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Abstract The physiological capacities of seedlings to
cope with drought may be subject to strong selective
pressure in the context of future climate scenarios, threat-
ening the regeneration and sustainability of forests. Char-
acterization of the responses and the variability between
species is of interest to breeding and domestication pro-
grams. In this study, our main goal was to describe some of
the physiological mechanisms involved in the drought
response of Nothofagus nervosa and N. obliqua, two forest
species of ecological and commercial importance (high
wood quality) in NW Patagonia. We tested for differences
in water status, gas exchange and survival in response to a
gradually imposed severe drought. Based on cavitation
vulnerability curves and hydraulic conductivity measure-
ments, we can conclude that N. obliqua stems have higher
specific hydraulic conductivity and somewhat lower vul-
nerability to cavitation than N. nervosa stems, leading it to
sustain higher stomatal conductance under non-severe
drought conditions. N. obliqua had higher photosynthetic
capacity than N. nervosa, due both to characteristics of its
hydraulic architecture and to its higher metabolic capacity.
Our results indicate that both species present characteristics
of plants susceptible to water stress. Also, both species
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showed behavior resembling an anisohydric response.
This behavior results from a lack of stomatal control over
transpiration while the soil dehydrates, probably accom-
panied by very high vulnerability to cavitation. In contrast,
both species had similar high stomatal sensitivity to vapor
pressure deficit when soil water was limiting.

Keywords Stomatal conductance - Drought avoidance -
Water stress - Seedlings

Introduction

Extreme climatic events such as regional droughts are
likely to produce rapid, profound, long-lasting effects on
ecosystems and landscapes if large numbers of individuals
of dominant or key species disappear (IPCC 2008). Par-
ticularly for areas with Mediterranean-type climate, global
climate models forecast an increase in water deficits and
drought risks as well as fluctuations in precipitation events.
In regions with Mediterranean-type climates, the exist-
ing knowledge on the response of various tree species to
drought is patchy. For example, the physiological respon-
ses of European species of the genus Quercus and Fagus
are well known (Cochard et al. 2000; Corcuera et al. 2002;
Lemoine et al. 2002; Aranda et al. 2004; Lendzion and
Leuschner 2008), while the knowledge of the drought
response of species in many other regions with Mediter-
ranean-type climate, including northern Patagonia on the
western rim of South America, is limited to just a few
species (Suarez et al. 2004; Gyenge et al. 2007; Martinez
Pastur et al. 2007; Piper et al. 2007; Peri et al. 2009), or
even non-existent for other important forest species.
Differences in the degree and type of environmental
stress, biomass allocation patterns, ontogenic changes in
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stress susceptibility, growth variability and genetic vari-
ability in drought resistance may differentially predispose
seedlings and adult trees to remain alive or to die during
severe droughts. In this sense, the development of adaptive
strategies during early ontogeny seems to be the deter-
mining factor for survival in habitats with drought stress
(Pratolongo et al. 2003). Moreover, these traits may be
critical for predicting community-level responses to altered
climatic regimes, yet they are poorly known for many
species (Suarez et al. 2004). Co-occurring Mediterranean
tree species often show different water-use strategies
in response to drought (mainly avoidance or tolerance;
Martinez-Ferri et al. 2000). These water use strategies are
partly related to strategies concerning water status regula-
tion (water potential; Tardieu and Simoneau 1998), which
in turn affect carbon fixation during drought. In this regard,
different species may develop two opposite types of
behavior: (a) isohydric control of water potential (avoid-
ance mechanism by stomata closure; Tyree and Sperry
1988) or (b) anisohydric behavior (generally seen as a
drought tolerance mechanism in which stomatal closure is
less strict; McDowell et al. 2008), or any of multiple
intermediate situations. Regarding anisohydric behavior, it
is important to distinguish this type, which occurs in
drought tolerant species, from the anisohydric behavior of
some non-drought adapted species. Some species may
exhibit anisohydric behavior as a result of a lack of sto-
matal control of transpiration and water potential, and
simply desiccate and die when exposed to drought (run-
away cavitation theory; Tyree and Sperry 1988).

In NW Patagonia, South America, the presence of the
Andean range generates a steep West—East precipitation
gradient and additionally, due to differences in mean
annual precipitation values, inter-annual variation is high
(Jobbagy et al. 1995). Climate models predict an increase
in precipitation variability for the Patagonian region with a
trend towards decreased water inputs (IPCC 2008).
Therefore, more frequent and/or intense drought periods
may have negative impacts on the survival, regeneration
and productivity of some vegetation systems in this region
(Suarez et al. 2004).

In Argentina, Patagonian—Andean forests occupy a
narrow strip, no more than 100-km wide, covering many
degrees of latitude (36°S—-55°S). Species belonging to the
genus Nothofagus (Nothofagaceae) represent 80% of the
Patagonian—Andean forests (Veblen et al. 1996). This
genus includes six species in Argentina, which have high
ecological and commercial importance. Two of these six
species are the deciduous N. nervosa (Phil.) Krassen and N.
obliqgua (Mirb.) Oerst., both included in breeding and
domestication programs and in actions leading to conser-
vation of forest diversity of Patagonian temperate forests
(Gallo et al. 2009).

@ Springer

In Argentina, N. nervosa grows from 39°25’S to 40°35'S
in a small geographical range at elevations of 800-1,000 m
asl, where general environmental conditions remain rela-
tively homogeneous, with dry summers and a wide tem-
perature range. Mean annual precipitation at these sites
ranges from 1,200 to 3,000 mm/year (Marchelli 2001).
West—east prevailing winds are particularly important in
modeling their expected pattern of genetic variation, con-
ditioning a unidirectional genetic flow (Gallo et al. 2004).
Nothofagus obliqua is distributed from 36°50'S to
40°15'S, showing a markedly fragmented pattern of dis-
tribution and a stronger association with a pluviometric
gradient (680 mm to 3,000 mm/year; Barbero 2008). In its
range of distribution, N. obliqua grows at elevations of
650-1,000 m asl (Donoso et al. 2007). It is distributed over
four lake basins, in two of which (Quillen and Lacar) it
occurs in sympatry with N. nervosa. There is a fairly iso-
lated population (Pilolil) at approximately the same latitude
as Lake Quillen, but 30 km farther east, where environ-
mental conditions (mainly lower rainfall) are different from
those of the “central” distribution of this species in
Argentina. The presence of this N. obliqua population in
more xeric conditions suggests that the species, or at least
that population within the species, can have differential
drought resistance strategies compared to N. nervosa.
During recent years, efforts have been made to charac-
terize the genetic variability and identify natural inter-
specific hybrids (e.g. Gallo et al. 2004; Premoli 2004) of
Nothofagus species in Patagonia. However, the physio-
logical implications of genetic differences have not been
studied. This information could be valuable for genetic
improvement and breeding programs, as well as for pre-
dicting the response of different provenances to climatic
change (Kozlowski and Pallardy 2002; Valladares 2004).
Based on this background, our main goal was to
describe the drought responses at the species level in
N. nervosa and N. obliqua seedlings, analyzing ecophysi-
ological variables such as stomatal conductance, net pho-
tosynthetic rates and predawn and midday water potentials,
as well as the plant survival under drought conditions.
Based on the small differences in geographical distribution
of the two species, we expected a generally similar
response but with some variables indicating a slightly
better performance of N. obliqua under drought conditions.

Materials and methods
Study site and plant material
The experiment was performed on 2-year-old N. nervosa

and N. obliqua seedlings in a greenhouse at the National
Institute for Agricultural Technology (INTA) Experimental
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Station, Bariloche, Argentina, in November and December
2008. Late spring was selected rather than summer mainly
to avoid excessively high mean and maximum greenhouse
temperatures.

In order to cover the potential genetic variation associ-
ated with geographic distribution of the two species, all
measurements were carried out on potted seedlings grown
from seeds collected from four provenances of the natural
distribution range of each species (Table 1). After har-
vesting, the seeds were mixed with moist sand and placed
in plastic bags at a temperature of 4-5°C for a period of
45 days for stratification.

One month before the beginning of the experiment, all the
seedlings were transplanted from their original containers to
3-1 plastic pots (20 cm height) and watered daily. To select
the pot volume for the experiment, we previously determined
mean daily transpiration rates of the seedlings. We then
chose a pot size that would ensure water availability above
the permanent wilting point (PWP) for at least 1 week
without watering. This enabled us both to maintain adequate
soil moisture levels for control plants (close to field capacity,
FC) and to generate fairly gradual soil desiccation under the
drought treatment. For all seedlings we used a sandy loam
soil (clay = 6.6%, silt = 41.9%, sand = 51.5%) similar to
soils in which natural forests develop. The water retention
curve of the soil (—0.03; —0.1; —0.15; —0.7 and —1.5 MPa)
was developed in the Soil Laboratory of INTA EEA
Bariloche.

Experimental design

In early November 2008 we selected the 80 most evenly
sized plants of each species (20 of each provenance), of
similar height, basal diameter and number of leaves, also
ensuring similar plant sizes between species. Watering was
suspended for 40 randomly chosen individuals of each
species, while the remaining 40 were kept well watered,
close to FC. A 3-week drought cycle was imposed.

Measurements of soil volumetric water content
(VWC) and micrometeorological variables

We transformed gravimetric water content values of field
capacity (FC) and permanent wilting point (PWP) of the
water retention curves (—0.03 and —1.5 MPa) to volu-
metric values in order to ensure that the watering condi-
tions of the control plants were suitable and to quantify the
degree of water shortage in the drought stress treatment.
Soil moisture was recorded three times a week throughout
the study period as the volumetric water content (VWC, %
vol/vol) using a time domain reflectometry (TDR) soil
moisture meter (TRIME-FM; IMKO, Ettlingen, Germany)
with an 18 cm trident probe (P3 model; IMKO, Ettlingen,
Germany). Values of FC and PWP were compared to
record VWC at each date for each treatment. Soil moisture
measurements were carried out in 20 pots with plants of
each species and treatment.

Mean daily temperature (°C) and mean daily relative air
humidity (%) were registered in the greenhouse using a
thermohygrometer (HOBO, Onset Computer Corporation,
USA). Vapor pressure deficit (VPD, kPa) was estimated
according to Ewers and Oren (2000).

Plant water status: predawn (‘¥,4) and midday (‘F'pnq)
water potential

In order to characterize the plant water status in response to
drought stress, predawn and midday leaf water potential
were measured on two different dates at the end of the
drought cycle. Measurements were carried out with a
pressure chamber (PMS 1000, PMS Instruments, Corvallis,
Oregon, USA) using one leaf per plant in 20-40 seedlings
per species. In all cases we selected fully expanded leaves
from the top third of the seedling. The proportion of cut
leaves was low in relation to total leaf area, ensuring that
the other physiological variables measured were not
affected. For the measurements, we selected plants in

Table 1 Climatic characteristics of provenance areas where seeds were collected

Species Provenance Latitude (S) Longitude (W) Altitude (m) Precipitation (mm yearfl)
N. nervosa Tromen 39°34'32" 71°25'48" 1,040 3,000

Curruhue 39°51'00” 71°29'24" 970 970

Paimin 39°42'00" 71°34'12" 970 970

Queiii 40°10'12" 71°46'12" 900 900
N. obliqua Yuco 40°09'07" 71°30'39"” 930 1,600-1,800

Pio Proto 40°06'48" 71°14'31” 980 1,200-1,400

Quillén 39°22'16" 71°17'31” 1,140 1,800-2,000

Pilolil 39°30'05"” 70°57'44" 836 680

Data of latitude and longitude were registered with GPS, elevation was registered with altimeter and mean annual precipitation was estimated

from isohyet maps (Martinez, pers. comm.)
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which VWC the day previous to water potential measure-
ment was close to FC (control plants) and with very low
VWC values (0-5% vol/vol), in order to determine the
minimum water potential values that each species can
reach.

Leaf gas exchange

In order to characterize the effect of drought stress on net
carbon fixation, net photosynthetic rate was measured in
fully expanded leaves of 20 randomly selected plants per
species and treatment (five of each provenance), using
an LI-6400 portable photosynthesis measuring system
(LI-COR, Lincoln, Nebraska, USA) with a 6400-02B LED
source providing a photosynthetic photon flux density
(PPFD) of 1,000 pmol m~2 s~ ! (this level of radiation was
above saturation point for these species). The atmosphere
of the chamber was maintained at 20°C, 60% relative
humidity, with a CO, concentration of 400 ppm. In all
cases, leaves were large enough to completely fill the
cuvette of the gas exchange system. Net photosynthetic rate
(Aper, pmol CO, m > sfl), stomatal conductance (gs, mol
H,Om2s7 '), and leaf transpiration rate (£, mmol
H,O m~? s™') were registered at the end of the drought
cycle. The instantaneous water use efficiency (WUE) was
calculated as A,./E (pmol CO, fixed per mmol of tran-
spired H,O). Stomatal conductance (gs, mol HO m2 s_l)
was also measured 3 days a week in fully expanded leaves
of 20 plants per species and treatment with an EGM-4
porometer (PP Systems, Amesbury, Massachusetts, USA)
from 9:00 to 11:00 am (midmorning) and 2:00 to 6:00 pm
(afternoon). In addition, we estimated the stomatal sensi-
tivity of both species as in Oren et al. (1999) using the
values of gs and VPD measured concurrently with A
Stomatal conductance measurements performed with the
LI-COR 6400 were never compared with values registered
with the EGM-4 porometer.

Apex mortality

In order to characterize the effect of drought stress on plant
survival and some morphological traits related to wood
quality, at the end of the drought cycle, we recorded the
survival of the plant apex (top third) in each treatment as
the number of apparently dead plants (those with dead
apex, including plants which could probably resprout) over
the total number of plants considered in the assay multi-
plied by 100 [survival percentage (%)].

Additional measurements

In order to evaluate the differences in some physiological
traits between species, not including drought responses, a

@ Springer

set of seedlings of different provenances growing under
adequate water supply was assessed. Pressure—volume
(P-V) curves were used to assess osmotic potential
and cell wall elasticity, and assimilation versus internal
CO, concentration (A—Ci) curves to distinguish between
stomatal limitation and metabolic limitation of photo-
synthetic rates. P-V curves were developed by means of
the “free transpiration technique” following Corcuera
(2003). Six to 12 twigs with fully developed leaves were
excised from each species. The following parameters
were estimated from the P-V curve: the osmotic potential
at saturation (W5, MPa), water potential at turgor loss
full point (‘¥yp, MPa), the relative water content at turgor
loss point (RWCy;,), the maximum modulus of elasticity
(émax» MPa) of cell walls, and the apoplastic relative
water content (RWC,pqp).

As mentioned, A-Ci curves enabled us to distinguish
between stomatal and metabolic limitations of photosyn-
thesis of the seedlings of the two species under adequate
water supply. We used an LI-6400 infrared gas analyzer
(LICOR, Lincoln, Nebraska, USA) with a 6400-02B LED
source, using CO, concentrations of 50, 100, 200, 300, 400,
600, 800 and 1,000 ppm, a chamber temperature of 20°C
and a PPFD of 1,500 pmol photon m~2 s~!. Parameters of
A-Ci curves were obtained using the A/Ci curve fitting
utility version 1.1. Software (Sharkey et al. 2007). This
software enables the following parameters to be estimated:
Vemax (maximum carboxylation rate; pmol m~2 s_l), J
(maximum photosynthetic electron transport based on
NADPH requirement; pmol m 2 sfl), Rd (rate of day
respiration; pmol m™2 s~ ') and gm (mesophyll conduc-
tance; mol m~?2 s_l). The latter was estimated as in Ethier
and Livingston (2004).

On the same set of seedlings and in order to charac-
terize the maximum stem hydraulic conductivity of each
species and the vulnerability to xylem cavitation, vul-
nerability to drought-induced xylem cavitation was
measured as the reduction in hydraulic conductivity of a
stem as a function of xylem pressure induced by air
injection with a modified pressure chamber. For the
measurement we followed the procedure described by
Maherali and de Lucia (2000). Considering that the
maximum length of vessels of both species was about
30 cm, segments 40 cm long (or the whole stem when
seedlings were shorter) were excised, debarked and
all lateral branches cut to provide an entry point for air.
All these procedures were carried out under water. To
determine the maximum hydraulic conductivity (ky,.x) of
each stem, before the induction of cavitation, the segment
was cleared of existing air embolism using filtered water
at 120 kPa for 15 min. Percent loss in conductivity (PLC)
following each chamber pressurization was calculated as
PLC = 100 ((kmax — kn)kmax) Wwere ky is hydraulic
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conductivity of the segment measured after each chamber
pressurization. Vulnerability curves were fitted to the
model proposed by Pammenter and Vander Willigen
(1998) and parameters a (the degree to which conduc-
tivity responds to injection of pressure, curve shape) and
b (xylem water potential at which a 50% loss in con-
ductivity occurs) were estimated.

Statistical analysis

Statistically significant differences in soil water content
(VWC); predawn and midday water potential (‘'pq, ¥ina),
net photosynthetic rate (A,.), stomatal conductance (gs),
transpiration (E) and instantaneous water use efficiency
(WUE) between species and treatments were tested using
one-way ANOVA. When data did not fulfill statistical
assumptions, we used non-parametric Mann—Whitney
(Wilcox) two-sample tests and Kruskal-Wallis test. Com-
parisons between P-V, A—Ci curves and vulnerability to
drought-induced xylem cavitation curves of both species
were analyzed using F tests. The parameters of three
curves were compared between species using one-way
ANOVA, non-parametric Mann—Whitney two sample test
and ¢ tests.

Plant apex survival was compared between species and
treatments using generalized linear/nonlinear models
(GLZ). Additionally, as a preliminary assessment, we tes-
ted for intra-specific differences for most of the measured
variables comparing results of the different provenances
within species (Table 1). For the latter, statistically sig-
nificant differences were tested using one-way ANOVA; in
all cases, o = 5% was used.

Results
Soil water content and climatic variables

Mean values (£SD) of VWC during the whole study period
were 34.0 £ 4.5 and 32.0 £ 7.2% for seedlings under the
control treatment and 13.1 9.8 and 9.9.1 &+ 9.2% for
stressed seedlings of N. nervosa and N. obliqua, respec-
tively (Fig. 1). Mean VWC values in seedlings of the
control treatment were always above the permanent wilting
point (PWP = 22.0% vol/vol) and close to field capacity
(FC = 36.8% vol/vol), while drought treatments showed
similar and lower PWP values. Statistically significant
differences (p < 0.05) in VWC between treatments were
observed within 1 week after the beginning of the mea-
surements and persisted until the end of the experiment. On
each date, VWC values for each treatment were similar
between species (p > 0.05). Mean daily temperature during
the experiment ranged from 12 to 27°C and mean daily
relative humidity ranged from 22 to 54%. During the study
period, VPD ranged from 1.8 to 5.3 kPa for the midmor-
ning measurements and from 1.6 to 6.0 kPa during the
afternoon measurements (data not shown).

Plant water status

Both species show similar values of predawn water
potential independently of the VWC considered (FC or D;
Fig. 2a). However, N. obliqua shows a tendency to lower
values of predawn water potential under severe drought
condition (D; without significant statistical differences). At
midday, we observed the same tendency for severe drought

Fig. 1 Pot volumetric water 50 1
content (VWC =+ SD) per o) Nn-C
species and treatment. Asterisks *
. * *
over the points on the graphs 40 1 o *
indicate statistical differences * * * O —&—Nn-§
between treatments within each = O 0
species. No difference was § ° No-C
found between species within 3 301 o
each treatment. Nn N. nervosa, :
No N. obliqua, -C control, & ° No-S
-§ stressed, FC field capacity, O 20 A
PWP permanent wilting point E
FC
10 A
PWP
0 4
2] o] o 0 0 2] [=2) 0
S S (=} S S (=} S (=}
= = = = = = s" Q
& = A — <+ 0 = IS
— — — (9l (o] N (=) (=}
Date
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Fig. 2 Predawn (a) and midday (b) water potential (SD) in relation
to pot volumetric water content (VWC, FC field capacity, >30%
vol/vol; D drought, 0-5% vol/vol) per species. Nn N. nervosa,
No N. obliqua. Different lowercase letters show statistical differences
in water potential values between species at the same VWC (FC and
D). Capital letters show statistical differences between water
potentials per VWC within species. ¢ Relation between values of
predawn water potential (‘¥;,q) and values of midday water potential
(Wma) per species. Black circles represent N. nervosa, white triangles
represent N. obliqua, dotted line represents a 1:1 tendency
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conditions and also statistical differences between species
under suitable water availability (FC). Under this last
condition N. obliqua had lower values of water potential
than N. nervosa (Fig. 2b).

Both species showed a decrease in their minimum leaf
water potential (measured at midday) when predawn water
potential decreased (Fig. 2c).

Leaf gas exchange

Seedlings of both species showed a high, significant
reduction in net photosynthetic rate after the drought
treatment (p < 0.05). Under control conditions, N. obliqua
showed higher net photosynthetic rate than N. nervosa
(11.7 vs. 9.2 pumol CO, m~2 s L p = 0.03980; Table 2),
but both species had similar values under drought stress
(1.6 pmol CO, m~2s~' for N. obligua and 1.3 pmol
CO, m™* s~ for N. nervosa, Table 2).

Drought stress resulted in decreased stomatal conduc-
tance (gs compared to control conditions for both species,
principally at the end of the drought stress period (21/11/
08; 01/12/08; 03/12/08; Fig. 3). Reductions in gs were
more pronounced in N. obliqua (approximately 80%) than
in N. nervosa. N. obliqua had a trend to higher values of gs
than N. nervosa under control conditions, showing signif-
icant differences only on one date (01/12/08, p = 0.0397)
for midmorning measurements as well for afternoon mea-
surements. Under drought stress conditions both species
showed similar stomatal conductance. When analyzing the
stomatal behavior of each provenance within each species
(n = 5), there was no difference between them (data not
shown).

Both species had similar, high stomatal sensitivity to VPD
under low soil water availability, decreasing from maximum
gs values at about 1 kPa to 10 and 20% of maximum gs at a
VPD of about 1.8 kPa, in N. nervosa and N. obliqua, respec-
tively (Fig. 4). Only when relatively high VPD (about 2 kPa
or higher) was combined with very low soil water availability,
both species closed their stomata almost completely. How-
ever, considering dates with low water availability but low
VDP (24-11-08 and 26-11-08 in Fig. 3), mean values of gs
were 0.036 and 0.044 mol H,O m~2 s~ for N. nervosa and
0.049 and 0.057 mol H,O m~2 s~ for N. obliqua in control
and stressed conditions, respectively, demonstrating no sto-
matal closure in plants growing under low soil water condi-
tions. In contrast, on dates with high VDP and low water
availability (01-12-08 and 03-12-08), mean values of gs were
0.062 and 0.015 mol H,O for N. nervosa and 0.097 and
0.012 mol H,O for N. obliqua in control and stressed condi-
tions, with both species showing a marked decrease in gs
(Fig. 3).

In relation to instantaneous water use efficiency (WUE),
within each treatment both species had similar WUE values
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Fig. 5 Net photosynthetic activity (A, t mol CO, m~2 s71) versus
CO, internal concentration for N. nervosa and N. obliqua

soil water content was high. These lower values of midday
water potential registered for control N. obliqua seedlings
compared to N. nervosa could be related to their lower
osmotic potential values at full turgor (¥ 5., p = 0.0167),
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and/or a higher stomatal conductance at that time of the
day if soil water content is high. Both facts could imply an
advantage for C fixation under low to moderate stress
conditions.

On the other hand, the lower water potential values
observed in N. obliqgua might suggest a greater ability to
withstand relatively high xylem tensions, which, if
accompanied by a hydraulic conductance higher than or
similar to that of N. nervosa, could yield a greater capacity
for water transport (at least under moderate levels of water
stress). In this regard, based on cavitation vulnerability
curves and hydraulic conductivity measurements, we can
conclude that N. obliqua stems have higher specific
hydraulic conductivity and somewhat lower vulnerability
to cavitation than N. nervosa stems, leading it to sustain
higher stomatal conductance under non-severe drought
conditions. However, midday water potential values
recorded for each species suggested that they are probably
losing a certain percentage of hydraulic conductivity,
suggesting a strategy of maximization of C fixation even at
the expense of substantial losses of hydraulic integrity.

From the vulnerability to drought-induced xylem cavi-
tation measurements, we can see that the values of leaf
water potential reached by plants under severe drought
conditions and plants under adequate water supply were
correlated to approximately 50% loss of hydraulic con-
ductivity or even higher values (parameter b in Table 2).

Premature leaf abscission has been observed in decidu-
ous Nothofagus species in response to summer drought
(Veblen et al. 1996), but was not observed in the present
short-term experiment. This leaf abscission could be a good
drought avoidance mechanism, preventing xylem dys-
function or alternatively, could occur as a consequence of
this dysfunction due to a poor stomatal control of leaf water
potential. Our results suggest that the former possibility is
more probable if summer drought is characterized not only
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by low rainfall, but also by high VPD. In the case of the
species studied, pre-formed leaf senescence would leave
aside the neo-formed leaves (leaves developed during the
growing season) which may respond differentially to other
types of stress or higher intensities of the same stress factor
(Guédon et al. 2006; Puntieri et al. 2007). Within the
context of tolerance to drought, the recovery rate may be a
very important factor for plant adaptation and survival in a
particular habitat (Gallé and Feller 2007).

Nothofagus obliqua had higher photosynthetic capacity
than N. nervosa, due both to characteristics of its hydraulic
architecture and to its higher metabolic capacity. In this
regard, almost all parameters of the A-Ci curves were
higher in N. obliqua than in N. nervosa. However, under
low water availability conditions, net photosynthetic
activity (Ane) of N. obliqua was similar to that of
N. nervosa, suggesting a higher relative decrease. The
average A, reduction in stressed seedlings was about 80%
compared to the control plants. Similar results were found
in other related species and genera (Leuzinger et al. 2005;
Gallé and Feller 2007). These reductions may be due in
part to a decrease in gs, especially if VPD is high, but an
additional effect of some degree of damage of the photo-
synthetic apparatus must be considered for both species to
explain photosynthesis reductions. Considering the results
from seedlings under suitable water conditions, both spe-
cies had mean values of net photosynthetic rate similar to
those found in other species of the genus (Read and Hill
1985; Martinez Pastur et al. 2007; Piper et al. 2007; Peri
et al. 2009) and related genera (e.g. Leuzinger et al. 2005;
Gallé and Feller 2007).

The observed pattern of a reduction in instantaneous
WUE of N. obliqua under drought conditions is not a
common response to water stress, but has been observed in
Austrocedrus chilensis (D. Don) Pic. Ser. et Bizarri,
another native tree species of Patagonia (Gyenge et al.
2007). Generally, increased WUE is observed with mod-
erate stress, but as stress becomes severe, WUE decreases
again (e.g. Eastman and Camm 1995). In this regard, many
studies have described the increase in WUE as a common
plant response to water shortage (Sultan et al. 1998; Ogaya
and Pefiuelas 2003; Yin et al. 2005; Piper et al. 2007). In
our study, N. obligua WUE decreased in stressed plants
compared to controls, suggesting some kind of damage in
the photosynthetic apparatus.

When compared to values of other species growing
under Mediterranean and temperate climate (Maherali et al.
2004), the observed absolute values of minimum water
potential (midday) indicate that both N. obliqgua and N.
nervosa should be included within the group of the most
susceptible species to air embolisms (cavitation). Never-
theless, the values are consistent with those found for other
genera closely related to Nothofagus, such as Quercus and

Fagus (Leuzinger et al. 2005), which survived under
moderate water stress conditions. It appears that the very
high vulnerability to cavitation of both species studied may
only be compatible with survival under conditions of no
stress or moderate stress. Interestingly, both species pre-
sented a trend consistent with anisohydric control of water
potential (Fig. 2c¢), reaching lower midday water potential
values as pre-dawn water potential decreases. The high
vulnerability to cavitation in combination with the
observed anisohydric-like behavior could imply important
losses of hydraulic conductivity under water shortages. In
this regard, the anisohydric behavior does not correspond
to the typical anisohydric behavior sensu Tardieu and Si-
moneau (1998). In the species studied, this mechanism may
be the result of a lack of stomatal control of transpiration
and water potential under soil water shortage, probably
linked to the lack of severe water stress they had to with-
stand within the range of current and past geographical
distribution during the growth season. In this regard, both
species naturally grow on udic-humidity soils, with no or
low water deficits throughout the year (Ferrer et al. 1990).

Although both species showed reductions in gs in
response to water stress, the differences in gs between
control and stressed plants were significant only on days
with high VPD levels, indicating the synergic interaction
between low soil water content and high evaporative
demand acting as a signal for stomatal closure. Therefore,
the anisohydric behavior observed in both species studied
would suggest that, rather than being a mechanism of
drought resistance, it is a consequence of evolving in
environments without severe soil water shortages, resulting
in an inability of stomatal regulation when the environ-
mental signal comes from the soil. In addition, when VPD
is high (as on the last dates of measurement), no stomatal
closure occurs when soil water is also high (control plants),
suggesting that this signal alone does not lead to a stomatal
response either. In contrast, both species had a high sto-
matal response to VPD when it was combined with low
water availability, indicating that the interaction of factors
(high atmospheric demand—low soil water) is the trigger
signal of isohydric behavior, mediated by rapid stomatal
closure. Similar behavior has been observed in Fagus
sylvatica (Lendzion and Leuschner 2008) and in ongoing
studies in seedlings of the subtropical species Pinus taeda
(Bulfe, per. comm.). The high decrease in gs at VPD values
as low as 2 kPa, ranging from 0 to 10-20% of maximum gs
depending on soil water availability, is in agreement with
the high minimum values of observed leaf water potential,
indicating a narrow range of environmental conditions in
which these plants can maintain high C fixation values.
Similar behavior has also been observed in adult plants of
other Patagonian native woody species (Nothofagus ant-
arctica, Lomatia hirsuta, Schinus patagonicus, Diostea
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juncea and Austrocedrus chilensis), all of which show high
minimum water potential values as a consequence of fast
stomatal closure (Gyenge et al. 2005, 2008; Fernandez
et al. 2009). A similar pattern has also been observed in
seedlings of other Nothofagus species from New Zealand
(N. solandri and N. menziesii), both of which are ever-
green, and which showed fast stomatal closure in response
to dehydrating soil (Sun et al. 1995).

Final conclusions

As a whole, our results indicate that both species have
characteristics of plants susceptible to water stress, show-
ing values of ecophysiological variables similar to species
adapted to climates with low to moderate water deficits.
Comparing both species, N. obliqua had some parame-
ters which conferred an advantage for C fixation over
N. nervosa under high soil water availability conditions.
We observed lower water potential values in N. obliqua
suggesting higher stomatal conductance, which are allowed
by lower water potential at turgor loss point, higher
hydraulic conductivity and lower vulnerability to cavitation
than N. nervosa.
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