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Abstract Quercus coccifera L. is a Mediterranean sclero-
phyllous shrub with a high capacity to resist intense
drought stress. Therefore, it could be used in the study of
physiological changes suVered by plants at very low water
potentials. A remote sensing sensor was used to measure
continuously the physiological reXectance index (PRI; deW-
ned as the changes in reXectance at 531 nm with respect to
those at 570 nm; PRI = [(R531 ¡ R570)/(R531 + R570)] at
canopy level and under Weld conditions in an artiWcial car-
pet of seedlings of Q. coccifera during a drought cycle.
Correlations between leaf level-measured chlorophyll Xuo-
rescence parameters as well as the de-epoxidation state of

the xanthophyll cycle [(A + Z)/(V + A + Z)] and canopy
level-measured PRI were reasonably good (R2 = 0.57–0.63,
P < 0.01), and quite interesting for water stress remote
sensing purposes. The instrument’s temporal resolution
allowed us to follow the rapid response of PRI to changing
photosynthetic active radiation, and to resolve, in response
to cloud-induced changes in light intensity, a fast and a
slow PRI component. We report the disappearance of the
rapid one under conditions of intense drought in response to
a sudden increase in light intensity. The underlying photo-
protection mechanisms that Q. coccifera shows in response
to intense drought stress periods seem to be related to the
existence of a low intrathylakoid lumenal pH at the end of
the drought cycle. Under intense drought, these mecha-
nisms allow this species to avoid oxidative damage, which
was evidenced by the maintenance of an unaltered photo-
synthetic pigment composition and constant photosystem II
eYciency in the mornings. It is concluded that, contrary to
early reports, PRI is a sensible, indirect, non-destructive
water stress indicator, even in plants experiencing intense
drought.
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Introduction

Summer drought has been generally considered the primary
environmental constraint to the productivity and distribu-
tion of Mediterranean vegetation (Larcher 2000). Drought
leads to water deWcit in the leaf tissue, which aVects many
physiological processes such as photosynthesis (Flexas and
Medrano 2002a, b; Morales et al. 2006). Drought stress can
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reduce photosynthesis in three ways: limiting the entrance
of CO2 into the leaf (stomatal limitation), decreasing the
CO2 diVusion within the mesophyll (mesophyll limitation)
or inhibiting the photochemical and metabolic processes
associated with photosynthesis (photochemical and enzy-
matic limitations) (Flexas et al. 2002a; Flexas and Medrano
2002a). Stomatal closure is a common response to drought
stress in Mediterranean species (Faria et al. 1998). Under
these conditions, where light exceeds the amount that can
be used for photosynthesis, both �pH and the de-epoxida-
tion state of the xanthophyll cycle pigments increase, pro-
tecting the photosynthetic apparatus through a mechanism
that dissipates excess of light as heat (Niyogi 1999; Gulías
et al. 2002). This photoprotective mechanism varies along
the diurnal time course, as well as in response to tempera-
ture, water, and nutrient stresses (Morales et al. 2006).

Quercus coccifera L. is a sclerophyllous shrub that
forms woody vegetation in the most xeric areas of the Med-
iterranean phytoclimate (Braun-Blanquet and de Bolós
1957). The ability of Mediterranean evergreen oaks, such
as Q. coccifera (Vilagrosa et al. 2003), to withstand intense
periods of drought will play a role of paramount importance
in the landscape formation of the Iberian Peninsula under
the inXuence of the Mediterranean in the context of climatic
change suVered in the area during the last 50 years (Piñol
et al. 1998). Stomatal closure in Q. coccifera occurs at
water potentials much higher than the cavitation limit (Cor-
cuera et al. 2002; Vilagrosa et al. 2003). Thus, this species
oVers a wide range of water potentials for investigating
photosynthesis-related changes associated with very long
periods of summer drought stress.

The development of hyperspectral remote sensing at the
end of the 1980s and in the 1990s has enabled the quantiW-
cation of leaf chemistry in vegetation canopies (Rock et al.
1988; Carter 1994; Gitelson and Merzlyak 1996; Huang
et al. 2004; Asner et al. 2005), the mapping of species com-
position (Foody and Cutler 2006), and the examination of
impacts of invasive species (Asner and Vitousek 2005).
Several remote sensing techniques for vegetation have been
developed to quantify green vegetation and to map its spa-
tial distribution, with the aim of estimating canopy photo-
synthesis and/or net primary productivity (Sellers 1987;
Peñuelas and Filella 1998; Grace et al. 2007). With respect
to this, the focus of many remote sensing studies of vegeta-
tion has been to detect canopy greenness (e.g. normalized
diVerence vegetation index; NDVI), which is not necessar-
ily a good indicator of canopy physiology (Stylinski et al.
2002). One problem is the sensitivity of these indices to
other vegetation and environmental factors, such as leaf
area index (LAI) or underlying soil reXectance (Daughtry
et al. 2000; Zarco-Tejada et al. 2004), or to the viewing
angle (Kempeneers et al., in press). Furthermore, the deve-
lopment of remote sensing techniques able to detect photo-

synthetic dynamic changes, such as those occurring during
a diurnal cycle or upon imposition of a given stress condi-
tion, would also track drought-induced changes in ever-
green species (Running and Nemani 1988; Moya et al.
2004).

The so-called physiological reXectance index
[PRI = (R531 ¡ R570)/(R531 + R570), where R531 and
R570 are reXectance signals at 531 and 570 nm respec-
tively] may be used to monitor photosynthetic dynamic
changes, with reXectance sensors designed to measure at a
certain distance (Evain et al. 2004). Thus, PRI provides a
quick and non-destructive assessment of physiological
properties of the leaf and canopy (Peñuelas et al. 1994;
Evain et al. 2004; Weng et al. 2006) for a wide range of
species (Gamon et al. 1997; Guo and Trotter 2004). The
physiological bases for changes in PRI began to be investi-
gated in the 1990s. Absorbance and reXectance changes
centred near 531–535 nm have been related to �pH-medi-
ated chloroplast shrinkage and to changes in the aggrega-
tion state of antenna pigment–protein complexes mediated
by an accumulation of de-epoxidized forms of the xantho-
phyll cycle molecules (Morales et al. 1990; Ruban et al.
1993). Rapid vegetation reXectance changes around
531 nm (PRI changes) due to sudden changes in incident
light could be sensed remotely and passively using a porta-
ble radiometer. These changes were suggested to relate to
chloroplast conformational changes associated with �pH
and the de-epoxidation state of the xanthophyll cycle pig-
ments (Gamon et al. 1990). Thus, absorbance and reXec-
tance changes around 531 nm have common origins.

The aim of this work was to investigate the utility of
canopy level-measured PRI as a dynamic, remotely sensed
water stress indicator in Q. coccifera, a Mediterranean
evergreen species, during an intense drought event (i.e. at
water potentials at which not much information has been
reported on physiological changes suVered by plants). We
chose Q. coccifera because this species shows an extraordi-
nary resistance to lost hydraulic conductivity, registering
water potentials as low as ¡10 MPa (Vilagrosa et al. 2003).
The use of remotely sensed PRI is an alternative to passive,
remotely sensed chlorophyll (Chl) Xuorescence (both used
to follow dynamic photosynthetic changes), in contrast to
other parameters monitored with remote sensors that are
not necessarily good indicators of canopy physiology (e.g.
those based on the NDVI parameter).

Materials and methods

Plant material and experimental conditions

Kermes oak (Q. coccifera L.) was used as a model plant to
investigate PRI variations with drought stress because of its
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physiological characteristics and its role in the Mediterra-
nean vegetation. About 200 one-year-old seedlings were
planted outdoors in a container (0.70 m3) for daily and con-
tinuous PRI measurements, and another 200 one-year-old
seedlings were planted beside the Wrst ones in the same con-
ditions for gas exchange and Chl Xuorescence measure-
ments, and for sampling for photosynthetic pigment
composition HPLC analyses. Canopies were closed, and
leaves were distributed at diVerent heights in the canopy.
The measured reXectance signal was, however, dominated
primarily by leaves at the canopy top. At the onset of the
experiment, seedlings showed photosynthetic rates corre-
sponding to fully developed, healthy leaves (between 11 and
14 �mol CO2 m¡2 s¡1). These irrigated plants were used as
control plants. Water stress was imposed gradually by with-
holding water from the containers. Thus, seedlings were not
irrigated from 14 July to 7 August, when containers were
irrigated again to recover plants from water stress. We did
not observe visible damaged nor loss of leaves during the
intense drought period imposed, which suggests that xylem
water potential did not reach ¡5 MPa and loss of hydraulic
conductivity was below 20% (Vilagrosa et al. 2003).

Experiments were performed at the Experimental Station
of Aula Dei (EEAD-CSIC, Saragossa) under Mediterranean
summer conditions. Meteorological data were available
from the EEAD-CSIC meteorological station. The study
period was dry, and solar radiation, temperature and rela-
tive humidity were characteristic of a Mediterranean sum-
mer (data not shown). During the studied period, most of
the days were dry and cloudless although there were some
days with clouds and two rainfall events (20 and 23 July) of
very low precipitation (only 0.1 mm each one). Wind was
not very strong and its direction was predominantly south
from dawn to sunset and predominantly north from sunset
to dawn during the experiment (data not shown).

Relative water content and percentage of embolism

In order to verify the degree of drought stress that was
reached at the end of the drought cycle, relative water content
(RWC) and percentage of embolism were measured. To
measure RWC, 20 leaves of seedlings of Q. coccifera were
detached and weighted (fresh weight; FW). Then, they were
hydrated until saturation (constant weight) for 48 h at 5°C in
darkness (turgid weight; TW). Leaves were then dried in an
oven until constant weight was reached at 50°C for 76 h (dry
weight; DW). RWC was calculated according to the expres-
sion: RWC = (FW ¡ DW)/(TW ¡ DW).

To measure percentage of embolism, ten twigs of seed-
lings of Q. coccifera were cut under water to avoid addi-
tional embolism in segments of 30–50 mm in length, and
both ends were shaved with a razor blade. The methodol-
ogy used was as in Vilagrosa et al. (2003).

Principles and instrumentation for measuring green 
reXectance changes

The so-called PRI, introduced by Gamon et al. (1992), is
based on reXectance changes in the green part of the spec-
trum. Since PRI correlates better with non-photochemical
than with photochemical quenching or eYciency (Evain
et al. 2004), we prefer to maintain the original name (“phys-
iological reXectance index”) instead of the revised name
“photochemical reXectance index” (Peñuelas et al. 1995).
The PRI is formulated as follows: [PRI = (R531 ¡ R570)/
(R531 + R570)], where R531 and R570 represent the reXec-
tance at 531 and 570 nm respectively, the latter being used
as the reference (Gamon et al. 1992).

Previous attempts of measuring PRI were performed
with Weld spectroradiometers (e.g. Gamon et al. 1990,
1992, 1997; Peñuelas et al. 1994, 1995) or with a two-chan-
nel hyperspectral radiometer speciWcally developed for this
purpose (e.g. Méthy et al. 1999; Méthy 2000). In this work,
we used a home-made two-channel spectrometer (Evain
et al. 2004), with channels deWned by interference Wlters
(see below). The Weld of view of the apparatus is about 4°.
A beam splitter (aluminium-coated microscope cover slip)
with almost equal transmission and reXection is placed at
45° with respect to the beam axis. On each of the resulting
beams an interference Wlter centred at 531 nm or at 570 nm
(Omega, full width at half maximum = 7 nm, 70% trans-
mission, 25 mm diameter) deWnes the spectral bandwidth.
Detection is ensured by ampliWed photodiodes (HUV 2000,
EGG). A small (Xip-Xop) chopped mirror, placed at the
entrance of the device, automatically switches the Weld of
view towards the vegetation or reference panel every sec-
ond. The reference was originally a white panel of Spectr-
alon situated close and parallel to the target, which was
substituted by a grey panel because of signal saturation, due
to the excess of reXectance of the white panel. The reXec-
tance of the reference panel was previously calibrated by
comparison with a standard white panel (Spectralon, Lab-
sphere, North Sutton, N.H.). The reXectance signal was cal-
culated by dividing canopy spectral radiance by the
radiance of the reference panel. Data acquisition was per-
formed using multimeters (HP34401A) connected to a PC
by GPIB bus. A laboratory-made program developed with
HP BASIC (HP E2060; Hewlett Packard, Les Ulis, France)
allowed for on-line control and display of measured signals.

Gas exchange, Chl Xuorescence, and PRI measurements 
in the Weld

For PRI measurements in the Weld, the grey reference panel
was placed beside the plant canopy without inclination
from the vertical, in order to be near parallel to the average
inclination of the canopy surface. PRI was measured over a
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canopy spot of 0.3 m in diameter at 4 m distance in the
south–north orientation, under natural conditions of light.
Data were collected each second. The continuous measure-
ment of a reference panel allows accounting for spectral
variations of the incident light during the diurnal cycle.

Gas exchange measurements were performed using a LI-
6400 portable photosynthesis meter (LI-COR, Lincoln,
Neb.). Ten healthy fully expanded attached leaves from the
upper canopy were measured in the morning (between 0800
and 0900 hours solar time), at midday (between 1100 and
1200 hours solar time) and in the afternoon (between 1400
and 1500 hours solar time) several days during the experi-
ment. During measurements, stomatal conductance and net
photosynthetic rate were recorded. Measurements were
made at controlled CO2 concentration (350 p.p.m.), at the
photosynthetic photon Xux density (PPFD) incident on the
leaf surface and at ambient temperature and relative humid-
ity.

Chl Xuorescence parameters were measured on attached
leaves. Five fully expanded leaves from the upper canopy
were measured in the morning (between 0800 and
0900 hours solar time), at midday (between 1100 and
1200 hours solar time) and in the afternoon (between 1400
and 1500 hours solar time) several days during the experi-
ment with a portable pulse amplitude modulation Xuorome-
ter (PAM-2000; Walz, EVeltrich, Germany). Minimal Chl
Xuorescence yield in the dark (Fo) was measured at pre-
dawn by switching on the modulated light at 0.6 kHz;
PPFD was below 0.1 �mol m¡2 s¡1 at the leaf surface.
Maximal Chl Xuorescence yield in the dark (Fm) was mea-
sured at predawn at 20 kHz with a 1-s pulse of
6,000 �mol m¡2 s¡1 of white light. The steady-state value
of Xuorescence (Fs) was measured under incident PPFD
conditions and a second pulse of high-intensity white light
was used to determine maximum Xuorescence in the light-
adapted state (Fm

�).  The leaves were covered and the mini-
mal Xuorescence after induction was determined (Fo

�).  The
experimental protocol for the analysis of the Chl Xuores-
cence quenching was essentially as described by Genty
et al. (1989) with some modiWcations. These involved the
measurements of Fo and Fo

�,  which were measured in the
presence of far-red light (7 �mol m¡2 s¡1) in order to fully
oxidize the photosystem II (PSII) acceptor side (Morales
et al. 1998). The dark-adapted, maximum potential PSII
eYciency (Fv/Fm) was calculated as (Fm ¡ Fo)/Fm (Abadía
et al. 1999). The actual (�PSII) and the intrinsic (�exc.) PSII
eYciency were calculated as (Fm

� ¡ Fs)/Fm
�  and

(Fm
� ¡ Fo

� )/Fm
�,  respectively, photochemical quenching

(qP) was calculated as (Fm
� ¡ Fs)/(Fm

� ¡ Fo
�),  non-photo-

chemical quenching (NPQ) was calculated as (Fm/Fm
� ) ¡ 1,

and the fraction of light absorbed that is dissipated in the
PSII antenna (1 ¡ �exc.) was also estimated following
Morales et al. (1998). Other alternative approaches for

thermal deactivation have been more recently reported in the
literature, giving slightly higher dissipation rates but lim-
ited to cases where some criteria should be fulWlled (Korny-
eyev and Hendrickson 2007). Electron transport rate (ETR)
was estimated according to Krall and Edwards (1992), mul-
tiplying �PSII by PPFD by 0.5 (because we assumed an
equal distribution of the excitation between PSI and PSII)
and by 0.84, which is considered the foliar absorbance
coeYcient more common for C3 plants (Björkman and
Demmig 1987) including Q. coccifera (Morales et al.
2002).

Photosynthetic pigment measurements

Immediately after measuring Chl Xuorescence (at morning,
midday, and afternoon), leaf disks were cut with a cali-
brated cork borer, wrapped in aluminium foil, frozen in liq-
uid N2, and stored (still wrapped in foil) at ¡20°C. Samples
were taken from the same leaves in which Chl Xuorescence
was measured. Leaf pigments were later extracted with ace-
tone in the presence of sodium ascorbate and stored as
described previously (Abadía and Abadía 1993). Pigments
extracts were thawed on ice, Wltered through a 0.45-�m
Wlter and analysed by an isocratic HPLC method (Larbi
et al. 2004). All chemicals used were HPLC quality.

This method is able to quantify a speciWc group of xan-
thophylls (oxygen-containing carotenoids), involved in the
so-called xanthophylls cycle. Zeaxanthin (Z; no epoxides)
is formed by de-epoxidation of violaxanthin (V; two epox-
ides) via antheraxanthin (A; one epoxide). The de-epoxida-
tion state was deWned as (A + Z)/(V + A + Z). This index is
an estimation of the actual number of molecules within the
xanthophylls cycle partially or totally de-epoxidized over
the maximum possible. A low (A + Z)/(V + A + Z) ratio
would indicate a displacement towards V, whereas a large
one would indicate that Z and/or A account for a large part
of the pool of the xanthophyll cycle pigments. An impor-
tant mechanism used to avoid the deleterious eVects of light
excess is thermal dissipation within the PSII antenna (Aba-
día et al. 1999). This dissipation process involves the de-
epoxidized xanthophylls Z and A  (Gilmore and Yamamoto
1993).

Results

Remote sensing of PRI variations in the Weld 
during an intense drought period

The usefulness of remote sensing of PRI under Weld condi-
tions was tested over a growing canopy of seedlings of
Q. coccifera. An example of these experiments is shown in
Fig. 1 for well-watered plants. PRI mirrored the diurnal
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PPFD changes, showing a strong midday depression corre-
sponding to maximum NPQ development, and reversing
completely in the afternoon (Fig. 1a). Clouds produced
rapid Xuctuations in PPFD, which were also rapidly mir-
rored by PRI (Fig. 1b) (e.g. Gamon et al. 1997).

PRI was also measured over a growing canopy of seed-
lings of Q. coccifera subjected to progressive drought
stress. PRI decreased to a stable state with drought stress
during the drought cycle (Fig. 2), reaching the lowest val-
ues at the end of the drought cycle, and recovering ca. 85%
of the original values of a control plant after seedlings were
re-watered. PRI decreases were more marked at midday
and in the afternoon, possibly because environmental con-
ditions—mainly temperature and relative humidity—were
more stressful than in the morning and because of increas-
ing photon exposure during the course of the day. It should
be noted that PRI recovered slightly and transiently after
days of very low rainfall (Fig. 2, grey arrows; rainfall
0.1 mm each day) or markedly and transiently on cloudy
days (Fig. 2, open circles).

Two phases of PRI could be distinguished in a well-
watered canopy of seedlings of Q. coccifera induced by a
sudden PPFD increase, due to cloud movements (Fig. 3a).
At the end of the drought cycle and for a similar PPFD
change, the rapid phase had (almost) completely disap-
peared whereas the slow one was still distinguishable

(Fig. 3b). Figure 3c shows the correlations between PRI
and PPFD for well-watered and severe water-stressed cano-
pies during the sudden increase in PPFD. On one hand,
well-watered plants showed an exponential relationship
between PRI and PPFD, indicating the existence of a fast
response (the rapid phase) followed by a gradual response
(the slow phase) of PRI to sudden increases in PPFD. On
the other hand, the linear relationship found between PRI
and PPFD for water-stressed plants indicates the existence
of a single gradual response of PRI to sudden changes in
PPFD (the slow phase).

Gas exchange, Chl Xuorescence, and pigment composition 
during an intense drought period

Net photosynthetic rate and stomatal conductance
decreased progressively during the drought cycle, reaching
very low values at the end of the drought cycle, and recov-
ering almost or fully (depending on time of the day) origi-
nal values of a control plant 5 days after seedlings were
irrigated again (Fig. 2). Drought-mediated decreases were
more marked in the afternoon than in the morning or at
midday. Instantaneous water use eYciency (calculated as
the net photosynthetic rate/stomatal conductance ratio) was
maximum in the middle of the drought cycle, because
decreases in stomatal conductance were more marked than
those of net photosynthesis in this period (data not shown).

�PSII remained fairly constant during the drought cycle in
the morning, whereas at midday and in the afternoon
decreased from control values of ca. 0.30–0.35 down to
0.10–0.15 (Fig. 4). The 1 ¡ �exc. parameter increased from
control values of ca. 50% to ca. 65–75% at the end of the
drought cycle (Fig. 4). On the other hand, NPQ increased
largely with drought, from control values of ca. 1.5 to values
as high as ca. 7–8 at the end of the drought cycle (Fig. 4).

Drought stress did not modify the photosynthetic pig-
ment composition of Q. coccifera leaves (Table 1), except-
ing the (A + Z)/(V + A + Z) ratios (Fig. 2), which increased
from control values of ca. 50 to 80% at the end of the
drought cycle in the morning. At midday and in the after-
noon, (A + Z)/(V + A + Z) values were very high (80–92%)
during the whole drought cycle.

Relationships between PRI, NPQ, Fs, 
and the de-epoxidation state of the xanthophyll 
cycle pigments

The relationships between PRI and NPQ, and between PRI
and Fs are well known (Fig. 5, upper and middle panels;
Gamon et al. 1992; Evain et al. 2004; Flexas et al. 2002b;
Moya et al. 2004). Data obtained in this work followed rel-
atively well these relationships, although some points at the
end of the drought cycle (encircled in Fig. 5, upper and

Fig. 1 Time course of photosynthetic photon Xux density (PPFD) and
physiological reXectance index (PRI) for a control, well-watered Quer-
cus coccifera canopy under Mediterranean summer Weld conditions on
a fully sunny day (a), and during part of a cloudy day (b)
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middle panels) deviated from this relationship. Also, there
was a correlation between PRI and (A + Z)/(V + A + Z) in
seedlings of Q. coccifera subjected to an intense drought
stress (Fig. 5, lower panel). The PRI vs. (A + Z)/(V + A + Z)
relationship (Fig. 5, lower panel) is stronger than the NPQ
vs. (A + Z)/(V + A + Z) relationship (R2 = 0.16, P = 0.068;
Wgure not shown), suggesting that under certain circum-
stances PRI is a better indicator of drought stress than NPQ.

Relative water content and percentage of embolism

Although the level of RWC reached at the end of the
drought cycle was very low (65%) compared to control
plants (100%), the percentage of embolism was low (16%).
In control plants, the percentage of embolism was negligi-
ble (0%).

Discussion

Contrary to some previous Wndings, remote sensing of PRI
should be considered a promising tool to monitor dynamic
(daily) changes in canopy photoprotection under intense

water stress and in the Weld. Our data indicate that NPQ (at
leaf level) and PRI (at canopy level) responded to diurnal
changes in light intensity and to intense water stress. There
are diYculties associated with the use of NPQ in Mediter-
ranean species experiencing periods of intense drought,
such as Q. coccifera, because the drought-mediated
decrease in predawn Fm underestimates NPQ. After the
intense drought period reported in this work, leaves had
Fv/Fm ratios of ca. 0.5, due mostly to Fm decreases (data
not shown). We have solved this problem by using a repre-
sentative predawn Fm value from well-watered plants at
the beginning of the experiment to follow changes in NPQ
during the experiment. If this is not taken into account
NPQ cannot be used as an accurate stress indicator or
should be named “apparent NPQ” (Corcuera et al. 2005).
NPQ can be divided into at least three components: qE
(related to lumen pH and sensitive to Z), qT (state-transi-
tion quenching,) and qI (photoinhibition), according to
their dark relaxation kinetics (Müller et al. 2001). There-
fore, in the case of the existence of photoinhibition, NPQ
does not always reXect photoprotection. In this work, we
suggest that NPQ is, in addition to reXecting some qE-
related photoprotection, revealing photoinactivation of

Fig. 2 Temporal evolution of PRI, net photosynthetic rate, stomatal
conductance and de-epoxidation state of the xanthophyll cycle
[(A + Z)/(V + A + Z), where Z is zeaxanthin, V is violaxanthin and A is
antheraxanthin] in the morning (between 0800 and 0900 hours solar
time), at midday (between 1100 and 1200 hours solar time) and in the
afternoon (between 1400 and 1500 hours, solar time) in a Q. coccifera

canopy during the experimental period. Black arrows indicate the irri-
gation days (a indicates the beginning of the drought cycle, 14 July; b
indicates the end of the drought cycle, 8 August). Data are mean § SE.
Grey arrows indicate rainfall events (0.1 mm each day). White symbols
represent PRI values during cloudy periods
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PSII reaction centres, evidenced by Fm decreases with no
changes in Fo values (data not shown). In line with this,
water-stress-mediated increases in energy dissipation in
the PSII antenna (1 ¡ �exc.) were much smaller than those
of NPQ, reXecting some qE-related photoprotection
(through increases in 1 ¡ �exc.), and revealing photoinacti-
vation of PSII reaction centres (evidenced by predawn Fm

decreases, which largely increased NPQ). The relationship
between photoprotection and photoinactivation processes

under severe drought in Mediterranean vegetation is a
matter that deserves further investigation.

Correlations found in this work between PRI and NPQ
or Fs were signiWcant at P < 0.01 (R2 = 0.63 and 0.57,
respectively). Previous works have found good correlations
between PRI and NPQ (Evain et al. 2004), and PRI and Fs

(in this case depending on variations in incident PPFD)
(Flexas et al. 2002b; Moya et al. 2004). This is not surpris-
ing because both reXect in many cases photoprotection pro-
cesses related to �pH and/or de-epoxidation of the
xanthophyll cycle.

The (A + Z)/(V + A + Z) ratio was high even before the
onset on the drought period, and did not vary much through
the experimental period at midday and in the afternoon,
whereas PRI Xuctuated largely. This is why the correlation
between PRI and (A + Z)/(V + A + Z) ratios was relatively
low (R2 = 0.63), when compared with previous works
(R2 = 0.98; Gamon and Surfus 1999). The main diVerence
is the scaling-up from leaf level in Gamon and Surfus
(1999) to canopy level in our work, which decreased the
R2-values, although at canopy level the relationship is still
signiWcant at P < 0.01. The high (A + Z)/(V + A + Z) ratios
at midday and in the afternoon, even before the onset of the
drought period, should be ascribed to the amount of accu-
mulated incident light received by plants, because in well-
watered plants the (A + Z)/(V + A + Z) ratios were 0.5 in the
morning increasing to almost 1.0 at midday and in the after-
noon. We have developed a home-made device that is able
to cut and immediately freeze a leaf disk from an attached
leaf in which PRI has been previously measured. The aim
of this device is, among others, to investigate further the
Z + A ¡ PRI relationships during sudden changes in light
intensity, both under well-watered conditions and under
water stress. Preliminary results seem to indicate that under
such conditions correlation between PRI and (A + Z)/
(V + A + Z) ratios are much closer to those reported by
Gamon and Surfus (1999).

Quantitative and/or qualitative changes in canopy cover
can limit the usefulness of PRI as an indicator of water
stress. However, photosynthetic pigment composition did
not change during the experiment (see Table 1). Conse-
quently, the observed changes in PRI were not due to
changes in canopy greenness. Furthermore, canopy struc-
ture remained constant under severe water stress. On one
hand, leaves were fully developed at the beginning of the
experiment, and there was not observable plant growth (i.e.
there were not changes in plant height). On the other hand,
the water stress imposed was less severe than that reported
in previous works (Vilagrosa et al. 2003), with no observ-
able leaf fall during the drought period. Moreover, although
the level of water stress imposed led to leaves below turgid
point, leaves were not wilted, and the average angle
between leaves and stem did not signiWcantly change over

Fig. 3 Response of PRI to a sudden increase in PPFD induced by a
cloud movement above the Q. coccifera canopy at the beginning (con-
trol well-watered plants; a and the end of the drought cycle (intense
water stress; b. c Correlations between PRI and PPFD for control well-
watered plants (y = ¡0.0335 + 0.0412e¡0.0010x, R2 = 0.97, P < 0.01)
and for water-stressed plants [y = ¡0.0231 ¡ (4.34E-06)x, R2 = 0.94,
P < 0.01], during the sudden increase in PPFD. For abbreviations, see
Fig. 1
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the experimental period (data not shown). Taken together,
these data indicate that LAI remained fairly constant during
the development of water stress in Q. coccifera, and sug-
gest that NDVI changes are not likely with severe water
stress in this species. In a separate experiment, where
Q. coccifera was also exposed to severe water stress, canopy
NDVI values ranged from 0.80 § 0.01 (well-watered
plants) to 0.76 § 0.01 (severe water-stressed plants) (our
unpublished results). Thus, we can conclude that PRI is an
eVective remote sensing indicator for closed evergreen can-
opies that do not undergo changes in canopy architecture

with water stress. Previous works pointed out that the use
of passive remote sensing of PRI as a tool for water stress
detection is not always possible, specially in water-stressed
canopies undergoing severe wilting or changes in leaf angle
(Gamon et al. 1992, 1997; Peñuelas et al. 1994). This is not
the case for Q. coccifera exposed to severe water stress.

Both PRI and the physiological performance of certain
Mediterranean species in response to severe drought and
experiencing such low water potentials are matters of great
novelty. On one hand, there is an increasing interest in
the use of PRI, and other reXectance indices based on

Fig. 4 Temporal evolution of 
actual photosystem II (PSII) eY-
ciency (�PSII), fraction of light 
absorbed that is dissipated in the 
PSII antenna (1 ¡ �exc.), and 
non-photochemical quenching 
(NPQ) in the morning (between 
0800 and 0900 hours solar time), 
midday (between 1100 and 
1200 hours solar time) and in the 
afternoon (between 1400 and 
1500 hours, solar time) in 
Q. coccifera during the 
experimental period. Data are 
mean § SE

0.1

0.2

0.3

0.4

0.5

0.6

0.2

0.4

0.6

0.8

M
or

ni
ng

2

4

6

8

Φ
 P

S
II

0.1

0.2

0.3

0.4

0.5

0.6

1 
- 

Φ
 e

xc

0.2

0.4

0.6

0.8

M
id

da
y

N
on

 p
ho

to
ch

em
ic

al
 q

ue
nc

hi
ng

2

4

6

8

Days Days Days

0 5 10 15 20 25 30

0.1

0.2

0.3

0.4

0.5

0.6

0 5 10 15 20 25 30

0.2

0.4

0.6

0.8

A
fte

rn
oo

n

0 5 10 15 20 25 30

2

4

6

8

Table 1 Temporal evolution of photosynthetic pigment composition in Quercus coccifera during the experimental period

DiVerences were not signiWcant at P < 0.05

Chl Chlorophyll, Nx neoxanthin, Lx lutein, �-car �-carotene, V + A + Z violaxanthin + antheraxanthin + zeaxanthin
a Given in �mol m¡2

b Given in mmol pigment mol¡1 Chl

Day Chlorophyllsa Carotenoidsb

Chl a Chl b Chl a/Chl b Nx Lx �-car V + A + Z

10 193.4 § 8.6 56.4 § 2.7 3.45 § 0.06 27 § 1 139 § 3 109 § 2 116 § 6

12 192.7 § 9.2 55.0 § 2.7 3.51 § 0.04 28 § 1 139 § 3 102 § 2 105 § 6

17 195.1 § 9.7 55.5 § 2.9 3.54 § 0.07 27 § 1 135 § 3 108 § 3 103 § 7

19 211.6 § 15.8 59.8 § 5.0 3.58 § 0.06 27 § 1 132 § 3 106 § 2 93 § 5

23 221.6 § 10.9 63.5 § 3.6 3.52 § 0.06 27 § 1 137 § 3 110 § 2 107 § 8

25 187.5 § 21.5 56.1 § 8.3 3.41 § 0.13 28 § 1 149 § 7 111 § 4 120 § 18

27 223.9 § 10.8 69.5 § 3.6 3.24 § 0.07 32 § 1 173 § 5 129 § 2 128 § 12

31 176.9 § 10.1 55.1 § 3.2 3.22 § 0.05 28 § 1 153 § 3 118 § 2 139 § 7
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hyperspectral measurements, for airborne remote sensing
(Rahman et al. 2001) and spatial earth explorer missions
(Stylinski et al. 2002). With respect to this, Grace et al.
(2007) have related a satellite PRI signal to Xux tower esti-
mates of light use eYciency. On the other hand, Q. coccif-
era is an excellent model plant for these studies because of
its ability to survive such extreme water stress conditions,
recovering almost completely its original state in a few

hours after re-watering. Another novel aspect of the present
work is the disappearance of the rapid PRI phase under
conditions of intense drought in response to a sudden
increase in light intensity.

Gamon et al. (1990) and Ruban et al. (1993) reported the
existence of two kinetically distinct phases, measuring
changes at 531–535 nm on reXectance (PRI) and absor-
bance, respectively. In this sense, two PRI phases were
resolved in response to rapid changes of PPFD: a fast (time
domain of seconds) PRI component that was attributed to
�pH-mediated chloroplast shrinkage and partly to xantho-
phyll cycle de-epoxidation, and a slow (time domain of
minutes), main PRI component that was related to xantho-
phyll cycle de-epoxidation (Evain et al. 2004). We report in
this work the disappearance of the rapid PRI phase under
conditions of intense drought in response to a sudden
increase in light intensity, which should be related to the
diYculty of increasing further �pH at such levels of stress
possibly because �pH values are already very high (and
therefore intrathylakoid lumen pH values very low). In fact,
the xanthophyll cycle is almost completely de-epoxidized
at the end of the drought cycle irrespective of the time of
the day, and it is known that violaxanthin de-epoxidase
enzyme is inactive above pH 6.5 and operates at an opti-
mum pH below 5.8 (Rockholm and Yamamoto 1996). The
existence of a permanent low lumenal pH in Q. coccifera in
response to intense drought stress periods could be related
to photoprotection mechanisms that cannot be explained
yet. In this sense, Demmig-Adams and co-workers (Dem-
mig-Adams and Adams III 2006; Demmig-Adams et al.
2006) have pointed out that the dissipation of the energy
excess could be linked with PsbS-related proteins in long-
lived, slow-growing evergreen species with limited intrin-
sic capacity for photosynthesis and ability to survive pro-
longed periods of severe environmental conditions
precluding growth, like Q. coccifera.

Regardless of the mechanism, changes in Q. coccifera
with intense drought allow this species to avoid oxidative
damage. This is clearly seen in the chlorophylls’ and carote-
noids’ composition, which remained fairly unchanged
during the whole drought cycle. Also, variables related with
PSII eYciency (i.e. Fv/Fm, �PSII, and �exc.) showed a high
degree of resistance, with slight or moderate decreases
when values of photosynthetic rates approached 0. It should
be noted that these decreases in �PSII (ca. 52% of control
values; Fig. 4) are much less pronounced than those of net
photosynthetic rates (ca. 85% of control values; Fig. 2).
Due to this fact, the ETR/net photosynthetic rate ratios
increased from control values of ca. 10–16 to values of
44–46 at the end of the drought cycle (data not shown),
being the lower values within the range of those measured
in the morning. Previous works have reported that Mediter-
ranean species have developed strategies to prevent

Fig. 5 Relationship between PRI and NPQ (upper panel;
y = ¡5876.21 + 0.0001e¡215.25x + 5875.14e ¡ 0.0215x, R2 = 0.63, P < 0.01),
Chl Xuorescence at steady-state photosynthesis (Fs) {middle panel;
y = 0.6262/[1 + e¡(x + 0.0337)/0.0124], R2 = 0.57, P < 0.01}, and de-epoxi-
dation state of the xanthophyll cycle pigments [(A + Z)/(V + A + Z)]
(lower panel; y = 0.0739 ¡ 18.3404x, R2 = 0.63, P < 0.01) in Q. coccifera
during the experimental period. Data are mean § SE. Dots inside
circles are not included in either regression. For abbreviations, see
Figs. 1 and 4
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photoinhibitory processes, including mechanisms to prevent
or dissipate the excess of light absorption, or mechanisms
to consume the reducing power generated by PSII (Martí-
nez-Ferri et al. 2000; Flexas and Medrano 2002b; Gulías
et al. 2002). The preservation of an intact photosynthetic
pigment machinery and the low percentage of embolism at
the end of the drought cycle (16%) could contribute to the
rapid recovery of Q. coccifera after a long summer stress
period, explaining the rapid recovery in CO2 net assimila-
tion and stomatal conductance after irrigation of intense
water-stressed plants.

In summary, PRI was found to be a non-destructive, sen-
sible, and dynamic water stress indicator in evergreen cano-
pies, even in a plant species experiencing intense drought in
the Weld and especially resistant to summer drought stress
like Q. coccifera. PRI should be considered for assessing
plant water status through canopy reXectance measure-
ments for future remote sensing purposes. Moreover, the
use of this evergreen species as a monitoring plant in rela-
tion to soil water availability during the four seasons of the
year may play an important role in the study of the evolu-
tion of the Mediterranean landscape in relation to climatic
change.
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