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Seasonal changes in the photosynthetic performance of two
evergreen Nothofagus species in south central Chile
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ABSTRACT

The evergreen Nothofagus dombeyi and Nothofagus nitida are important members of the temperate Chilean
rainforest. They seldom grow together in nature. Nothofagus nitida is more susceptible to excess light and
drought than N. dombeyi. We postulate that the different properties of the photosynthetic apparatus under
common garden conditions of these species could explain their contrasting habitat preferences. The two
species growing in a common garden in south central Chile were studied. The optimal photochemical
efficiency (Fv/Fm) of both species remained within normal values (= 0.8) with the exception of a decrease in
N. dombeyi at midday in summer, suggesting reversible reduction in photochemical efficiency of photosystem
IT (PSII). During summer the effective photochemical efficiency (®pg;), photochemical quenching (qP),
photosynthesis (A ), stomatal conductance (gs) and transpiration rates (E) in N. dombeyi were higher than in
N. nitida. The highest increments in photoprotective pigments (zeaxanthin + antheraxanthin and lutein)
contents between predawn and midday were obtained in summer in N. dombeyi. In N. nitida a nocturnal
retention of dissipative pigments, without a decrease in Fv/Fm, was found in winter. The results suggest that
N. dombeyi showed a better photosynthetic performance than N. nitida under high light, high temperature, and
drier conditions. These data support are consistent with the pioneer character of N. dombeyi and the semi-
tolerant shade properties and more restricted distribution of N. nitida. These photosynthetic characteristics,
along with their freezing and flooding resistance differences, may result from their habitat separation.

Key words: chlorophyll fluorescence, photosynthesis, Nothofagus dombeyi, Nothofagus nitida, xanthophyll cycle.

RESUMEN

Las siempreverdes, Nothofagus dombeyi y Nothofagus nitida, representantes importantes de los bosques
lluviosos templados de Chile, raramente crecen juntos en forma natural. Nothofagus nitida es mds sensible al
exceso de luz y déficit de agua que N. dombeyi. Se postula que diferentes propiedades del aparato
fotosintético bajo condiciones de jardin comun de estas especies podrian explicar sus contrastantes
preferencias de hdbitat. Se estudian algunas de estas propiedades en estas dos especies creciendo en un jardin
comtn en el centro sur de Chile. La eficiencia fotoquimica mdxima (Fv/Fm) de ambas especies permanece en
el rango de los valores normales (= 0,8) con excepcién de un decrecimiento al mediodia y en verano en N.
dombeyi, que sugiere una reduccidn reversible de la eficiencia fotoquimica maxima del fotosistema II (PSII).
Durante el verano, la eficiencia fotoquimica efectiva del PSII (@), €l apagamiento fotoquimico (qP), la
fotosintesis (A ), conductancia estomdtica (gs) y las tasas de transpiracién (E) en N. dombeyi fueron
mayores que en N. nitida. Los mayores incrementos en los contenidos de pigmentos fotoprotectores
(zeaxantina + anteraxantina y luteina) entre prealba y mediodia se obtuvieron en verano en N. dombeyi. En N.
nitida se presentd en invierno una retencién nocturna de zeaxantina sin decrecimiento de Fv/Fm. Los
resultados sugieren que bajo condiciones de mayor intensidad luminica, mayor temperatura y sequia, N.
dombeyi mostré un mejor desempefio fotosintético que N. nitida. Los datos presentados son consistentes con
la capacidad pionera de N. dombeyi y las propiedades de semitolerancia a la sombra y distribucién mds
restringida de N. nitida. Estas caracteristicas fotosintéticas, junto con las diferencias de la resistencia al
congelamiento, sequia y anegamiento pueden resultar de su separacién de hébitat.

Palabras clave: fluorescencia de la clorofila, fotosintesis, Nothofagus dombeyi, Nothofagus nitida, ciclo de
las xantéfilas.
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INTRODUCTION

Nothofagus species are important members of
the south central Chilean temperate rainforest
between the 37-43° S (Alberdi et al. 1985). The
climate where these species dominate is
generally defined as Mediterranean-humid with
oceanic tendency (Di Castri & Hajek 1976).
Despite the oceanic tendency of the climate,
low temperature and frost can occur in winter,
spring and summer, which can impose soil
drought conditions (Weinberger et al. 1973). In
these seasons, frost is frequently followed by
markedly clear and cold days (Alberdi et al.
1985). In summer, sporadic drought periods can
also occur in some habitats, which are
accompanied by high irradiance (Weinberger
1973). Cabrera (2006) reported that water
stress could be a determinant factor in the
distribution of evergreen and semideciduous
trees in Mediterranean ecosystems.

Nothofagus dombeyi (Mirb.) Oerst. and
Nothofagus nitida (Phil.) Krasser are evergreen
species in the southern Chilean forest. These
species have different latitudinal and altitudinal
distribution in south central Chile, and they
don’t wusually grow naturally together
(Weinberger 1973). Nothofagus dombeyi is
distributed in Chile between the 34°37 to
47°30” S in the Andes and the costal range and
intermediate depression, while N. nitida is
distributed between 40°20° to 48°30° S,
especially in the coastal range (Weinberger
1973, Veblen et al. 1996). Both species have
similar low altitudinal distribution (near sea
level), but N. dombeyi attains a higher altitude
(about 1,800 m of altitude) than N. nitida
(about 900 m of altitude). Nothofagus dombeyi
is a typical heliophyte and can be a pioneer tree
in unfavorable Andean mountain habitats, such
as “Lahares” (areas without vegetation formed
by volcanic scoria, subjected to high radiation
and drought during the day and low
temperatures at night) (Mc Queen 1977, Veblen
et al. 1995). Nothofagus nitida is a shade semi-
tolerant species (Donoso & Lara 1998). This
species regenerates in shade stands with
constant humidity and intermediate thermal
conditions in the coastal region, showing a
special adaptation to wet and flooding soils
(Veblen et al. 1996). Nothofagus dombeyi
regenerates in well drained open habitats
(Weinberger 1973). Nothofagus dombeyi is

more cold and drought resistant than N. nitida
(Weinberger et al. 1973, Reyes-Diaz et al.
2005). These properties, along with the higher
capacity of N. dombeyi to form hybrids, could
explain the wider latitudinal and altitudinal
distribution of N. dombeyi (Veblen et al. 1996).

Another important factor that may also
contribute to their habitat separation may be
the properties of their photosynthetic
apparatus such us capacity to manage light
and dissipation mechanisms for excess light
energy. In many species, perturbations of the
photosynthetic apparatus by excess light or in
combination with other stresses (e.g., drought
or cold) are first manifested in alterations in
the photochemical efficiency of photosystem
IT (PSII) and therefore, in net photosynthetic
rates (Larcher 2000). The xanthophylls cycle
is the major mechanism for thermal
dissipation of excess energy under high light.
It has fundamental role, decreasing
photoinhibitory damage during environmental
stresses which impose a high excitation
pressure on the photosynthetic apparatus due
to their effect on stomatal conductance and
CO, assimilation (Niyogi 1999). Zeaxanthin
(Z) and perhaps also antheraxanthin (A) are
needed for the reactions that actually do the
dissipation of the surplus energy present in the
pigment bed of light harvesting complexes
(Kiilheim et al. 2002, Demmig-Adams 2003,
Pascal et al. 2005).

When a combination of light and water
stress occurs, Nerium oleander shows high
dissipation of light energy by an accumulation
of Z (Demmig et al. 1988). However, in
Lavandula stoechas growing under field
conditions, the xanthophylls cycle is induced
by light irrespective of the water status
(Munné-Bosch & Alegre 2000). Garcia-
Plazaola et al. (1997) found higher
concentrations in the xanthophylls pool in
Quercus suber leaves when photosynthesis was
limited by water and cold stress by the end of
summer and winter, respectively. Lutein (L)
has been also proposed as modulator of the rate
of thermal energy dissipation (Miiller et al.
2001, Standfuss et al. 2005).

Another strategy to decrease the impact of
excess light experienced by species that
maintain their leaves in winter may be the
decrease in chlorophyll content, which can
lower the light harvesting capacity of the leaves
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by diminishing photon absorption (Adams &
Barker 1998, Adams et al. 2004).

With exception of the work by Lusk & Del
Pozo (2002), which reported the photosynthesis
of N. dombeyi and N. nitida growing under
controlled conditions, no attention has been
paid to the photosynthetic performance and to
the participation of the xanthophylls cycle in
energy dissipation of leaves in evergreen
Nothofagus species from the Chilean temperate
forest under possible photoinhibitory climatic
conditions, prevailing in their habitats. In this
paper, we will follow the seasonal changes in
the photosynthetic performance (net
photosynthesis and photochemical efficiency of
the PSII) in relation to photoprotective
pigments of the xanthophylls cycle in leaves of
two evergreen woody Nothofagus species,
growing in a common garden in south central
Chile. Additionally, leaf physiological
parameters (transpiration, stomatal
conductance, water use efficiency, osmotic
potential) and solute accumulation (total
soluble carbohydrates and free proline) as
indicators of the water status of plants were
determined, This is the first comprehensive
field study of photosynthesis in evergreens of
the Chilean temperate rainforest, giving some
of the physiological basis for the habitat
preferences of the two main dominant species
of this threatened rainforest.

MATERIAL AND METHODS
Study area and plant material

This study was performed in a N. nitida forest
stand in Pichiquillaipe, 10th Administrative
Region of Chile, in south central Chile (41°31°
S, 72°45° W), where this species grows
naturally. Adjacent to this site, in 1994, around
50 two year old seedlings of N. nitida, from
this forest, and around 50 N. dombeyi, from a
forest located in San Pablo de Tregua in
Panguipulli (Provincia de Valdivia at 39°38” S,
72°09° W), in south central Chile with similar
climatic characteristics as the study area
(Reyes-Diaz et al. 2005), were randomly
planted in the study site. At the beginning of
the establishment, seedlings were surrounded
by adjacent low vegetation (especially grasses
and small shrubs). Since this study was

conducted from winter 2003 (July) to early
autumn (March) 2004, the trees used were 11
years old (late juvenile phase). Five individuals
of each species were randomly selected and
marked to make repeated measurements
throughout the year. Fully developed leaves
from the leaf cohort emerged in the spring
2002, at similar height and NE exposure were
used for the determinations. Daily maximum
and minimum temperatures, precipitation, and
photosynthetic photon flux densities (PPFD)
were determined in the study site with a Licor
data logger (LI-1400) equipped with sensors
for air temperature and relative humidity (LI
1400-104), rain (LI 1400-106) and PPFD (LI-
190SA quantum sensor). Climatic conditions of
the 15 days prior to the sampling days are
presented. Daily PPFD changes on leaves
where the determinations were made and in an
adjacent open field were measured. Measured
and collected leaves were exposed to similar
PPFD each season.

Physiological measurements were made
seasonally and daily, at predawn, midday
(maximum incident PPFD, 12-14 h) and
afternoon (two hours before sunset).
Photosynthesis measurements were initiated in
the morning (two to three hours after sunrise).
For chemical analyses, individually collected
leaves were immediately frozen in liquid
nitrogen and stored at -80 °C.

Net photosynthesis

An infrared gas analyzer (Ciras-1, PP system;
Hitchin, United Kingdom) was used to
estimate net CO, assimilation rates (A,,,) on
attached leaves. External air was scrubbed of
CO, and mixed with a supply of pure CO,, to
result in a reference concentration of 360 ppm,
with a flow rate of 200 mL min'! and 80 %
external relative humidity. The temperature
inside the leaf chamber was maintained at 15
°C. This value was selected because previous
determinations at different temperatures
indicated that 15 °C is in the range of the
optimum temperature for photosynthesis in
these species. The relative humidity value is
representative of the usual humidity in the
study site, as indicated by the measurements
with the Licor data logger (LI-1400). Outdoor
light intensities at the moment of the
measurements were used to achieve steady-
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state photosynthesis. This instrument also
allows one to calculate other physiologic
parameters such us transpiration (E), stomatal
conductance (gs), and instantaneous water use
efficiency of photosynthesis (WUE). The
WUE corresponds to the quotient between
A and E.

Chlorophyll fluorescence parameters

Fluorescence signals were generated by a
pulse-amplitude modulated fluorimeter (FMS
2, Hansatech Instruments Ltd., Norfolk,
United Kingdom). Attached leaves of both
species were dark adapted for 30 min
(preliminary measurements indicated no
differences in Fv/Fm with longer adaptations
periods or greater irradiance) with leaf-clips
with a mobile shutter plate. The fiber-optic
and its adapter were fixed to a ring located
over the clip at about 10 mm from the sample
and different light pulses (see below) were
applied following the standard routines
programmed within the equipment. Signal
recordings and calculations were performed
using the data analyses and control software
provided by the manufacturers (Hansatech
Instruments Ltd., Norfolk, United Kingdom).
According to the terminology of van Kooten &
Snel (1990), minimal or initial fluorescence
(Fo) was determined applying a weak
modulated light (0.4 wmol photons m2 s-!) and
maximal fluorescence (Fm) was induced in
dark adapted leaves by a short pulse (0.8 s) of
saturating light (around 9,000 umol photons
m2 s71). Shortly after relaxation of Fm actinic
light was turned on (500 wmol photons m2 s
). This light intensity corresponded to the
mean obtained by light response curves for
both species. Both species were saturated at
this light intensity, but they were not
photoinhibited. Then, the same saturating
pulse described previously was applied every
20 s, until steady state photosynthesis was
reached in order to obtain Fs and Fm’. Finally,
Fo’ was measured after turning the actinic
light off and applying a 2 s far red light pulse.
Definitions of fluorescence parameters (qP,
NPQ, Fv/Fm and ®pg;) were used as described
by van Kooten & Snel (1990). Fv/Fm and
Dpsp = (Fm’ - Fs)/Fm’ are indicators of the
maximum and effective quantum yield of the
PSIT (Genty et al. 1989) respectively.

Photochemical quenching (qP) was calculated
as: qP= (Fm’ - Fs)/(Fm’ - Fo’), with Fm’
being the maximal fluorescence in light
adapted leaves, and Fs the steady state
fluorescence yield. Non photochemical
quenching was calculated as: NPQ= (Fm -
Fm’)/Fm’.

Pigment determinations

Chlorophylls, carotenoids and xanthophylls
determinations were made with spectroscopic
and chromatographic techniques. For
chlorophylls and  total carotenoids
determinations, 100 mg of fresh weight foliar
tissue of both species were placed in a cold
mortar with a minimal amount of CaCO5; and
ground with 80 % (v/v) acetone at 4 °C under
dim light. Pigments extracts were measured in
a spectrophotometer (Metertek SP 850, Taipei,
Taiwan) at 663, 646 and 470 nm. Pigments
concentrations were calculated according to
Lichtenthaler & Welburn (1983).

Xanthophylls were determined by phase
reversed, solvent gradient, high performance
liquid chromatography (HPLC, Hewlett
Packard 1100, Agilent Technologies Inc., San
José, California, USA). 100 mg of fresh weight
foliar tissue were powdered with liquid
nitrogen in a cold mortar and extracted with
methanol. The homogenate was centrifuged at 0
°C for 3 min at 5,000 g and kept in ice. The
supernatant fractions were pooled and adjusted
to a final volume of 4 mL and filtered through a
0.2 wm syringe filter (PTFE) and stored at -
40°C until HPLC analysis. Then 50 uL of
extract were injected in a Luna C18 reversed
phase HPLC column (250 x 4.60 mm i.d.; 5 um
particle size) protected by a Phenomenex C18
guard column (4 x 3.0 mm i.d.). For separation
a mobile phase consisted of two components:
solvent A, acetonitrile:methanol:buffer Tris-
HCI 0.1 M pH 8.0 (72:8:3) and solvent B,
methanol:ethyl acetate (68:32) following the
protocol of Gilmore & Yamamoto (1991) with
some modifications was used. Pigments were
eluted using a gradient of solvent A, running
isocratically for 6 min, followed by 10 min of a
linear gradient up to 100 % of the solvent
mixture B and 4 min of isocratic mixture of the
last solvent.

The amounts of violaxanthin (V),
antheraxanthin (A), zeaxanthin (Z) were
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measured by using pure standards of these
substances provided by DHI Water &
Environment, Copenhagen, Denmark. Lutein
(L) standard were obtained from Sigma, (St.
Louis, Missouri, USA). All standards were in
ethanol. Concentrations of pigments were
expressed on chlorophyll a basis. The
conversion state was calculated as (A+Z)/
(V+A+Z).

Compatible solutes

Free proline was determined colorimetrically
according to Bates, Waldren & Teare (1973).
Carbohydrates were extracted from fresh leaf
tissue in 86 % v/v ethanol with overnight
agitation. Total soluble carbohydrates (TSC)
content was determined spectrophotometrically
by the resorcinol method (Roe 1934) by
measuring A520, using sucrose as standard.

Statistics

Two-way repeated measures analyses of
variance (ANOVA) were used to test the
effects and interactions of time (season and
time of the day) and species on pigments,
metabolites, chlorophyll fluorescence, net
photosynthesis, and water status parameters. A
Tukey test was used to identify those values
with significant differences. Sigma Stat 2.0
software (SPSS Inc., Chicago, Illinois, USA)
was used for both analyses. Differences
between the values (P = 0.05) were determined.
Determinations are based on five replicates,
corresponding to five individuals in each
species.

RESULTS
Climatic conditions

The usual pattern of rainy winters and dry
summers of southern Chile was reflected in the
15 days before determinations where winter
precipitations were 79 mm and summer
precipitations were 37 mm (Fig. 1A and 1C).
Early autumn was exceptionally dry with a
precipitation of 8§ mm in the 15 days previous
to the determinations (Fig. 1D). Temperatures
near or below freezing in the preceding 15 days
or at day of measurements were obtained in

winter (-0.9 °C at 8 July and -1.8 °C at 11 July
2003) and in spring (around -0.8 °C at 2 and 9
October 2003), while the highest absolute
maximum temperature (26.6 °C) was measured
in January 2004 (Fig. 1A, 1B and IC
respectively). The highest PPFDs were
observed between 12:00 and 14:00 h in all
seasons, being the summer values around twice
times higher than the winter values (about
2,000 and 1,000 wmol m?2 s’!, respectively)
(data not shown). Relative humidity at midday
was not higher than 80 %. Thus, sampling days
were all clear days in the four seasons, with
normal temperatures for each season. Rainfall
registered on March 31 (one of the sampling
days) occurred several hours after sampling.

Photosynthetic parameters

The highest A, in N. dombeyi were obtained
at midday and afternoon in summer (P < 0.05)
(Fig. 2A), corresponding with increased gs
(Fig. 2B). Differences in the daily course of
A In N. nitida were found in all seasons
(Fig. 2E) corresponding the high values
generally to midday (P = 0.05). Statistical
differences in the A, values between the
species were found in summer, winter and
spring, being midday and afternoon values in
summer the most important contrasts (around
1.5 times higher in N. dombeyi than in N.
nitida) (Fig. 2A and 2E).

Higher gs were found in N. dombeyi at
midday and morning in summer and autumn
respectively (P < 0.05), while in N. nitida, the
highest gs was obtained in the afternoon in
autumn and at midday in winter. These last
values were statistically significant different to
those obtained at the same time in N. dombeyi,
coinciding with a high A, (Fig. 2B and 2F).

Seasonal E values were generally very
similar in both species at each time of the day,
with the exception of the summer values,
which were significantly higher in N. dombeyi
than in N. nitida (P < 0.05) (Fig. 2C and 2G).
The highest values of WUE in N. dombeyi
were obtained at midday in spring and
morning in summer. In N. nitida the highest
values were also found in spring and summer.
Differences between the WUE of both species
were found in summer and spring being the
values in N. dombeyi higher than in N. nitida
(Fig. 2D and 2H).
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Fig. I: Precipitations (bars) and maximum (°) and minimum (o) absolute air temperatures in the
preceding 15 days to the sampling and measurements date (arrows) between April 2003 and March
2004. (A) Winter; (B) Spring; (C) Summer and (D) Autumn. Measurements were made at 2 m

above the soil level.

Precipitaciones (barras), temperaturas del aire maximas (¢) y minimas (o) absolutas en los 15 dias previos a las mediciones
y toma de las muestras (flechas) entre abril 2003 y marzo del 2004. (A) Invierno; (B) Primavera; (C) Verano y (D) Otofio.

Las mediciones fueron hechas a 2 m sobre el nivel del suelo.

Chlorophyll fluorescence parameters

Fv/Fm of leaves of both species was situated
generally within physiologic normal values
(around 0.85) during the annual and daily cycle
(predawn, midday and afternoon), with exception
of N. dombeyi leaves where statistically
significant lower values than in N. nitida were
obtained at midday in summer (Table 1).
Differences between the predawn and
midday values of ®pg; were found in N.
dombeyi, with highest values at midday and
afternoon in summer (P < 0.05) (Table 1). In N.
nitida the highest value was found at afternoon
in winter and the lowest during the afternoon in
spring (P = 0.05). Statistically significant

differences (P = 0.05) between species were
found at midday in summer and autumn and in
the afternoon in spring, summer, and autumn.
Dpgp values were generally higher in N.
dombeyi (Table 1).

The highest qP of leaves of N. dombeyi was
found at midday and afternoon in summer (P <
0.05) (Table 1). In N. nitida the highest values
were obtained at predawn, midday and
afternoon in summer and afternoon in winter.
Generally, N. dombeyi attained higher qP
values than N. nitida (P =< 0.05). Significant
differences between species were found at
predawn in autumn, at midday in spring,
summer and autumn, and in the afternoon in
winter summer and autumn.
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Fig. 2: Seasonal and daily photosynthetic parameters in leaves of N. dombeyi (A-D) and N. nitida
(E-H). The following parameters were measured in the photosynthetic chamber: A ,, = CO, assimi-
lation rate; gs = stomatal conductance; E= transpiration; and water use efficiency (WUE). The
values are means of five replicates + SE. Different lower case letters indicate statistically signifi-
cant differences (P < 0.05) between daily periods for each season and species. Different upper case
letters show statistically significant differences (P = 0.05) between seasons for each species in the
same daily period. Asterisk (*) indicate statistically significant differences (P < 0.05) between
species for each parameter in the same season and hours of day.

Cambios estacionales y diarios de los parametros fotosintéticos en hojas de N. dombeyi (A-D) and N. nitida (E-H)
creciendo en el centro sur de Chile. En la cdmara fotosintética se midieron los siguientes pardmetros: A, = CO, tasa de
asimilacion; gs = conductancia estomatica; E = transpiracion y eficiencia en el uso del agua (WUE). Los valores son
promedios de cinco réplicas + EE. Letras mintsculas diferentes indican diferencias estadisticamente significativas (P =
0,05) entre los periodos del dia para cada estacion y especie. Letras mayusculas diferentes indican diferencias estadistica-
mente significativas (P = 0,05) entre las estaciones, para cada especie y en el mismo periodo del dia. Asterisco (*) indica
diferencias estadisticamente significativas (P < 0,05) entre las especies, para cada parametro en la misma estacién y hora
del dia.
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Since NPQ is frequently associated with the than at predawn in all seasons (around 300 to
xanthophylls cycle, the seasonal and daily changes 700 %). Statistically significant differences in
(predawn and midday) in NPQ and conversion  Z contents between the species were found only
state were determined. In both species, NPQ of  in predawn, in winter and spring, presenting N.
leaves increased generally from winter to autumn nitida higher values than N. dombeyi at those
(P < 0.05) (Table 1). A similar tendency was times. A contents were much lower than Z
observed in conversion state at midday in N. content in the two species. The total pool of
dombeyi (Fig. 3A), while in N. nitida, it increased xanthophylls (V+A+Z) was higher in winter
at midday from winter to summer, decreasing and lower in autumn than the other seasons.
afterwards (Fig. 3B). No significant differences in ~ Nothofagus nitida showed higher V+A+Z in
the conversion state of N. dombeyi were found winter at midday than predawn (Table 2).
within seasons at predawn (Fig. 3A). In N. nitida, The content of L was lower than in other
however, a decrease towards summer (Fig. 3B) xanthophylls. Nothofagus dombeyi presented
was found. Conversion state of both species statistically significant (P =< 0.05) higher L
increased from predawn to midday in all seasons contents than N. nitida in winter at predawn
(P =<0.05) (Fig. 3A and 3B). and in spring and summer at midday (Table 2).

Xanthophylls Chlorophylls and total carotenoids

Values of V were higher at predawn in all  No statistically significant differences in total
seasons in both species than at other times of  chlorophyll and carotenoids contents of both
the day (Table 2). Concomitantly with the V species during daily periods on each season were
decrease, an increase in Z contents occurred in obtained (Table 3). Chlorophyll a/b was generally
N. dombeyi, being Z contents higher at midday slightly higher in N. dombeyi than in N. nitida.

N. dombeyi N. nitida
T T T T T
1.0 |- —® Predawn (A)| —e— Predawn

—O0— Midday bAB* bAB bBR* —O0— Midday

*
osl P& + bAB 08

T® ],

0.6 |- T - 0.6

04 |- T -1 0.4

Conversion state
>
@]
*
o
(o
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e aA A aA aB
02 i—-———{\i__——/i + o2

0.0 0.0
Winter Spring Summer Autumn ‘Winter Spring Summer Autumn

Fig. 3: Seasonal and daily changes of the conversion state (A+Z)/(V+A+Z) of leaves of N. dombeyi
(A) and N. nitida (B). Each point represents the mean of five replicates = SE; V = violaxanthin; A =
antheraxanthin and Z= zeaxanthin. Different lower case letters indicate statistically significant
differences (P = 0.05) between daily periods for each season and species. Different upper case
letters show statistically significant differences (P < 0.05) between seasons for each species in the
same daily period. Asterisk (*) indicate statistically significant differences (P = 0.05) between
species for each parameter in the same season and hours of day.

Cambios estacionales y diarios en el estado de conversién (A+Z)/(V+A+Z) de hojas de N. dombeyi (A) and N. nitida (B).
Cada punto representa el promedio de cinco réplicas = EE para cada especie, estacion y hora del dia; V= violaxantina; A =
anteraxantina y Z = zeaxantina. Letras mindsculas diferentes indican diferencias estadisticamente significativas (P < 0,05)
entre los periodos del dia para cada estacion y especie. Letras mayusculas diferentes indican diferencias estadisticamente

significativas (P =< 0,05) entre las estaciones para cada especie en el mismo periodo del dia. Asterisco (*) indica diferencias
estadisticamente significativas (P < 0,05) entre las especies, para cada pardmetro en la misma estacién y hora del dia.

Fig. 4: Seasonal and daily changes in total soluble carbohydrates (A) and (B) and proline (C) and
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TABLE 3

Seasonal and daily changes in the contents of total chlorophyll (Chl a+b), chlorophyll a/
chlorophyll b (Chl a/b) and carotenoids in leaves of N. dombeyi and N. nitida. Values are means of
5 replicates each = SE. Different lower case letters indicate statistically significant differences (P =

0.05) between daily periods for each season and species. Different upper case letters show
statistically significant differences (P < 0.05) between seasons for each species and daily period.
Asterisk (*) indicate statistically significant differences (P < 0.05) between species for each
parameter in the same season and hours of the day. ND = not determined

Cambios estacionales y diarios en los contenidos de clorofila total (Chl a+b), clorofila a/ clorofila b (Chl a/b) y
carotenoides en hojas de N. dombeyi y N. nitida. Valores son promedios de 5 réplicas + EE. Otras abreviaciones y simbolos
como en Tabla 1

Time of day Season Chl a+b (mg g’ DW) Chl a/b Carotenoids (mg g DW)
N. dombeyi N. nitida N. dombeyi N. nitida N. dombeyi N. nitida
Winter 3.1 = 0.324B 3.6 +0.324 4.4 +0.12A% 4.0 = 0.12AB 0.8 +0.124A 0.9 +0.12A
Predawn Spring 4.0 =0.284 4.7 +0.324 4.1 £0.2847 3.1 0.5 1.2+0.128 1.1 £0.124
Summer 3.2 +0.324B 4.1 x0.72A 4.1 +0.124% 3.6 + 0.22AB 0.8 +0.124A 1.0 £0.12A
Autumn 2.6 +0.328 3.4 +0.624 4.3 +0.124 4.1 0.3 0.7 £0.124 0.9 =0.224
Winter 3.2 +0.52A 3.6 +0.324 4.0 = 0.1°AB 3.8 +0.12A 0.8 +0.124A 0.9 +0.12A
Midday Spring 4.2 +0.324 4.3 =044 3.8 £0.32 3.6 0.3 1.2+0.128 1.1 £0.124
Summer 3.4 +0.28A 4.5 +0.62A 4.1 = (0.28AB* 3.6 = 0.22A 0.9 +0.124 1.0 +0.22A
Autumn 3.2 +0.22A 3.5 0.5 4.7 =038 3.7 £0.20A 0.8 £0.124 0.8 £0.124
Winter ND ND ND ND ND ND
Afternoon Spring 3.8 £0.324 4.5 +0.3%4 4.0 x0.124 3.9 £ (0.20B 1.1 £0.124 1.2+0.128
Summer 3.4 +0.28A 3.2 +0.5%8 4.0 +0.28A 3.6 £0.12A 0.9 = 0.02AB 0.8 =0.124A
Autumn 3.1 +0.32A 3.2 +0.32B 4.3 +0.124 4.2 +0.3B 0.8 +0.12B 0.8 0.124
Compatible solutes DISCUSSION

Seasonal differences between TSC in leaves of
both species were found, being generally higher
in N. dombeyi than N. nitida (Fig. 4A and 4B).
In both species, winter TSC contents were
higher than in other seasons (P < 0.05) with the
exception of the morning values of N. dombeyi
in summer, where TSC were similar to those
found in winter. The seasonal and daily courses
of proline content showed varied patterns of
accumulation depending on time of day,
season, and species (Fig. 4C and 4D). There
was no clear tendency to accumulate proline in
winter or summer. For example, the highest
content of this compound was found in N.
nitida in the morning in winter (P =< 0.05), but
rapidly decreased during the day. In contrast, in
N. dombeyi, the highest content was found in
the afternoon in autumn. Summer contents were
relatively low in both species, being higher in
N. nitida than in N. dombeyi.

The two investigated Nothofagus species
presented significant differences in the
physiology of the photosynthetic apparatus.
The optimal photochemical efficiency (Fv/Fm)
in both species was frequently located within
the normal physiological values (around 0.8)
throughout the year (Bjorkman & Demmig
1987). However, in the driest season and at the
time with the highest PPFD (midday), N.
dombeyi leaves showed a small (15 %) but
statistically significant (P < 0.05) decrease in
Fv/Fm. According to Krause & Winter (1996)
and Hiiner et al. (2002), this decrease in Fv/Fm
can not be interpreted as photoinhibition of the
photosynthetic apparatus. Other reports
sustained that for evergreen angiosperms a
decrease in Fv/Fm below 0.83 indicates
inactivation of PSII (Bjorkman & Demmig
1987). In our study, concomitantly with the
midday decrease in Fv/Fm with respect to
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predawn in summer in N. dombeyi, an increase negatively affect the functionality of PSII.
in ®pgyp, qP, and CO, assimilation was found (P Lower mean Fv/Fm values (0.55 to 0.61) are
= 0.05) (Table 1 and Fig. 2A). These found at midday in summer in some evergreen
physiological parameters are indicators of the species that are able to down regulate their
stability of PSII. Thus, we can not assume a  photochemical efficiency (Adams & Demmig-
similar inactivation of PSII, compared to that ~ Adams 1994). Conversely, at midday in
observed in winter and summer in other species summer, in N. nitida, Fv/Fm values were higher
in the field (Adams & Demmig-Adams 1994). than in N. dombeyi despite lower ®pgy, qP. It
The decrease in Fv/Fm in N. dombeyi from 0.85 appears, however, that under high PPFD
in predawn to 0.73 at midday does not seem to (midday) in the dryer season, N. dombeyi

T T T T T T T T

180 A + mmms Morning (B) -
L Midday -
EEEE Afternoon

160
140
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140 |- " + * .
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(D) contents in leaves of N. dombeyi and N. nitida, respectively. Morning measurements were made
one or two hours after dawn (morning). Midday measurements were made at the time of the highest
temperature and PPFD (between 12 and 14 h). Afternoon measurements were made two hours
before sunset. Values represent the means of five replicates in each species, season and daily period
+= SE. Different lower case letters indicate statistically significant differences (P < 0.05) between
daily periods for each season and species. Different upper case letters show statistically significant
differences (P = 0.05) between seasons for each species in the same daily period. Asterisk (¥)
indicate statistically significant differences (P < 0.05) between species for each parameter in the
same season and hours of day.

Cambios estacionales y diarios en los contenidos en carbohidratos solubles totales (A) y (B) y prolina (C) y (D) en hojas de
N. dombeyi y N. nitida, respectivamente. Mediciones fueron hechas una o dos horas después del alba (mafiana), en el
periodo de mayor temperatura y PPFD (mediodia), entre las 12 y 14 h, y dos horas antes de la puesta del sol (tarde).
Valores representan el promedio de cinco réplicas en cada especie y estacion + EE. Letras mintsculas diferentes indican
diferencias estadisticamente significativas (P = 0,05) entre las horas del dia, para cada estacién y especie. Letras maydscu-
las diferentes muestran diferencias estadisticamente significativas (P < 0,05) entre las estaciones para cada especie en el
mismo periodo del dia. Asterisco (*) indica diferencias estadisticamente significativas (P < 0,05) entre especies, para cada
pardmetro en la misma estacion y hora del dia.
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utilizes light energy for photochemical
processes more efficiently than N. nitida, which
corresponds well with the higher CO,
assimilation of this species in comparison with
N. nitida (P = 0.05). This highly efficient
behavior of N. dombeyi in the utilization of
absorbed energy in the photochemical and CO,
assimilation processes at the highest PPFD
(summer) coincides with higher contents in Z
(8.2-fold higher) and slightly higher contents in
A and L (1.9 and 1.7-fold higher, respectively)
in relation to predawn (Table 2). Similar results
are reported for other plants exposed to high
light and to additional stresses such as drought
or cold (Faria et al. 1996, Logan et al. 1998,
Verhoeven et al. 1999, Garcia-Plazaola et al.
2003).

Differently as occurs in N. dombeyi, in
upper canopy leaves of Nothofagus
cunninghamii from an Australian rainforest
subjected to high irradiance (by simulated
sunflecks) the decrease of the Fv/Fm and the
increase of Z, is associated with a transitory
decrease of ®pgy; and net photosynthesis (Tausz
et al. 2005). In winter Z also accumulated more
in N. dombeyi (4.2-fold higher) than in N.
nitida (1.8-fold higher) at the time of high
PPED in relation to predawn. This represents a
typical photoprotective strategy by which
overwintering leaves prevent reactive oxygen-
mediated damage, whereby the excess light
energy absorbed by chlorophyll is dissipated as
harmless heat (Adams et al. 2004). Nothofagus
dombeyi is dependent on light for the
transformation of the xanthophylls pool in Z
from predawn to midday in winter and spring.
In N. nitida a conservation of some proportions
of Z remained overnight until midday (Fig. 3
and Table 2), suggesting a nocturnal retention
of dissipative pigments in this species as
occurred in other plants (Logan et al. 1998,
Verhoeven et al. 1999). This effect has been
explained by a stimulating cold effect, which
contributes to keep an acidic intrathylakoid pH,
which could maintain active to some extent the
enzyme violaxanthin de-epoxidase at night.
Thus, the generation of Z could then contribute
to photoprotection during the day (Verhoeven
et al. 1998, Barker et al. 2002). Mahonia
repens populations exposed to direct sunlight in
winter showed a nocturnal retention of Z at
predawn, which was associated with sustained
depressions in Fv/Fm (Logan et al. 1998). In

contrast, Fv/Fm did not decrease in N. nitida
despite the nocturnal retention of Z. The
highest increments in Z+A contents between
predawn and midday in N. dombeyi were
obtained in summer (450 %), while in N. nitida
this increase was lower (158 %). This increase
is mainly due to the increment in Z. This
suggests that dynamic changes in the
photosynthetic apparatus of these species from
winter to summer occur, being these changes
more notorious in N. dombeyi than in N. nitida.
Other difference between these species was the
larger predawn and midday NPQ found in
summer and autumn in N. dombeyi (Table 1),
corresponding with a larger conversion state
(Fig. 3) That could explain the heliophyte
character of N. dombeyi with respect to N.
nitida.

In contrast to the behavior of evergreen
species from colder climates, where CO,
fixation rates close to zero were found in winter
(Strand et al. 2002), our subject species showed
a positive CO, balance in this season. In a
Mediterranean climate, a depression in net
photosynthesis was found in Quercus suber in
winter, although the major depression occurred
in summer (Garcia-Plazaola et al. 1997)
concomitantly with stomatal closure, due to
drought. In our study, N. dombeyi did not show
stomatal closure at midday in summer, which is
the time of highest photosynthesis (Fig. 2A and
2B). Nothofagus nitida closed its stomata
towards the afternoon, but maintained its
midday photosynthetic rate (Fig. 2E and 2F).
This stomatal behavior caused lower leaf
transpiration of N. nitida than N. dombeyi at
midday (P = 0.05). Despite that, N. dombeyi
maintains similar relative water contents than
N. nitida (data not shown). The ability to
maintain opened stomata for a longer time
permits not only water vapor exchange, but the
uptake of CO, which conduces to higher
photosynthesis (Larcher 2003). In addition, N.
dombeyi exhibited higher WUE than N. nitida
under high light intensities in the dry season.
These results are consistent with those of
Weinberger et al. (1973), where a higher
capacity to loose water and tolerate desiccation
without leaf lethal injury was found for N.
dombeyi rather than N. nitida. The higher
photosynthetic rates found in N. dombeyi at
midday and afternoon in summer corresponded
well with higher qP, ®pgyy, indicating a better
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photosynthetic performance under this
environmental conditions in this species than in
N. nitida. This behavior is consistent with the
preference of N. dombeyi for open spaces, as
opposed to N. nitida, which regenerates in
shady habitats.

The lack in total chlorophyll content
changes during the daily cycle at all seasons in
both species could indicate that a mechanism to
avoid or decrease energy absorption throughout
the decrease in chlorophyll contents is not
exhibited by these species, contrarily to the
behavior in most of sun-exposed leaves of
evergreen species (Adams & Barker 1998,
Adams et al. 2002). This behavior could be
explained as a response to the high frequency
of cloudy and rainy days in the study site.

The higher accumulation of TSC in winter
in both species could be explained by a low
temperature effect on the enzymatic
mobilization of starch to soluble sugars as
found in other woody plants (Sakai & Larcher
1987). It is known that an accumulation of
some osmolytes such as carbohydrates and
proline can contribute to confer cold resistance
to plants preventing frost injury (Larcher
2003). TSC results correspond well with a
higher freezing tolerance found in winter in
these species, which was higher in N. dombeyi
than in N. nitida (Reyes-Diaz et al. 2005).
There is not a clear relationship between
proline contents and freezing tolerance. There
is evidence that the major changes in total
osmotic potential (W) which accompany the
seasonal course of freezing tolerance are due to
changes in sugar contents during the seasonal
cycle (Sakai & Larcher 1987). In our study, the
winter carbohydrate accumulation did not
parallel well with the lowest W, . On the
contrary, W, were significantly lower in
summer (-1.93 MPa) in N. dombeyi than in
winter (-1.61 MPa) (not shown) probably, due
to a lower water availability in these seasons
and a higher E than in N. nitida (Fig. 1, Fig. 2C
and 2G).

We conclude, that N. dombeyi showed a
better photosynthetic performance,
accompanied by higher accumulation of
photoprotective pigments of the xanthophylls
cycle, than N. nitida in summer under the
highest light intensity, temperature and the
driest conditions. Under wet conditions both
species, in particular N. nitida showed good

photosynthetic performance. These evidences
could help to explain the heliophyte and
pioneer character of N. dombeyi and the
decreased shade semi-tolerant properties of
adult individuals of N. nitida that emerge from
the canopy. Thus, light use and management
are two of the factors that appear to contribute
to habitat separation of these two species.
Differential freezing, water and flooding stress
resistance of the two species could also
contribute to their habitat separation.
Nonetheless, further studies should be
conducted on the differential resistance of these
two species to water and flooding stress.
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