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Summary

The Canarian laurel forest ecosystem is composed of several co-dominant evergreen tree species including Ilex perado, I. cana-
riensis, Myrica faya, Laurus azorica, and Persea indica. With leaves of these trees the diurnal course of stress parameters (chlo-
rophyll fluorescence Fv/Fm, pigments, ascorbate, glutathione, gas exchange, water relations) was investigated during a mildly
stressful summer day. Sun leaves generally had lower photochemical efficiencies (morning Fv/Fm in sun leaves were below 0.80
and above 0.80 in shade leaves), less chlorophyll, a larger xanthophyll cycle pool per unit chlorophyll, and more glutathione and
ascorbate.

Minimal relative water contents of more than 85% indicated that dehydration was not a stress factor. Stomatal conductances
decreased from 150 to 200 mmol H2O m–2 s–1 in the morning to about 50 mmol H2O m–2 s–1 during the day in all species, but
this did not limit CO2 uptake.

De-epoxidation of xanthophylls only occurred in sun leaves of I. canariensis (to more than 50%) and M. faya (more than
60%). Decreases in Fv/Fm were only found in sun leaves of P. indica (from ca. 0.80 in the morning to a minimum of 0.70) and,
as a trend, also in L. azorica (from ca. 0.75 to ca. 0.65). I. perado showed neither of those responses. P. indica and L. azorica
exhibited the highest photosynthesis rates of about 10 µmol CO2 m–2 s–1 compared to 8 in the other species. The photoprotec-
tion strategy of P. indica and L. azorica admitted slow recovery from photoinhibition, did not activate protective energy dissi-
pation through xanthophylls, and allowed highest production under these typical conditions.
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Introduction

The Canarian laurel forest ecosystem mainly occurs in
the very humid section of the Northern slopes in me-
dium elevations of the Canary Islands where cloud belts
govern the water regime. Laurel forest trees are typical-
ly evergreen, broadleaved species of different systema-
tic origin. In contrast to typical Mediterranean sclero-
phyllous forests drought periods are mitigated by the

high frequency of fogs in the Canarian laurel forests.
The air humidity is typically very high and the forest has
the appearance of a cloud forest (Höllermann 1981).

Laurel forest trees may have to cope with quickly
changing conditions due to sunny periods when the irra-
diation reaches 2000 µmol m–2 s–1 and the high light
energy imposes photo-oxidative stress on the leaves
(Polle & Rennenberg 1994). When light energy is
absorbed in excess of the amount that can be used for
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carbon fixation the photosystems become over-excited
and the electron transport chains may become overre-
duced. Transfer of excitation energy from excited chlo-
rophyll molecules to molecular oxygen or the leakage 
of electrons to oxygen lead to the formation of highly
toxic active oxygen species (AOS, Elstner & Oss-
wald 1994; Foyer 1997; Foyer & Noctor 2000). To
avoid damage to the photosynthetic tissues under such
changing conditions flexible protection mechanisms are
required. The harmless dissipation of excitation energy
as heat can be conducted by protective pigments, the
carotenoids (Young 1991). The xanthophyll cycle,
comprising the carotenoids violaxanthin, antheraxan-
thin, and zeaxanthin, is involved in the adaptation of the
energy conversion efficiency in the photosynthetic
membranes (Demmig-Adams & Adams 1994; Müller
et al. 2001). Violaxanthin which contains two epoxide
groups can be reversibly and quickly (within minutes)
converted into zeaxanthin with two de-epoxidized epo-
xide groups with the intermediate antheraxanthin. Zea-
xanthin contributed to heat dissipation of light energy
whereas violaxanthin does not. A higher de-epoxidation
state of this cycle (more on the side of zeaxanthin at the
expense of violaxanthin) is related to a stronger protec-
tion of the photosynthetic apparatus and a lower photo-
chemical efficiency. Other carotenoids, such as lutein,
may also contribute to energy dissipation or, such as 
β-carotene, may quench singlet oxygen which is pro-
duced from molecular oxygen through excitation ener-
gy transfer, directly in the pigment bed. Alternatively,
excess light energy can also be used in the photorespi-
ratory pathway or in the Mehler peroxidase reaction 
leading to a water-water cycle which may protect the
photosynthesis from damage (Asada 1999; Niyogi
2000). However, in all these cases AOS are formed and
have to be kept under control. The detoxification of AOS
is done by the antioxidant defense system, comprising
defense enzymes and low molecular antioxidants such
as glutathione (GSH) and ascorbate (Noctor & Foyer
1998). If the protective capacities of the photosynthetic
apparatus are not sufficient, damages to the photosys-
tems may occur.

In the dense canopy structure of the Canarian laurel
forest marked differences between sun and shade foli-
age exist with respect to environmental conditions,
structural properties and physiological responses
(Morales et al. 1996a, b, c; Jiménez et al. 1999; Gon-
zález-Rodríguez et al. 2001a; 2002a, b). In other
sclerophyllous tree species, sun and shade leaves are
also different with respect to their defence capacities
and adaptations during the daily course (Faria et al.
1996; García-Plazaola et al. 1997).

The physiological performance of forest trees under
the typical potential stress situations in their ecosystem
is indicative of their competitive behavior. The capacity

to resist photodamages was found to contribute strongly
to the ecological role of species in broadleaved deci-
duous (Kitao et al. 2000) and evergreen forest ecosys-
tems (García-Plazaola et al. 2000).

Photosynthesis has been characterized in detail on the
laurel forest species (González-Rodríguez et al.
2001a; 2002a, b). In a previous paper, different respon-
ses of xanthophylls and tocopherols along a high irra-
diation diurnal course have been observed in these spe-
cies. In short, Myrica faya, a species which is growing
at degraded sites as well as in the closed canopy laurel
forest, seemed to be more robust against photooxidative
stress than the other two species (González-Rodrí-
guez et al. 2001b). Since thylakoid bound systems
(xanthophylls and tocopherols) are only one part of the
antioxidative defense system, the question arises if
water soluble redox systems fit in that hypothesis. Fur-
thermore, under the typical conditions in the laurel
forest, responses to high-light periods alternating with
cloudy phases are probably of more importance than
responses to longer term high light stress on completely
clear days.

The present study therefore aims at the comparative
characterization of physiological traits of five common
tree species of the Canarian laurel forest under field con-
ditions. Responses of gas exchange, water relations,
biochemical photoprotective and antioxidant systems
together with chlorophyll fluorescence parameters indi-
cative of the photochemical efficiency, were measured
in the sun and shade canopy during a summer day with
long sunny periods alternating with shading by occa-
sional clouds. In particular in the closed canopy struc-
ture of the Canarian laurel forest with several co-domi-
nating tree species, the differences in the fine tuning of
physiological responses and protection strategies
toward the environmental conditions may be of major
importance for the overall physiological performance
and contribute to competitive differences among spe-
cies.

Material and methods

Field site and plant materials

The investigations were carried out at an experimental site at
Agua García mountain, Tenerife, Canary Islands (28° 27� 32�
N and 16° 24� 20� W). The climate at this site is humid medi-
terranean with average annual temperature of 14°C, average
minimum of 10.7°C, and an average maximum of 17.7°C,
average relative humidity of 80%, and an annual precipitation
of 733 mm. The forest is situated at 820 m a.s.l. on a slight
NNE orientated slope (8–12°). Meteorological data during the
investigation period are presented in Figure 1.

A wooden scaffolding tower gave access to the top of the
canopy. Dominant, about 40 years old and 20 m high individ-
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ure 1). Morning data were sampled about 30 min after sun-
rise. As a control, branches were darkened overnight using
aluminum foil and samples taken from those darkened bran-
ches for biochemical analysis and for fluorescence determina-
tions. Significant differences to the morning values were not
found (data not shown).

Water relations

Leaf water potentials were measured in the morning and at
midday with a Scholander pressure chamber (PMS Instru-
ments, Corvallis, OR, USA) in four species. The petiole mor-
phology did not allow the measurement of I. perado leaves
with the instrument used.

Relative water contents (RWC) were determined on leaves
collected into pre-weighed plastic bags which were sealed.
Leaf fresh mass (fw) was determined and the weight at water
saturation (sw) was determined after leaving the leaves for 24
hours in water saturated atmosphere immersing their petioles
in water. Leaf dry mass (dw) was determined after oven dry-
ing the leaves at 80°C for 48 h. RWC was calculated as the
proportion of water content in situ (fw-dw) to the maximal
water content at saturation (sw-dw) expressed in %.

Gas exchange

Leaves of the youngest fully developed age class were mea-
sured under natural site conditions with a portable Infrared
Gas Analyser (LCA4, ADC Analytical Development Com-
pany, UK) repeatedly during the daily course. Gas exchange
rates were calculated according to Caemmerer & Farquhar
(1981).

Chlorophyll a fluorescence

Chlorophyll a fluorescence was determined using a portable
fluorimeter (Plant Efficiency Analyser PEA, Hansatech, UK).
Measurements were made after the leaf part was dark-adapted
for 30 min using leaf clips. The maximal apparent photochem-
ical efficiency of photosystem II (PS II) was calculated as the
ratio of variable to maximal fluorescence (Fv/Fm). The values
are regarded as representative for the time when the dark adap-
tation clip was set.

Pigments and antioxidants

Pigment and antioxidant analyses were carried out essentially
as described in Tausz et al. (2003). In short : Whole leaves
were cut at the petiole and immediately (within seconds) fro-
zen in liquid nitrogen. The leaves were lyophilized, ground in
a dismembrator under liquid nitrogen and the leaf powder was
stored humidity proof at –25°C until analysis.

Pigments were determined using an HPLC gradient-
method permitting separation of all important chloroplast pig-
ments in one step: Column Spherisorb S5 ODS2 250× 4.6 mm
with precolumn S5 ODS2 50× 4.6 mm. Solvent A: acetoni-

uals of five tree species were investigated: Persea indica (L.)
C. K. Spreng. and Laurus azorica (Seub.) Franco (both Laura-
ceae), Myrica faya Aiton (Myricaceae), Ilex canariensis Poir.
and Ilex perado Aiton subsp. platyphylla (Webb & Berthel.)
Tutin (both Aquifoliaceae). Sampling was conducted in the
sun and shade (about 2 m below) canopy. The sampled trees
were repesentative for the stand structure which is described
in detail by Morales et al. (1996b, c).

Environmental data

Environmental data were read every 30 min using a PAR sen-
sor (Li-Cor, Lincoln, USA) and a thermo-hygrometer posi-
tioned at the tower platform (Figure 1). Leaf temperatures
were measured using a contact thermocouple (Thandar Ltd.,
UK) and did not exceed 20°C (data not shown).

Sampling times

Sampling for biochemical measurements, photosynthetic and
water relation parameters was conducted four times in the sun
canopy and two times in the shade canopy after at least 40 min
of almost unchanged cloudless conditions (arrows in Fig-

Fig. 1. Environmental conditions during the measurement
period. Arrows indicate the sampling times for biochemical
analysis and chlorophyll fluorescence measurements y.
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trile : methanol : water = 100 : 10 : 5 (v/v/v), solvent B: ace-
tone : ethylacetate = 2 : 1 (v/v), linear gradient from 10% sol-
vent B to 70% solvent B in 18 min, run time 30 min, flow 1 ml
min–1, photometric detection at 440 nm. The leaf dry powder
was shaken in ice-cold acetone and centrifuged at 2°C and
10000 x g. The supernatants of three re-extractions were com-
bined and adjusted to a fixed final volume. Extracts were
injected (20 µl) using a cooled autosampler.

The determination of total glutathione was conducted using
a gradient HPLC-analysis (Column Spherisorb S5 ODS2
250× 4.6 mm with precolumn S5 ODS2 50× 4.6 mm). 
Lyophilized leaf powder was extracted in 0.1 M HCl and incu-
bated with 200 mM CHES-buffer [2–8N-cyclohexylamino-
ethanesulfonic acid] and DTT (dithiothreitol) to reduce thiol-
groups. The SH-groups were labelled by monobromobimane.
Recovery rates of added GSH standards were checked for each
species.

Concentrations of total ascorbic acid were measured as fol-
lows: Extracts of lyophilized leaf powder in metaphosphoric
acid (1.5%) were reduced using DTT and separation was car-
ried out on an isocratic HPLC system (Column Spherisorb S5
ODS2 250× 4.6 mm with precolumn S5 ODS2 50× 4.6 mm)
using hexadecylammoniumbromide as ion pairing agent in
aqueous methanol (30% vol) as solvent. Detection was per-
formed at 248 nm. Recovery rates of added ascorbate stan-
dards were checked for each species.

Statistical analysis

Statistical analyses were completed using the Statistica (Stat-
Soft, USA) software package. The data were tested first for
significant diurnal variations by Kruskal-Wallis non-para-
metric analysis of variance. If no diurnal variations were ob-
served, data were pooled and species effects were evaluated on
the sun foliage using Kruskal-Wallis test with Conover’s
cross-comparisons (Bortz et al. 1990). Differences between
sun and shade leaves within the same species were evaluated
by Mann-Whitney’s U-test. P < 0.05 was regarded significant.
In Tables and Figures median values and median deviations or
quartile ranges are presented.

Table 1. Water relations in the sun and shade canopy of laurel forest tree species.

Species Leaf water potential [MPa] RWC [%]

maximum minimum maximum minimum

Ilex canariensis sun –0.45 ± 0.05 –0.90 ± 0.10* 98.9 ± 0.7 94.7 ± 0.6
shade –0.35 ± 0.05 –0.55 ± 0.08 96.3 ± 4.0 93.3 ± 3.8

Myrica faya sun –0.40 ± 0.05 –0.90 ± 0.05* 94.1 ± 4.0 86.6 ± 2.0*
shade –0.40 ± 0.05 –0.55 ± 0.08 92.4 ± 7.0 92.3 ± 3.0

Persea indica sun –0.50 ± 0.05 –0.85 ± 0.15* 99.3 ± 4.1 96.3 ± 3.1
shade –0.43 ± 0.03 –0.50 ± 0.08 99.0 ± 1.0 97.6 ± 1.2

Laurus azorica sun –0.40 ± 0.05 –0.90 ± 0.15* 98.9 ± 0.5 93.0 ± 0.3*
shade –0.45 ± 0.08 –0.40 ± 0.05 98.0 ± 0.9 94.3 ± 2.9

Maxima (morning) and minima (early afternoon) of the diurnal course are shown. Data are medians
and half total spans of at least three independent measurements. Asterisks indicate significant differ-
ences between maximum and minimum.

Fig. 2. Gas exchange rates in the sun canopy of five laurel
forest tree species along the daily course. Data are medians
and median deviations of 4 to 6 independent leaves. Different
letters indicate significant differences of maximal rates be-
tween species.
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Results

Water relations

Water relations were comparable in all investigated spe-
cies: Sun foliage showed a decrease of water potential
during the day whereas shade leaves maintained con-
stant, less negative water potentials during the day
(Table 1). The RWC stayed high in all investigated spe-
cies and leaf types, the minimum values were in no case
lower than 80% (Table 1).

Gas exchange

Stomatal conductances decreased in all investigated
species from about 150 mmol m–2 s–1 in the morning to
around 50 mmol m–2 s–1 during the day. Irrespective of
the decline in stomatal conductance, photosynthetic
rates were highest around midday when PPFD was high
(Figure 2). P. indica and L. azorica had maximum CO2
fixation rates of more than 10 µmol m–2 s–1, and M. faya
and the two Ilex species reached only 8 µmol m–2 s–1

(Figure 2).

Chloroplast pigments

Pigment contents of sun and shade leaves differed in all
species. In most cases, these differences were statisti-
cally significant (Table 2). Total chlorophyll concentra-

tions per g leaf dry mass were higher in shade leaves
compared to sun leaves. The xanthophyll cycle pool per
unit chlorophyll was significantly greater in sun leaves
of all investigated species whereas other pigments in-
cluding �-carotene only showed a trend toward higher
concentrations in sun leaves in some species (Table 2).

Chlorophyll contents in the sun foliage were signifi-
cantly lower in the two Ilex species compared to P. indi-
ca. α-Carotene was absent in M. faya leaves and very
low in I. canariensis. The V + A + Z pool per unit chlo-
rophyll also varied significantly among the species with
the lowest values in M. faya leaves (Table 2).

Significant time course variations during the measu-
rement period were only found for the xanthophyll de-
epoxidation in I. canariensis and M. faya (Figure 3).

The xanthophyll cycle and the photochemical
efficiency measured as Fv/Fm

Shade leaves had higher Fv/Fm values than sun leaves
even in the morning (except in P. indica) and depres-
sions during the day were not observed in the shade
foliage. Along the diurnal course, Fv/Fm only varied
significantly in sun leaves of P. indica (and, as a not sig-
nificant trend, correspondingly in L. azorica), but not in
the other investigated species. In P. indica sun leaves
Fv/Fm decreased during the day and was fully recover-
ed the next morning (Figure 4).

Table 2. Antioxidants and pigments in the sun and shade canopy of five tree species of the laurel forest.

Species Asc GSH Chl Carotenoids [nmol µmol–1 chlorophyll]

[µmol g–1 dw] [nmol g–1 dw] [µmol g–1 dw] Neoxanthin Lutein V+ A + Z α-Caroteneβ-Carotene

Ilex cana- sun 13.6 ± 2.8a 546 ± 228a 3.53 ± 0.28a 32 ± 3 159 ± 14 78 ± 17ab 1 ± 1a 81 ± 15
riensis shade 8.1 ± 3.0 157 ± 68* 6.38 ± 1.01* 38 ± 7 141 ± 14 41 ± 27* 2 ± 1 71 ± 23

Ilex sun 17.9 ± 2.3a 519 ± 164a 3.67 ± 0.48a 32 ± 3 132 ± 7 87 ± 9 a 13 ± 2b 76 ± 7
perado shade 17.5 ± 2.8 37 ± 22* 6.68 ± 0.79* 36 ± 3 115 ± 7 44 ± 6* 15 ± 2 50 ± 11*

Myrica sun 31.1 ± 2.4b 422 ± 139a 4.14 ± 0.41ab 35 ± 2 146 ± 6 46 ± 9b – 77 ± 5
faya shade 16.2 ± 4.8* 197 ± 41* 7.32 ± 0.45* 36 ± 2 126 ± 6* 25 ± 10* – 67 ± 10

Persea sun 29.7 ± 3.4b 1286 ± 189b 6.37 ± 0.51b 37 ± 3 156 ± 5 69 ± 14ab 20 ± 2b 78 ± 6
indica shade 28.9 ± 4.0 819 ± 173* 7.40 ± 1.08 41 ± 6 144 ± 19 32 ± 6* 22 ± 3 73 ± 9

Laurus sun 15.1 ± 2.2a 477 ± 123a 4.65 ± 0.39ab 37 ± 3 150 ± 13 71 ± 8ab 17 ± 5b 78 ± 11
azorica shade 7.5 ± 1.9 254 ± 80 8.43 ± 0.45* 41 ± 3 135 ± 4 34 ± 4* 31 ± 5 56 ± 5*

Medians half quartile ranges for n = 6 (shade canopy) and n = 12 (sun canopy) samples. Letters denote significant differences
of sun canopy data among species (P < 0.05, n = 12). Asterisks indicate significant differences between sun and shade canopy
within the same species (P < 0.05). Asc = total ascorbate, GSH = total glutathione, Chl = chlorophyll a + b, V + A + Z = viola-
xanthin + antheraxanthin + zeaxanthin.
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The lower PS II efficiency measured as Fv/Fm was
not directly connected to zeaxanthin formation, since in
the morning the de-epoxidation state of the xanthophyll
cycle was not significantly different between sun and
shade leaves and equal to leaves darkened with alumi-
num foil during the night (data not shown). Significant
de-epoxidation of xanthophylls during the day was only
observed in the sun canopies of M. faya and I. canari-
ensis, species which did not show a diurnal variation in
Fv/Fm. Under shade canopy conditions neither de-epo-
xidation of xanthophylls nor diurnal changes in Fv/Fm
were observed (Figure 3, Figure 4).

Ascorbate and glutathione

Ascorbate concentrations were generally higher in the
sun leaves than in shade leaves. Diurnal changes of
ascorbate concentrations were not observed. P. indica
and M. faya had the highest ascorbate concentrations
and I. canariensis and L. azorica the lowest (Table 2).
Glutathione concentrations were higher in the sun 
crown as compared to the shade crown in all five tree
species (Table 2). P. indica leaves contained significant-
ly more GSH than the foliage of the other species, both

Fig. 3. The de-epoxidation state of the xanthophyll cycle cal-
culated as (Z + 0.5*A)/(V + A + Z) in leaves of the sun and 
shade canopy of five laurel forest tree species. Z = zeaxanthin,
A = antheraxanthin, V = violaxanthin. Data are medians and
median deviations of 3 to 4 independent samples. Asterisks
indicate significant differences to morning values.

Fig. 4. Chlorophyll fluorescence measurements in the sun and
shade canopy of five laurel forest tree species along a daily
course. Data are medians and median deviations of 3 to 4 inde-
pendent leaves. Asterisks indicate significant differences to
morning values.
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in sun and in shade leaves (Table 2). A significant diur-
nal variation of glutathione concentrations was not
observed.

Discussion
The responses of stomatal conductances with maxima of
150 to 200 mmol m–2 s–1 in the morning and a decline at
midday without recovery until the evening are well
comparable to other evergreen broadleaved trees at
natural summer conditions, such as the Mediterranean
sclerophyllous species Quercus suber (Faria et al.
1996). The stomatal closure was similar in all species
investigated in the present study. In contrast to those
more drought exposed Q. suber trees (Faria et al. 1996)
the laurel forest species had maximal photosynthesis
rates around midday which shows that the CO2 fixation
was not limited by the stomatal conductance under the
present conditions. In coincidence with other results
(González-Rodríguez et al. 2001a; 2002a, b), maxi-
mum photosynthetical rates were reached by P. indica
and L. azorica with about 10 µmol CO2 m–2 s–1, and all
other species reached a maximal carbon fixation rate of
about 8 µmol CO2 m–2 s–1. These data are well compa-
rable to various data of evergreen trees (Larcher 1995).
The rates obtained on this day are in the upper limit 
of values registered during a year of measurements on
L. azorica (González-Rodríguez et al. 2001a), 
P. indica (González-Rodríguez et al. 2002b), and 
M. faya (González-Rodríguez et al. 2002a) in natu-
ral conditions, indicating that no serious limitations of
the CO2 uptake were experienced by those trees during
the measurement period.

The high morning leaf water potentials point toward
a good water supply and the maximal decrease was also
moderate compared to Mediterraneous sclerophyllous
tree species under summer conditions, but with good
water supply (a decrease in Q. suber leaves from –0.4 at
predawn to less than –2.2 MPa at midday is reported by
Faria et al. 1996). Under different conditions, also 
L. azorica may experience a stronger decline in sun
foliage leaf water potentials to about –1.5 MPa at mid-
day (Morales et al. 1996a). The RWC remained clear-
ly above 80% in all cases. Investigations on laurel forest
species (Jiménez et al. 1999) and other plants (Kaiser
1987; Cornic & Massacci 1996) showed that dehy-
dration does not adversely affect the photosynthetic
apparatus above a RWC of 70%. Hence, the present da-
ta may be regarded representative for the laurel forest
trees where water shortage is mitigated by high humid-
ity and sporadic stress conditions may result from short
term high irradiation periods rather than from low water
availability.

Species dependent differences in thylakoid pigmen-
tation were confined to the total chlorophyll contents,

the xanthophyll cycle pool size, and the α-carotene con-
tents. α-Carotene is not ubiquitous in higher plants
(Thayer & Björkman 1990). Among the investigated
species only M. faya lacked α-carotene completely (as
previously reported in Morales et al. 1997), whereas 
I. canariensis contained only small, but measurable
amounts. I. perado, P. indica and L. azorica contained
comparable concentrations of this pigment. The xantho-
phyll cycle pool was smallest in M. faya. Compared to
sun leaves of other evergreen trees, such as Citrus sp.
(more than 200 nmol µmol–1 chl–1 reported in Thayer
& Björkman 1990) or Mediterranean sclerophylls as 
Q. suber (Faria et al. 1996) all species investigated in
the present study had relatively small xanthophyll cycle
pools. This may indicate a potentially lower photopro-
tective capacity of the laurel forest species compared to
those trees. However, in sun leaves of the Mediterra-
neous sclerophyllous species Laurus nobilis (Brugno-
li et al. 1998), Rhamnus alaternus, Arbutus unedo, and
Quercus ilex (García-Plazaola et al. 2000) com-
parable pool sizes of the xanthophyll cycle (about 
100 µmol mol–1 chl) are reported. The comparative rela-
tion of the pigment pools to the photo-protective capa-
cities among different groups of species may be difficult
and, furthermore, the xanthophyll cycle pool may vary
due to longer-term acclimation to different radiation
conditions and seasonal change (Demmig-Adams &
Adams 1996; García-Plazaola et al. 2000). For three
species, M. faya, P. indica and L. azorica, slightly dif-
ferent pigment concentrations were measured in pre-
vious studies, but the relative ranking of the species did
not change (Morales et al. 1997; González-Rodrí-
guez et al. 2001b).

The differences in pigmentation between sun and
shade leaves within the same species coincide with pre-
vious observations for evergreen tree species (Thayer
& Björkman 1990; Faria et al. 1996). Chlorophyll
contents on a leaf dry weight basis were higher in most
species (not significant only in P. indica), and the xan-
thophyll cycle pool per unit chlorophyll was signifi-
cantly lower in shade leaves corresponding to a lower
need for photoprotection in the shade canopy. There
were no consistent differences in neoxanthin, lutein, and
carotenes per unit chlorophyll between sun and shade
leaves. Significant diurnal changes were absent for pig-
ment pools in all species and in both leaf types. Appa-
rently, the environmental conditions during the investi-
gated day did not induce pigment degradation due to
excessive photo-oxidative stress.

Sun leaves had higher GSH concentrations and, in
some species, also higher ascorbate concentrations than
the shade foliage. This corresponds to data of many
other evergreen species (Polle & Rennenberg 1994;
Grace & Logan 1996) and can be related to the higher
need for antioxidant protection in the sun canopy (Pol-
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le & Rennenberg 1994) or, alternatively, to the higher
assimilatory rates providing the precursors for the anti-
oxidant synthesis.

Depressions in Fv/Fm are often closely correlated to
zeaxanthin formation and thus ascribed to the increase
in energy dissipation by the xanthophyll cycle (Thiele
& Krause 1994, but compare Niyogi 2000; Müller
et al. 2001). However, in the present data there is a 
clear discrepancy between Fv/Fm and xanthophyll de-
epoxidation. In sun leaves of P. indica, for instance,
Fv/Fm varied significantly during the day whereas the
xanthophyll cycle de-epoxidation state did not (Figure 3
and 4). On the other hand, M. faya and I. canariensis
showed a significant zeaxanthin formation in the sun
foliage whereas no corresponding diurnal changes in
Fv/Fm were found (Figure 3 and 4). Comparable differ-
ences were also reported for sun and shade foliage of
Quercus suber, where both leaf types showed xantho-
phyll de-epoxidation, but only in sun leaves a transient
midday decrease in Fv/Fm was observed (Faria et al.
1996). Brugnoli et al. (1998) also reported discrepan-
cies between xanthophyll de-epoxidation and non-pho-
tochemical fluorescence quenching. The following
explanation is suggested: The determination of Fv/Fm
in the present study as well as in the Q. suber study
(Faria et al. 1996) involved a 30 min dark adaptation in
closed leaf clips. Hence, only those changes in the PS II
efficiency that require longer recovery periods than 30
min are measured. The xanthophyll cycle dependent
decrease of the PS II efficiency might relax upon dar-
kening in a comparable time span (Jahns & Miehe
1996) and the fast recovering component of photoinhi-
bition (Thiele et al. 1996) is probably not shown in the
Fv/Fm data. In the present data set, diminishing Fv/Fm
reflect more long-term adaptations responsible for a
decrease in PS II efficiency or a photodamage requiring
a longer recovery period than 30 min. Under this point
of view the de-epoxidation status data (Figure 3) and the
Fv/Fm data (Figure 4) complement each other reflecting
different effects.

The Fv/Fm data of the investigated species showed
two types of longer-term differences: (1) Sun leaves had
in nearly all cases constitutively lower PS II efficiencies
than shade leaves, the early morning included. This
reflects the structural and long-term (with a recovery
time of at least more than one night) adaptations in the
photosynthetic membranes with a modified structure of
the antennae system (Lichtenthaler et al. 1981). (2)
Under the present environmental conditions, Fv/Fm
data varied only in sun leaves of P. indica significant-
ly and, as a trend, also in L. azorica along the diurnal
course showing a decreasing PS II efficiency in the sun
followed by a recovery towards the evening and a fur-
ther increased morning value. This change might reflect
a photoinactivation of reaction centers requiring their

de-novo synthesis and hence, a recovery time of more
than 30 min. In a previous study, a high irradiation day
was found to cause a more persistant decline in Fv/Fm
in P. indica (recovering only overnight), whereas 
M. faya quickly recovered from photoinhibition (Gon-
zález-Rodríguez et al. 2001b).

It is noteworthy that such a decrease in Fv/Fm during
the day was only observed in such trees that exhibited
only little de-epoxidation response of the xanthophyll
cycle. Apparently, under the given environmental con-
ditions different protection strategies were used by the
investigated species: One, pursued by M. faya and 
I. canariensis involves an increased energy dissipation
rate by zeaxanthin formation which successfully pre-
vents the slow recovery component of photoinhibition.
The de-epoxidation status of the xanthophyll cycle
changes, but Fv/Fm remains constant, since it reflects
only longer-term changes requiring a recovery time of
more than 30 min. The second strategy, pursued by 
P. indica and, less pronounced L. azorica, does not
activate energy dissipation under the present conditions,
but allows possibly more AOS formation and also a 
slowly reversible decline in PS II efficiency which
requires repair processes to recover during the evening
and the night. This hypothesis is corroborated by previ-
ously decribed differences in diurnal relations between
xanthophyll cycle de-epoxidation state and Fv/Fm 
changes in M. faya, P. indica, and L. azorica (Gon-
zález-Rodríguez et al. 2001b). Third, as in sun leaves
of I. perado, a structural long-term adaptation of photo-
systems appears sufficient to maintain a constant (com-
parably low) PS II efficiency during the day without the
activation of zeaxanthin dependent energy dissipation.

The variations in photochemical efficiency by energy
dissipation systems are only one aspect of photoprotec-
tion (Asada 1999). If plants allow the absorbance of
excess energy without energy dissipation directly in the
pigment bed, they have to cope with the accumulating
toxic products of oxygen activation, either resulting
from oxygen reduction in the photosynthetic apparatus 
or from photorespiration (Foyer 1997; Asada 1999;
Foyer & Noctor 2000). In the present study, concen-
trations of the major antioxidants GSH and ascorbate
were highest in P. indica leaves, which may indicate the
highest capacity of AOS scavenging in sun leaves of this
species. According to the hypothesis developed above,
this would relate to the higher probability of AOS for-
mation in the leaves of this species. On the other hand,
M. faya also contained high ascorbate levels in the sun
foliage compared to both I. species and to L. azorica,
potentially strengthening the photoprotection in M. faya
leaves, since ascorbate is required for the xanthophyll
conversions.

In summary, the protection strategy of M. faya may
be considered as the most robust granting maximal pro-
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tection. From all the investigated species M. faya advan-
ces most vigorously into forest degradation stages out-
side the closed laurel forest canopy, and it is a constant
member of heath-dominated shrublands on the Canary
Islands. This may be enabled by the efficient protection
mechanisms of this species against over-energetization
of leaves, even if this occurs at the expense of photosyn-
thetic efficiency. In coincidence with former studies
(González-Rodríguez et al. 2001a; 2002a, b), the
corresponding photosynthetic rates were not the highest.
On the opposite side is the strategy of P. indica. Accor-
ding to year-round gas-exchange measurements (Gon-
zález-Rodríguez et al. 2002b) it allows high produc-
tion under the prevailing environmental conditions in
the laurel forest, but at the expense of more repair re-
quirements. It is important that these differences in
coping with potential photostress are observed on a
mildly stressful day with some cloudy periods in the
afternoon that may allow a relaxation of the photostress.
Under these conditions P. indica and L. azorica were
able to maintain the highest photosynthetic CO2 fixa-
tion rate and repair the slower recovering photoinhibi-
tion apparent as PS II efficiency decline during the
night. This seems to contribute to a slight advantage to
P. indica and L. azorica with respect to photosynthetic
production (González-Rodríguez et al. 2001a;
2002a, b) and, thus, competition under these typical lau-
rel forest conditions. As shown in the paper of Gonzá-
lez-Rodríguez et al. (2001b), under strong stress con-
ditions (cloudless days) this type of strategy may be
more risky when a repair of photodestructive damages
may consume more reserves or is even impaired. It
might well be the case that for such reasons in particu-
lar P. indica and I. perado (without any diurnal changes
in de-epoxidation state and Fv/Fm ratios) are more con-
fined than the other species to the laurel forest interior.
The present results do not exclude, however, that under
more severe stress conditions all species may activate 
a maximum of energy dissipation and/or at the same
time may experience a slowly reversible decline in pho-
tosynthetic efficiency. In this case, species related diffe-
rences would not to be observed and Fv/Fm and the de-
epoxidation state of the xanthophyll cycle would coin-
cide, because both effects depend on the illumination
conditions (compare results in Morales et al. 1997).

Nevertheless, the strategic differences in coping with
light stress are of potential importance in the physio-
logical fine tuning of the plant response to the environ-
ment and can contribute to variable mutual advantages
and disadvantages in competition among species. Under
the typical conditions of the laurel forest ecosystem
represented in the present study, the investigated P. indi-
ca and L. azorica trees may have considerable advan-
tages which may be related to their dominating role in
the closed canopy forest.
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