studied (see Sánchez-Gómez et al., 2006; Allards et al.,
2008, and references therein), but the impacts of low temp-
eratures remain poorly understood (Egerton et al., 2000;
Cavender-Bares et al., 2005; Pratt et al., 2005). The
effects of freezing temperatures on Mediterranean-type veg-
etation deserve more attention, not only due to their highly
deleterious effects (Ball, 1991; Larcher, 2000; Bertrand and
Castonguay, 2003; Rochette et al., 2004; Pratt et al., 2005)
but also because episodes of late-winter frost may be dis-
proportionately important in plant evolution (Inouye,
2000; Agrawal et al., 2004). In general, plants handle one

environmental stress and its typical correlates (e.g.
drought and heat), but polytolerance (i.e. the capacity to
cope with more than one distinct stress, such as shade and
drought) seems to be very rare in the woody flora of the
Northern Hemisphere due to functional trade-offs and con-
straints (Niinemets and Valladares, 2006). Continental,
Mediterranean regions impose multiple, uncorrelated stres-
ses, with climate change exacerbating them and represent-
ing, thus, a complex challenge for plants dwelling in
these ecosystems. However, at present, our understanding
of the impacts of climate change is limited by fragmentary
knowledge of how plants cope with several interacting
stresses (Aranda et al., 2005; Davis et al., 2005; Mittler,
2006; Valladares et al., 2007; Valladares, 2008).

Plants living in adverse habitats can benefit from facili-
tation by neighbours (Callaway, 1995). Shade and improved
soil conditions under the canopy are mechanisms by which
established plants facilitate other plants (Pugnaire et al.,
2004; Gómez-Aparicio et al., 2005). However, the notion
that facilitation among plants increases with stress (the
stress-gradient hypothesis; Bertness and Callaway, 1994)* For correspondence. E-mail valladares@ccma.csic.es
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has been challenged in arid environments, where the
empirical evidence reveals a more complex picture (e.g.
Hastwell and Facelli, 2003; Maestre et al., 2006; Brooker
et al., 2008). Similarly, the notion that facilitation increases
during adverse years has also been challenged (Tielborger
and Kadmon, 2000; Maestre et al., 2004). Increasing sever-
ity of droughts in Mediterranean-type ecosystems has been
predicted to lead to an increasing role for facilitation, but
the current uncertainties surrounding the models upon
which such predictions are based, and the complexities of
the responses to multiple stresses, indicate that further
research is clearly needed (Brooker, 2006; Valladares
et al., 2007). The issue is particularly timely because
plant–plant interactions are an important part of the
response of plant communities to global change
(Damgaard, 2005; Brooker, 2006).

The aim of the present study was to compare the ecophy-
siological performance of dominant, evergreen woody
species growing in sun and shade microhabitats at a dry,
continental Mediterranean site. The study was carried out
during 2004 and 2005; 2005 was a particularly adverse
year, being one of the driest and hottest years of the last
60 years. In addition, the winter of 2005 contained unu-
sually late frost events. The experiments conducted here
sought to establish the extent to which shade mitigated
the impacts of drought, heat and freezing stresses. The
species studied were Holm oak (Quercus ilex subsp.
ballota), a dominant tree or shrub in the western
Mediterranean Basin that is of Tertiary/tropical origin,
and bearberry (Arctostaphylos uva-ursi), a widespread cir-
cumpolar dwarf shrub, restricted to mountain systems and
continental sites in its southern range. Although both
species normally spread vegetatively, seedlings can estab-
lish, particularly in shaded microhabitats to which they
are typically dispersed (Stiles, 1980; Gómez et al., 2004).
The species differ in shade tolerance, with Q. ilex being
more tolerant of shade than A. uva-ursi (Niinemets and
Valladares, 2006). The hypotheses here were: (a) the two
species both exhibit maximal carbon gain during spring
and minimal carbon gain during the summer drought and
hea, as expected from long-term monitoring of carbon
balance in these ecosystems (e.g. Allards et al. 2008); (b)
shade is beneficial over winter by conferring protection
against frosts and detrimental in summer due to its associ-
ation with water depletion by canopy trees; and (c) species
differ in their tolerance to the interactive effects of drought
and extremes of temperature and irradiance, and thus in
their performance in the two microhabitats. Shaded micro-
habitats are expected to enhance physiological perform-
ance, survival and growth by reducing the impact of
abiotic stresses as suggested by a number of studies in
arid ecosystems (see Flores and Jurado, 2003; Prider and
Facelli, 2004, and references therein; Gómez-Aparicio
et al., 2005). However, since shaded sites can be drier
than sunny sites due to rainfall interception and extreme
water depletion from the soil by canopy plants, particularly
during adverse years (Tielborger and Kadmon, 2000;
Valladares and Pearcy, 2002), it was hypothesized (d )
that shade does not enhance physiological performance
during adverse years, but, on the contrary, performance in

the shade may be worse than in the sun when climatic con-
ditions become exceptionally unfavourable.

MATERIALS AND METHODS

Study site

The study was carried out during 2004–2005 at Los
Cerrillos Biological Station, Villar de Cobeta (408480N,
28120W), within the Alto Tajo Natural Park (Guadalajara,
Spain). Climate is dry, continental Mediterranean, with
contrasting temperatures both over the year and during the
day, and a pronounced summer drought (Fig. 1). Climatic
records from two meteorological stations (Molina de
Aragón, Guadalajara, and Teruel, run by the Spanish
Institute of Meteorology) revealed that 2005 was one of
the five driest and hottest of the last 60 years, and exhibited
unusually long frosts during the late winter–spring tran-
sition. While precipitation in the area typically averages
450 mm year21, it was only 280 mm at the field site
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the six field campaigns.
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during the study period. The site is at a mean elevation of
950 m a.s.l., with steep slopes and cliffs covered with
Mediterranean shrublands, and 2–5 m high open forests
dominated by Holm oak, Q. ilex, L. subsp. ballota (Desf.)
Samp. on south-facing slopes and Pinus nigra on north-
facing slopes. The upper parts of the plateaus are dominated
by Juniperus thurifera, Pinus sylvestris and Buxus semper-
virens. Soils are basic, rocky and poorly developed over the
limestone bedrock.

Microclimatic measurements

One micro-meteorological station was installed in an
open site (referred to as sun habitat hereafter) and another
one was placed in the understorey of a Q. ilex forest
(referred to as shade habitat hereafter). Each meteorological
station was installed in June 2004 and included sensors for
air temperature and relative humidity (Hobo H08-032-08,
Onset, Pocasset, MA), soil moisture (ECH2O EC-20,
Decagon Devices, Pullman, WA) and solar irradiance
(Apogee quantum sensor QSO-SUN, Logan, UT), cross-
calibrated with a Li-Cor SA Li-190 quantum sensor
(Li-Cor, Lincoln, NE). Even though sensors were non-
aspirated, biases in temperature and humidity were
thought to be moderate due to the existence of a constant
breeze even in the understorey. Readings of each sensor
were recorded every 10 min with a Hobo H08-006-04 data-
logger. Precipitation was recorded in the open with a
Rain-o-matic small rain gauge (Pronamic Co. Ltd,
Silkeborg, Denmark) attached to a Hobo H7 event data
logger. Two additional data loggers were installed to
record leaf temperature measured with sensors attached to
the abaxial side of leaves of four plants in each light
environment.

Twelve individual plants of both oak and bearberry target
species [Q. ilex and A. uva-ursi (L.) Spreng.] were ran-
domly selected and tagged in each habitat during the first
field campaign. Selected individuals of Q. ilex were small
shrubs 20–110 cm high, while those of A. uva-ursi were
prostrate mats of 40–260 cm in diameter. All individuals
were non-reproductive at the time of measurements, and
were �10 years old; each individual was functionally inde-
pendent and were not sprouts from adult trees.
Hemispherical photographs were taken over each shade
plant to determine the fraction of global irradiance (i.e.
direct plus diffuse radiation) reaching the plants sampled
in the understorey. Photographs were taken using a horizon-
tally levelled digital camera (CoolPix 4500, Nikon, Tokyo,
Japan), mounted on a tripod and aimed at the zenith, using a
fish-eye lens of 180 8 field of view (FCE8, Nikon).
Photographs were analysed for canopy openness using
Hemiview canopy analysis software version 2.1 (1999,
Delta-T Devices Ltd, Cambridge, UK). Daily irradiance
in the shade was calculated by multiplying daily irradiance
in the open by the global site factor obtained with
Hemiview. Further details on the protocol for hemispherical
photography are provided in Valladares and Guzmán
(2006). The main microclimatic features of sun and shade
habitats are shown in Fig. 2 and Table 1.

Soil moisture (u) in the understorey of each selected plant
was determined at two points below the canopy: midway
from the main stem and at the edge of the crown.
Initially, u was measured at two depths (20 and 50 cm)
but, since these two data sets were highly correlated, with
slightly higher values at the lower depth (data not shown),
mean values at the upper depth were considered for these
campaigns and u was measured only at 20 cm depth in sub-
sequent campaigns. This estimator of u can be considered
reliable because (a) the plants are juveniles, with relatively

TABLE 1. Solar irradiance [photosynthetically active
radiation (PAR) integrated over the day], minimum relative
humidity and maximum vapour pressure deficit (VPD) of the
air in sun and shade habitats for the 2004–2005 study period

Solar
irradiance (mol
PAR m22 d21)

Minimum
relative humidity

of air (%)
Maximum
VPD (hPa)

Mean s.e. Mean s.e. Mean s.e.

Summer Sun 45.1 2.7 14.7 2.5 38.6 1.9
Shade 13.5 0.8 21.7 2.9 30.0 1.6

Autumn Sun 28.6 1.7 33.0 2.5 16.6 1.4
Shade 8.6 0.5 42.8 2.7 13.0 1.1

Winter Sun 12.5 0.8 48.0 3.0 7.2 0.5
Shade 3.8 0.2 57.1 3.0 5.7 0.5

Spring Sun 37.2 2.2 17.0 1.5 25.3 1.3
Shade 11.2 0.7 26.8 1.9 18.8 1.1

Values are daily totals or daily minima or maxima, and the mean and
standard error for each season are provided; values of summer represent
the mean for 2004 and 2005 summers.
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shallow roots; and (b) all water is coming from direct pre-
cipitation and the rocky soils on the slopes of the study
site do not accumulate water for long periods of time so
there is no chance for any plant to reach phreatic water.
In addition to measuring u below each plant, four sensors
were also buried in the soil at 20 cm depth but avoiding
the proximity or direct influence of woody vegetation and
rocky patches; sensors integrated u over 10 cm of the soil
profile in the 15–25 cm depth range.

Ecophysiological measurements

A total of six field campaigns were carried out from
August 2004 to August 2005 to record plant performance
under different climatic conditions (Fig. 1). In each field
campaign, soil moisture (u) under each plant, water poten-
tial (C), photochemical efficiency of photosystem II (PSII)
(Fv/Fm) and leaf gas exchange were measured with a
Theta-probe ML 2X (Delta-T Devices Ltd), a Scholander
pressure chamber (self-made, using nitrogen gas), an
FMS-2 fluorometer (Hansatech, King’s Lynn, UK) and a
Li-Cor 6400 photosynthesis system (Li-Cor), respectively.
The youngest fully expanded leaves were sampled in
August 2004 (leaves emerged in April 2004), and they
were followed during winter 2004/2005 and spring 2005;
new fully expanded, current year leaves were followed in
summer 2005. C was determined before dawn
(‘pre-dawn’, 0630–0730 h solar time) in two small twigs
(since leaves of the two species have very short petioles)
with 2–3 leaves from each plant immediately after excision
with a razor blade from the crown. Midday measurements
were also taken on the first campaign but not thereafter
because midday and pre-dawn values were highly correlated
(data not shown). Fv/Fm was measured pre-dawn and at
midday in leaves adapted to dark for 30 min using the
leaf clips provided by the manufacturer. Net photosynthetic
CO2 uptake (Pnet) and stomatal conductance (gs) were
determined at different times over the day at prevailing
ambient air temperature, and an atmospheric CO2 concen-
tration of 400 mmol mol21 (using the built-in Li-Cor
6400 CO2 controller). At both sites, Pnet was measured at
two irradiances: the prevailing ambient irradiance and at
saturating irradiance (800 mmol photons m22 s21) using
the built-in Li-Cor 6400 blue–red light source. Pnet was
measured during three consecutive days in each campaign.
The flow rate was set to 500 mmol s21 and ambient relative
humidity [typically 35–55 %, involving vapour pressure
deficits (VPDs) from 1.5 to 4 kPa depending on air temp-
erature]. For each sampling period, four replicates were
included (using the same plants but different leaves each
time since leaves were collected in every sampling period
for area and fresh/dry mass determinations) in the sun and
shade sites. To account for changes in environmental vari-
ables during the course of a day, measurements of leaf gas
exchange of individual replicates were alternated between
the sun and shade sites over 1–2 h periods (one starting
at 1000 h and the other at 1400 h). Sustained aridity and
low VPDs over most of the year together with a late
sunrise due to the topography of the site prevented plants
from achieving maximum gas exchange values before

1000 h. Daily maximum values of Pnet and gs for each
plant were used for statistical comparisons and to calculate
intrinsic water use efficiency (WUE; Pnet/gs determined at
saturating light) and instantaneous WUE (Pnet/transpiration
determined at ambient light). Gas exchange data for the first
campaign (August 2004) had fewer replicates per species
and habitat and were thus discarded for subsequent statisti-
cal analyses.

At the end of the last campaign (August 2005), two
current-year leaves from the upper and most exposed part
of the crown of each selected plant were collected, dried
and ground to analyse their carbon isotope composition
(d13C). d13C is an index of intrinsic WUE integrated over
the time of plant organ growth (Dawson et al., 2002).
Determination of d13C was performed on 0.5–1 mg sub-
samples of dried and ground materials by combusting at
1020 8C in a Carlo Erba EA1500 NC elemental analyser
on-line with a Finnigan Delta Plus XL mass spectrometer.
Stable isotope abundance (13C/12C) was expressed in stan-
dard d notation relative to V-PDB [Vienna international
standard series supplied by the IAEA vs. the classical
calcite standard from Pee Dee Belemnite (PDB)]
according to

13C ¼ ½ðRsample=RstandardÞ � 1� � 1000

where R ¼ (13C/12C), of the sample and standards, respect-
ively. All samples for isotope composition were analysed
twice and on different days, with two standards every ten
samples. Based on numerous measurements of inorganic
and organic international reference standards, the analytical
precision of the system was about +0.1 ‰ (1s).

Statistical analyses

A three-factor analysis of variance (ANOVA; species,
habitat and time of the year) was applied to all variables,
except d13C and gas exchange parameters, using the statisti-
cal software Statistica 6.1 (2004, StatSoft, Inc., Tulsa, OK).
Repeated-measures ANOVA was applied to the data since
the same individuals were followed over time. Significant
differences between the levels of each factor (two for
species and habitat, six for time of the year, except for
gas exchange where only five campaigns were considered)
were estimated by the Fisher least significant difference
(l.s.d.) post hoc test; 95 % confidence intervals for the
mean are provided in the graphs, and F- and P-values for
main effects and interactions are given in Table 2. In all
combinations of species–habitat–date, the number of indi-
vidual plants (i.e. replicates) was six; the two values of soil
water content taken for each plant were averaged and the
mean used in the analyses. In the case of d13C, only two
factors, species and habitat, could be included in the ana-
lyses, while in the case of gas exchange parameters (Pnet

and gs), the unequal distribution of reliable data over the
field campaigns meant that separate two-factor ANOVAs
had to be determined for each species, and interspecific
comparisons were carried out only for time periods with
enough data for both species (May, July and August 2005).
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RESULTS

Most of the precipitation recorded during 2004–2005 fell
during the autumn of 2004, with almost no precipitation
from December 2004 until June 2005 (Fig. 1). Freezing
below 210 8C occurred on several consecutive days
during February and March. Many of these cold, dry days
had clear skies with many hours of intense irradiance
(.1900 mmol PAR m22 s21), giving daily irradiances
,30 mol PAR m22 d21 after March 2005 (Fig. 1). Air
temperature was higher and varied more at the sun than
shade site; minimum temperatures in the sun were .2.5
8C lower and maximum temperatures were up to 4.5 8C
higher than those in the shade (Fig. 2). Leaf temperatures
were very close to that of the air in the shade, while they
were up to 4 8C higher than that of the air in the sun
during the central hours of clear spring and summer days
(data not shown). Air humidity was higher in the shade
than in the sun throughout the year, leading to VPDs signifi-
cantly lower than those in the sun (Table 1). Daily irradi-
ance was, on average, only one-third in the shade of that
in the sun (Table 1). Away from plants, soil water content
(u) at 20 cm depth was greater and more affected by pre-
cipitation in the sun than in the shade (Fig. 2). However,
a different and more complex seasonal pattern was found
for the u below the sampled plants. It was higher in the
shade than in the sun from August 2004 until March
2005, but by the end of the dry spring and during the
2005 summer the pattern was reversed and soils were
slightly but significantly more moist below plants in the
sun (Fig. 3). Depending on the species, this seasonal
pattern of u paralleled that of the seasonal changes in C
of the target plants (Table 2, Fig. 3). u of Q. ilex was less
negative in the sun than in the shade in both summers
but, in contrast, differences for A. uva-ursi were mostly
insignificant (Fig. 3). C was significantly lower at the end
of the summer 2005 than in 2004, reaching values as low
as –6.5 MPa in A. uva-ursi.

Photochemical efficiency of PSII (Fv/Fm) differed sig-
nificantly among species, habitats and times of the year,
with complex interactions between these three factors

(Table 2, Fig. 4). Pre-dawn Fv/Fm tended to be lower in
sun than in shade plants, and were particularly so for
A. uva-ursi, at the end of both summers (Fig. 4A). In con-
trast, Q. ilex exhibited similar values in the shade and in the
sun for most of the year, with the exception of March 2005,
where the combination of freezing temperatures and high

TABLE 2. Results of the two- and three-factor ANOVA (F and P values) for seven study variables

Variable Species Date Habitat Species � date Species � habitat Date � habitat

Soil water content F 43.43 73.43 2.65 5.91 7.29 29.26
P <0.0001 <0.0001 0.1102 0.0052 0.0078 <0.0001

Leaf water potential F 17.58 39.76 0.34 1.90 5.05 16.15
P <0.0001 <0.0001 0.5651 0.1759 0.0118 0.0002

Pre-dawn Fv/Fm F 7.97 37.76 32.51 13.04 29.26 4.17
P 0.0122 <0.0001 <0.0001 <0.0001 <0.0001 0.0432

Midday Fv/Fm F 0.28 33.20 29.50 14.70 26.80 4.50
P 0.6044 <0.0001 <0.0001 <0.0001 <0.0001 0.0412

Net photosynthetic rate F 5.66 19.20 6.95 14.23 0.63 10.56
P 0.0059 <0.0001 0.0133 0.0003 0.4162 0.0031

Stomatal conductance F 4.12 12.99 0.14 13.38 14.68 6.44
P 0.0432 <0.0001 0.6154 0.0021 0.0006 0.0098

d13C F 4.66 2.65 5.91
P 0.0303 0.1102 0.0052

Only main effects (species, date and habitat, with 1, 5 and 1 d.f., respectively) and first order interactions are shown for clarity.
Significant effects are highlighted in bold (P,0.05).
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irradiance resulted in mean Fv/Fm values as low as 0.4 at
the sun site (Fig. 4A). Values of pre-dawn Fv/Fm at the
end of August 2005 were significantly lower than those of
August 2004 for all combinations of species and habitats.
Although midday Fv/Fm (measured after 30 min in dark-
ness) was lower than pre-dawn Fv/Fm, the seasonal and
species trends were similar to those observed pre-dawn,
with very low values in the sun for A. uva-ursi in
summer and for Q. ilex in early spring (Fig. 4B).
However, midday Fv/Fm was also reduced in the shade at
some times of the year, with mean values of 0.6 during
the summer in A. uva-ursi and during the early spring in
Q. ilex. As was the case for pre-dawn Fv/Fm, midday Fv/
Fm was significantly lower in August 2005 than in August
2004.

Maximum rates of light-saturated net photosynthesis
(Psat; Fig. 5A, B) and stomatal conductances (gs; Fig. 5C,
D) were low for both species during all seasons and in
both habitats. However, when considering data from both
species for May, July and August 2005 (i.e. the dates
where full sets of gas exchange measurements were
obtained for both species), significant interactions
between habitat and date were found, and between species
and date, with season being the main source of variation
for these two gas exchange variables (Fig. 5; Table 2).
While maximum rates of Psat were significantly higher in
the sun than in the shade in both species during the

spring (i.e. May), there were no differences between
species and habitats in summer (July–August; Fig. 5).
Sun and shade plants also exhibited similar rates of Psat

in mid-winter (i.e. January 2005); for Q. ilex, average
rates of Psat (in mmol CO2 m22 s21+ s.e.) were 3.56+
0.32 (shade) and 3.33+ 0.50 (sun). In contrast, rates of
Q. ilex Psat in early spring (i.e. March 2005) were higher
in the shade (1.77+ 0.13) than in the sun (0.25+ 0.24).
At saturating irradiance, gs decreased significantly with
the onset of drought during the summer in both species
(Fig. 5). gs was significantly higher in the shade than in
the sun in Q. ilex during the winter (data not shown) and
early spring (Fig. 5), while gs of A. uva-ursi was always
very low in the shade (Fig. 5).

To gain an insight into actual rates of carbon assimilation
in the shaded environment, Pnet of shade plants was also
measured at the prevailing ambient irradiance of the under-
storey (i.e. typically 100–450 mmol photons m22 s21). For
Q. ilex, Pnet at ambient irradiance (Pamb) was available for
all months. However, for A. uva-ursi, Pamb rates were only
available for May, July and August 2005; Fig. 5 shows
values for both species from May to August 2005. For
other months, Pamb values (in mmol CO2 m22 s21+ s.e.)
of Q. ilex shaded plants were: August 2004 ¼ 1.07+
0.18; January 2005 ¼ 3.56+ 0.32; March 2005 ¼ 1.01+
0.39. Comparison of these rates with those in Fig. 5
shows that in late winter (i.e. March) and spring (May),
Pamb was lower than Psat in Q. ilex; however, following
the onset of summer, no differences were found between
Pamb and Psat. Thus, while low irradiances at the shade
site limited Pnet in winter/spring, factors other than irradi-
ance limited Pnet of shaded plants in the summer. For
A. uva-ursi, little difference was found between Pamb and
Psat of shaded plants through May–August, with Pamb

declining with the onset of summer (Fig. 5).
The very low gas exchange rates of both species in the

two habitats over most of the year led to low WUEs
(Fig. 6). However, significant differences were found
among species and habitats, with A. uva-ursi exhibiting
greater WUE than Q. ilex in the sun, particularly during
the spring. Intrinsic WUE was greater in the shade than
in the sun in Q. ilex, while both intrinsic and instantaneous
WUEs were in general greater in the sun than in the shade
in A. uva-ursi (Fig. 6).

Carbon isotopic composition (d13C) of the leaves col-
lected at the end of the period of the study exhibited a sig-
nificant species � habitat interaction (Table 2): d13C was
more negative in the sun than in the shade in Q. ilex,
whereas the reverse was true in A. uva-ursi (Fig. 7). No
differences were found between the two species in the
shade, while the highest differences were found between
sun individuals of the two species.

DISCUSSION

Transient and species-dependent responses

The year 2005 was particularly harsh, with plants experien-
cing adverse conditions through much of the year. Given
this, it was not surprising that the ecophysiological
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performance of the two study species was very poor in
2005, with extremely low values of u, Pnet, gs and Fv/Fm,
particularly at the end of the summer. However, each

species was affected differently by the adverse environ-
mental conditions: for example, while photoinhibition in
the more shade-tolerant Q. ilex was significantly more
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pronounced during late-winter frost than during the summer
drought, the reverse was true for the less shade-tolerant
A. uva-ursi. The two species also differed in their relative
performance in the shade in terms of WUE estimated by
both gas exchange and carbon isotopic composition of
leaves, with A. uva-ursi having better WUEs in the sun
than in the shade and Q. ilex exhibiting the reverse
pattern. The relatively high intrinsic WUE of Q. ilex in
the shade (higher photosynthesis/gs ratio under saturating
light) is likely to enhance the performance of this species
in an understorey that is characterized by numerous and
intense sunflecks (Valladares and Guzman, 2006).

Importantly, the results also highlighted the extent to
which the effects of shade (and drought) were transient,
particularly when considering the physiological perform-
ance of the shade-tolerant Q. ilex. In winter, growth of
Q. ilex in the shade protected leaves from the effects of
cold-induced photoinhibition that severely reduced rates
of Pamb in sun-exposed leaves. This contrasted with the situ-
ation in spring, where shade-grown Q. ilex plants exhibited
lower rates of Pamb than their sun-grown counterparts,
reflecting the fact that in spring, sun leaves had recovered
from photoinhibition and CO2 uptake was not limited by
low gs; Q. ilex Pamb was thus light-limited in the shade in
spring. For shade-grown A. uva- ursi, there was no signifi-
cant difference between photosynthesis measured at
ambient and saturating irradiance in all months; this lack
of light sensitivity probably reflects persistent limitations
in gs, and explains why rates of Pamb and Psat in spring
were so much lower in shaded A. uva-ursi than in their sun-
grown counterparts. Similarly, in Q. ilex, low gs in summer
would have played an important role in limiting rates of net
carbon gain. In addition, high air temperatures would have
increased the proportion of daily fixed carbon released by
photorespiration and non-photorespiratory mitochondrial
respiration (Zaragoza-Castells et al., 2008). Leaf respiration
rates (Rdark) of A. uva-ursi (measured at the prevailing
ambient temperatures) were consistently lower in shaded
plants than in their sun-grown counterparts, being higher

in early summer than in spring or late summer; for
shaded plants, rates of Rdark consistently exceeded rates of
Pamb. Rdark was also consistently lower in shaded plants
in Q. ilex (data not shown, but for extensive data on
Q. ilex see Zaragoza-Castells et al., 2008).

Occurrence and impact of combined shade, drought and
extreme temperatures

To understand why the effects of shade varied through
time and differed between the two species requires an
understanding of how an overlying canopy alters the
abiotic environment in the shaded understorey. Although,
strictly speaking, shade only refers to low light conditions,
functionally and ecologically shade involves a whole suite
of effects on plants and environmental factors
(Valladares, 2008). In addition to limiting the light reac-
tions of photosynthesis, shade is often associated with
cooler temperatures, greater humidity and greater u
(depending on canopy interception of rainfall), all of
which can be beneficial to plants. However, shade in the
understorey is also often associated with greater compe-
tition for below-ground resources because it occurs in
high density vegetation, with the result that u can be
lower in shaded habitats than more open, sun-exposed
sites (Valladares and Pearcy, 2002). At the field site in
the present study, air temperature and VPD were lower in
the shade than in the sun over all the seasons. However, u
was higher in the sun than in the shade after rainfall
events and during many moments of the year, revealing
complex seasonal and spatial patterns (Table 1, Fig. 2).
Away from the direct influence of woody plants, u was
higher in the sun than in the shade during autumn and
winter, becoming similar between the two habitats during
the spring and summer. Below the study plants, u exhibited
a different pattern, being higher in the shade than in the sun
during autumn and winter, similar during spring, and lower
in the shade than in the sun during summer. However, irre-
spective of the season, u was clearly often lower in the
shaded habitat at the field site, as has been reported pre-
viously for other temperate and Mediterranean sites
(Abrams and Mostoller, 1995; Valladares and Pearcy,
2002). The present results suggest that the lower u values
in the shade could act as a strong ecological filter for
species such as A. uva-ursi, particularly during years of
extreme drought such as occurred in 2005.

In contrast to A. uva-ursi, Q. ilex was sensitive to frost
and more capable of dealing with drought and moderate
shade. Moreover, in winter, shade-grown Q. ilex benefited
from the protection conferred by a canopy, as discussed
for the case of Eucalyptus pauciflora in Australia (Ball
et al., 1991; Egerton et al., 2000). Previous studies have
also highlighted the sensitivity of Q. ilex to low tempera-
tures (Garcia-Plazaola et al., 2003; Martı́nez-Ferri et al.,
2004; Corcuera et al., 2005). The latter authors found a
higher sensitivity to winter than to summer stress at the
upper altitudinal limit of the species in a milder location
with fewer freezing events and warmer temperatures than
the present study site. An important difference between
the present results and those of Corcuera et al. (2005) is
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that while they found a negligible impact of the summer
stress, in the present case summer stress was also important,
emphasizing the very adverse climatic conditions of the
continental plateaus of the centre of the Iberian Peninsula
(Martinez-Ferri et al., 2000, 2004; Garcia-Plazaola et al.,
2003; Valladares et al., 2005).

Although there is strong support for the hypothesis that
the different physiological performances of Q. ilex and
A. uva-ursis in late winter reflected contrasting suscepti-
bilities to the combined stresses of high light and freezing,
it is also possible that direct effects of freezing and/or
drought were responsible. Evergreen leaves depend on a
sustained water supply from the stem xylem, and thus are
influenced by xylem anatomy, which in turn influences
the overall vulnerability to freezing- and drought-induced
embolism (Cavender-Bares and Holbrook, 2001; Davis
et al., 2005). Quercus ilex has significantly larger vessels
than A. uva-ursis, which may contribute to the higher vul-
nerability of the former to frost events. Moreover, the
very low temperatures in late winter (down to –18 8C in
February 2005) might have directly caused mesophyll cell
death in the sun and thus may not necessarily represent
interactions with light. However, several facts suggest that
the interpretation of interactive effects of high light and
low temperatures being the main determinant of reduced
physiological performance in Q. ilex is correct: (a) leaves
exposed to such low temperatures did not show visual
symptoms of death afterwards; (b) photochemical effi-
ciency (Fv/Fm) was not that low in the shade, where temp-
eratures as low as 216 8C were experienced by the study
leaves; and (c) lethal temperatures (LT50) determined in
the laboratory for Q. ilex revealed a remarkable freezing tol-
erance (down to 215 8C; T. E. Gimeno and F. Valladares,
unpubl. res.), which was highly dynamic, varying remark-
ably according to the previous thermal history and with sig-
nificant differences throughout the day and the seasons and
among individuals within a population, in agreement with
previous studies (e.g. Boorse et al., 1998). It is suggested,
therefore, that the different physiological performances of
Q. ilex and A. uva-ursis in late winter reflected contrasting
susceptibilities to the combined stresses of high light and
freezing.

Water use efficiency: an integrated view on performance

The WUE of plants is a key aspect of their water
economy and of their performance and survival in arid
sites (Damesin et al., 1997; Nativ et al., 1999; Bacon,
2004). In oaks and many other species, d13C, an estimator
of WUE during the period of plant growth, has been
related to a decline in performance of seedlings and sap-
lings after drought (Bacon, 2004; Lloret et al., 2004).
d13C has been associated with pre-dawn u, and values
similar to those found here have been reported for oaks
from other Mediterranean ecosystems (Damesin et al.,
1998; Xu et al., 2000; Dawson et al., 2002). High WUE
is hard to achieve in dry, unproductive Mediterranean
areas, and its achievement is further complicated when
plants are exposed to limitations in other important
resources such as light. In a factorial experiment with

cork oak seedlings, WUE estimated by d13C increased
with light regardless of the availability of water, although
it was higher under drought (Aranda et al., 2007). In the
current study, this pattern was found in only one species
(A. uva-ursi), while the other (Q. ilex) exhibited the
reverse, suggesting that WUE is influenced not only by
the shade tolerance of each species but also by the
co-occurrence of other stresses that differentially affect
plant performance across light and moisture gradients.

Insights on facilitation by canopy trees

The present results strongly suggest that facilitation,
taken here as the positive effect of shade by established
plants on leaf physiological performance of understorey
plants, is species specific. Previous studies with plants
from Mediterranean and arid ecosystems have also found
that shade tolerance of each species influences the extent
of facilitation (Prider and Facelli, 2004). Moreover,
shrub–seedling and nurse–protégée interactions were
found to be species specific in Mediterranean ecosystems
due to differential modification of both above-ground
(light availability) and below-ground (soil compaction,
water content and fertility) abiotic factors by different
nurse plants (Pugnaire et al., 2004; Gómez-Aparicio
et al., 2005). The present results also suggest that facili-
tation of leaf physiological performance is transient, since
leaf-level performance in the shade was only improved in
late winter for one of the two species (Q. ilex), and shade
had negative or neutral effects at other times of the year.
Further work is needed to assess the overall impact of
such leaf-level facilitation on plant survival, growth and
reproduction.

Although the notion of transient facilitation is not new,
relatively few studies have provided empirical evidence of
its importance under field conditions (Brooker et al.,
2006). Most studies of plant ecophysiological performance
in the field and of plant–plant interactions under natural
conditions span relatively short periods of time and only
rarely include extreme events or particularly adverse years
(e.g. Hastwell and Facelli, 2003; Martı́nez-Ferri et al.,
2004; Pugnaire et al., 2004). This is important because an
unusually adverse year (such as in 2005) or climatic event
can have a disproportionate influence on performance and
survival, becoming a demographic bottleneck and severely
affecting plant–plant interactions (Abrams and Mostoller,
1995; Tielborger and Kadmon, 2000; Peñuelas et al.,
2001; Valladares and Pearcy, 2002). Thus, long-term data
are needed to know whether increasing climatic severity
in the Mediterranean will increase facilitation, as predicted
by Brooker (2006), or not, as suggested by the present
study.

CONCLUSIONS

The results on leaf-level physiological performance of open
vs. understorey plants revealed that shade was beneficial for
leaf-level physiology in Q. ilex during winter, detrimental
during spring for both species, and of little consequence
in summer. This in turn suggests that multiple co-occurring
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factors can make facilitation transient, with the impacts of
shade/drought/high light on leaf performance differing
between the two study species, which supports the notion
that facilitation is species specific. Importantly, the results
point to the beneficial effects of shade (e.g. avoidance of
photoinhibition and extreme temperatures) being eclipsed
by reduced u, particularly in dry, adverse years, suggesting
that the role of positive plant–plant interactions might not
increase in the most likely global change scenarios.
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