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Strong hydraulic segmentation and leaf senescence due
to dehydration may trigger die-back in Nothofagus dombeyi
under severe droughts: a comparison with the co-occurring

Austrocedrus chilensis
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Abstract

Key message Total leaf hydraulic dysfunction during
severe drought could lead to die-back in N. dombeyi,
while hydraulic traits of A. chilensis allow it to operate
far from the threshold of total hydraulic failure.
Abstract Die-back was observed in South America tem-
perate forests during one of the most severe droughts of the
20th century (1998-1999). During this drought Austroce-
drus chilensis trees survived, whereas trees of the co-
occurring species (Nothofagus dombeyi) experienced
symptoms of water stress, such as leaf wilting and
abscission, before tree die-back occurred. We compared
hydraulic traits of these two species (a conifer and an
angiosperm species, respectively) in a forest stand located
close to the region with records of N. dombeyi mass mor-
tality. We asked whether different hydraulic traits exhib-
ited by the two species could help explain their contrasting
survivorship rates. Austrocedrus chilensis had wide leaf
safety margins, which appear to be the consequence of
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relatively high leaf-and-stem capacitance, large stored
water use, strong stomatal control and ability to recover
from embolism-induced loss of leaf hydraulic capacity. On
the other hand, N. dombeyi even though had a stem
hydraulic threshold of —6.7 MPa before reaching sub-
stantial hydraulic failure (Pgg), leaf Pgg occurred at leaf
water potentials of only —2 MPa, which probably are
reached during anomalous droughts. Massive mortality in
N. dombeyi appears to be the result of the total loss of leaf
hydraulic conductance leading to leaf dehydration and leaf
drop. Drought occurs during the summer and it is highly
likely that N. dombeyi cannot recover its photosynthetic
surface to produce carbohydrates required to avoid tissue
injury in the winter season with subfreezing temperatures.
Strong hydraulic segmentation in N. dombeyi does not
seem to have an adaptive value to survive severe droughts.

Keywords Capacitance - Leaf hydraulic conductance -
Pgg - Turgor loss point - Water storage

Introduction

There is a large difference in hydraulic architecture traits
between conifers and angiosperms resulting in a wide
range in drought responses. Wood of conifers has only
tracheids that are narrow and short, while angiosperms
have mostly vessels and fibers of larger diameter and
length than tracheids. These anatomical differences have
ecophysiological correlations in terms of stomatal behav-
ior, water stored use, resistance to cavitation, hydraulic
safety margins and on the ability to refill embolized con-
duits, which may confer each group of plants a different
behavior in relation to avoidance or tolerance to water
deficits and potential inherent mortality risks (Goémez-
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Aparicio et al. 2011; Carnicer et al. 2013; Coll et al. 2013).
Although some conifers exhibit low stomatal conductance
sensitivity to changes in air saturation deficits (ASD)
(Johnson et al. 2011), other conifers may be more sensitive
to ASD changes and close their stomata before embolism
occur (Zwieniecki et al. 2007). A strong stomatal control of
evaporative losses prevents leaves from reaching very
negative water potentials (¥) which may contribute to
larger hydraulic safety margins.

In water relation studies, knowledge of hydraulic safety
margins is more informative that only documenting xylem
¥ because it indicates how close to the loss of its hydraulic
capacity a plant operates. The safety margin is the differ-
ence between the lowest water potential experienced by
e.g. leaves and a reference point at which certain amount of
hydraulic dysfunction occurs in the xylem tissue. The
xylem tension inducing 50 % loss of hydraulic conduc-
tance (Psg) is the most commonly used index of xylem
embolism resistance to cavitation, however, this threshold
value is not always an adequate reference point to compare
the susceptibility to irreversible hydraulic failure across
species. The value that better reflects the inherent risk to
critical hydraulic failure appears to be the pressure induc-
ing more than 88 % loss of hydraulic conductance (Pgg)
(Barigah et al. 2013; Urli et al. 2013) which represents the
actual maximum species-specific tension experienced by
most xylem conduits before becoming fully dysfunctional
(Domec and Gartner 2001). Tissues (e.g. leaves and stems)
of many species have not the ability to recover from 88 %
loss of hydraulic conductivity while comparatively more
vascular species can recover after reaching tensions
inducing the 50 % loss of hydraulic conductivity (Black-
man et al. 2009; Bodribb and Cochard 2009). These indices
are weighted average behaviors of the vascular tissues
because each tissue has an array of conduits with different
susceptibility to cavitation. Although some conifers may be
able to recover from drought-induced embolism (Zwie-
niecki and Holbrook 1998; Johnson et al. 2009), they are
usually considered to have a relatively lower capacity to
refill embolized xylem elements than angiosperms do
(Brodribb et al. 2010). The Pgg values not only differ
between species, but also along the hydraulic continuum
within the plants. In general, stems are less vulnerable to
embolism than leaves (Pratt et al. 2007; Bucci et al. 2012,
2013; Hao et al. 2008; McCulloh et al. 2013) resulting in
varying degrees of hydraulic segmentation (Tyree and
Ewers 1991).

Although Y., — Pso safety margin can be small or
negative in some species, a safety margin considering a
higher hydraulic risk (¥, — Pgg) could better represent
the ability of a plant to avoid death by irreversible
hydraulic failure. Mechanisms such as capacitive water
discharge in leaves or stems can reduce or slow down the
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water potential drop during a dry period (Bucci et al. 2008;
Scholz et al. 2008). Some species from dry environments
are vulnerable to hydraulic dysfunction but this low ability
of the water transport pathway may be compensated by a
large capacitance of the surrounding tissues (Barnard et al.
2011; Bucci et al. 2012).

Extensive tree mortality triggered by severe drought has
been documented in forests worldwide (Allen et al. 2010).
The precise mechanisms and plant traits underlying or
mitigating species-specific mortality are poorly understood
but they are currently the subject of a debate and ongoing
research (McDowell et al. 2011; Allen et al. 2012; Choat
et al. 2012; Sala et al. 2012; Hartmann et al. 2013; Plaut
et al. 2013). Two mechanisms have been frequently sug-
gested to explain drought-induced mortality in trees
(McDowell et al. 2008). Species with a tight stomatal
control to avoid hydraulic failure have a reduced CO,
assimilation with consequences for its carbon economy
eventually leading to carbon starvation (Sala et al. 2010;
Adams et al. 2013). Anisohydric species (species with low
stomatal control allowing large fluctuations in ¥), how-
ever, are predisposed to hydraulic failure because they
function with narrow hydraulic safety margins during dry
periods (Bucci et al. 2013). Gymnosperms generally
exhibit wider safety margins than angiosperms (Meinzer
et al. 2009; Choat et al. 2012) but not always. While some
conifer species in the Cupressaceae family survive exten-
ded drought periods, some Pinaceae species have very low
resistance to embolism formation and safety margins
resulting in widespread mortality events (Breshears et al.
2005). Selective mortality involving conifers and angio-
sperms has been observed in South America temperate
forests during the 1998-1999 strong La Nifa precipitation
anomalies which led to a severe drought (Suarez et al.
2004). During this drought, Austrocedrus chilensis (Cu-
pressaceae) trees survived whereas trees of the co-occur-
ring  angiosperm  species  (Nothofagus  dombeyi;
Nothofagaceae) experienced symptoms of water stress,
such as leaf wilting and abscission before die-back occur-
red (Suarez et al. 2004).

In this study we compared several hydraulic traits of two
dominant tree species in a mixed forest in the southern part
of the Andes dominated by A. chilensis and N. dombeyi.
We asked whether those different responses exhibited by
these co-occurring gymnosperm and angiosperm species
during one of the most severe drought of the 20th century
in Patagonia could be explained by key hydraulic features
other than differences in xylem anatomy. We expected that
a higher hydraulic capacitance of the leaves and stem,
stored water use and a higher capacity for embolism repair
could mitigate the effects of severe droughts in A. chilensis
while carbon starvation due to leaf shedding caused by a
highly segmented hydraulic architecture can trigger die-
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back in N. dombeyi. The implicit paradigm in this study is
that the physiological underpinning of drought survival is a
multi-dimensional problem and thus species-specific sur-
vival cannot be predicted with meaningful certainty by
using a single parameter (e.g. stem Ps).

Materials and methods

The study was carried out in a site near Lago Puelo
National ~ Park, Chubut, Argentina (42°05'01"S;
71°37'28"W) and approximately 70 km south of one of the
sites indicated by Suarez et al. (2004) as having records of
mass mortality in N. dombeyi. The study site has similar
ecological characteristics compared to the ones that
exhibited N. dombeyi die-back. The area has a mean annual
precipitation of about 1,200 mm and a mean temperature
of 11 °C. Precipitation is seasonally distributed with wet
winters (June to September) and dry summers (December
to March). Information from a site close to the study area
(El Bolson city) indicates that accumulated precipitation
during the previous 2 months (November and December)
was only 32 mm and the air temperature was 14 °C, which
is lower than the mean precipitation (close to 90 mm) and
2 °C higher to the mean air temperature for these months.
The study site is a forest with abundant A. chilensis and N.
dombeyi tree species. During January 2012 (the peak of the
dry season) we selected 10 canopy trees per species with a
mean DBH of 403 £38cm in A.
31.8 £ 2.58 cm in N. dombeyi to perform the physiologi-
cal measurements. Both species were sampled on the same
days.

Austrocedrus chilensis (D.Don) Pic. Sern. et Bizarri is
an endemic conifer species of the temperate sub-antarctic
forests of Patagonia and grows up to 1000 m.a.s.l., in
habitats with more than 2000 mm to less than 400 mm
rainfall and from 36°30'S to 43°35’S. This species only
grows with shrubs and grasses in the driest sites and with
N. dombeyi (Mirsb) Oerst in relatively wet sites. Mortality
of A. chilensis has been reported since the last half of the
20th century throughout its range of distribution. Mortality
of A. chilensis is locally known as “mal del cipres”
(cypress sickness) and it is associated with biotic factors
such as Phytophthora species (Greslebin et al. 2005) and
with poorly drained soils (La Manna and Rajchenberg
2004).

Nothofagus dombeyi is one of the nine species of Not-
hofagus occurring in South America. It is an evergreen
species growing between 39 and 45°S and with an altitu-
dinal range of 400-1,200 m a.s.l. There are nine Nothof-
agus species in southern Argentina and Chile with only
three of them being evergreen: N. dombeyi, N. betuloides
and N. nitida. All other Nothofagus species are deciduous.

chilensis and

In mixed forest with A. chilensis, N. dombeyi exhibited
larger mortality than A. chilensis under severe droughts (57
and 5 %, respectively; Suarez and Kitzberger 2008).

Leaf water potential and leaf pressure—volume
relationships

Predawn and minimum leaf water potentials were mea-
sured with a pressure chamber (PMS; Albany, Oregon)
during January 2012. Leaf water potentials of ten small
leafy twigs from different individuals per species (n = 10)
were measured before dawn and at 12 h. We used leafy
twigs instead of leaves because the petioles are very short.

The pressure—volume (P—V) relationships of small leafy
twigs were developed by the dehydration technique to
estimate bulk leaf water relations for each species. Mea-
surements were performed on exposed, expanded terminal
twigs. Five leafy twigs per species (one twig per tree;
n = 5) were sampled at predawn. The leafy twigs were first
weighed to the nearest 0.001 mg to obtain the initial fresh
mass and immediately placed in the pressure chamber
(PMS system, Corvallis) to obtain the initial water poten-
tial. The procedure was repeated many times while the
leafy twig was allowed to slowly dehydrate under labora-
tory conditions (20-25 °C). Finally, the twigs were dried in
a force-convection oven at 80 °C for 72 h and their dry
mass was recorded. Saturated mass of non-hydrated sam-
ples was estimated by determining hydrated/dry mass
ratios from parallel samples obtained from the same indi-
vidual on the same date. The tissue water relation param-
eters calculated from P-V relationships were water
potential at the turgor loss point (Y1 p) and leaf capaci-
tance (Cieqr). Leaf capacitance values (mol m 2 MPa )
were determined from slopes of cumulative mass of water
released per leaf area (mol m_z) against leaf water
potential (MPa).

Leaf hydraulic vulnerability

Leaf hydraulic vulnerability curves were determined by
measuring leaf hydraulic conductance (Kj.,s mmol m2-
s~' MPa~') from small leafy twigs collected from ten
different trees per species using the partial rehydration
method described by Brodribb and Holbrook (2003). The
measurement is based on the analogy between rehydration
of partially desiccated leaves and charging of a capacitor
through a resistor as follows:

Kleaf = Cleaf ln(lpo/lpf)/t

where Cie,r is leaf capacitance, ¥ is leaf water potential
before rehydration, and ¥y is leaf water potential after
rehydration for 7 seconds. A range of leaf ¥ measured on
leafy twigs was attained through slow bench dehydration of
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large branches of ten trees per species collected from the
field. Some samples were previously hydrated for 1 or 2 h
to obtain leaf ¥ close to zero. Leaf water potentials for
Kiear calculations were then measured after 0.5-1 h equil-
ibration (depending of the dehydration degree) inside black
plastic bags with slightly humid paper towels. Leaf vul-
nerability curves were plotted as loss of Kje,r (%) against
initial leaf ¥ before rehydration. Leaf Psy and Pgg values
were obtained from sigmoid functions fitted to the data at
water potential at which the 50 and 88 % of loss of Kje,s
occur, respectively. The leaf hydraulic conductance was
also measured in leafy twigs collected at predawn, mid-
morning, midday, 15 and 18 h.

Stem xylem vulnerability

Hydraulic vulnerability was determined on stems from 5 to
7 individuals per species by plotting the percent loss of
hydraulic conductivity (PLC) against stem Y. Different
PLC values were obtained by allowing large branches
excised in the early morning to dehydrate slowly in air for
different time periods (Tyree and Sperry 1989). After
allowing time for partial dehydration, branches were placed
in sealable bags with a wet paper towel. After equilibration
for at least 30 min (depending of the dehydration degree)
measurements of ¥ from non-transpiring small leafy twigs
and hydraulic conductivity (k) of a stem segment were
obtained for each branch. The stem ¥ and leaf ¥ were
assumed to be in equilibrium because the branches were
slowly dehydrated. Maximum hydraulic conductivity
(knmax) Was obtained by flushing the samples with filtered
water at a pressure of 0.2 MPa for 15 min to remove air
bubbles from embolized vessels. Percent loss of hydraulic
conductivity was calculated as:

PLC = 100 x (1— kn )
hmax

To measure k;, the underwater cut ends of stem seg-
ments were attached to the hydraulic conductivity appa-
ratus (Tyree and Sperry 1989). Distilled water was used as
the perfusion fluid. Relatively low hydrostatic pressure
generated by a constant hydraulic head of 50 cm was
applied to avoid refilling of embolized vessels. Hydraulic
conductivity (kg m s~' MPa~') was calculated as the ratio
of the flow rate through the segment (J, kg s™') and the
pressure gradient across the segment (AP/AL MPa m™ ).
Stem Psy and Pgg values were obtained from sigmoid
functions fitted to the data at water potential at which the
50 and 88 % of ky, loss occurs, respectively. Sapwood and
leaf specific hydraulic conductivity were obtained by
dividing ky, by the cross sectional active xylem area and by
the total projected leaf area distal to the stem segment,
respectively. Sampling methods may generate artifacts in
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PLC patterns inducing a certain degree of embolism that is
itself a function of xylem tensions at the moment of sample
excision (Wheeler et al. 2013). The artifacts could be
introduced during excision. In our study, the branches were
excised at dawn when water potentials were high, thus
minimizing the risk of artifacts in PLC determinations.

Sapwood density and capacitance

Wood density (p) was measured by the water-displacement
method on samples collected from the trunk of ten trees per
species (one sample per tree). Each sample of sapwood was
obtained with a 5 mm increment borer and sealed in glass
vials to be transported to the laboratory. After removal of
bark and pith, p (g cm™>)was calculated as:

P:V

where M is the dry mass of the sample (oven dried at 60 °C
for 72 h) and V is the sample volume. Volume was esti-
mated by submerging the sample in a container with dis-
tilled water resting on a digital balance with a 0.001 g
precision. The sample was kept submerged during mea-
surements with the help of a very small needle, without
touching the walls of the container. Saturated water content
was determined dividing the saturated mass minus dry
mass by the dry mass.

To determine sapwood capacitance, cylinders of sap-
wood were obtained with a 5 mm increment borer in the
trunk of three trees per species and sealed in glass vials.
These samples were transported to the laboratory where
they were allowed to hydrate in distilled water for <2 h to
avoid oversaturation, quickly blotted to remove excess
water, placed in the caps of thermocouple psychrometer
chambers (JRD Merrill Specialty Equipment, Logan, UT,
USA), weighed, and then sealed inside the chamber for
determination of water potential isotherms. Each chamber
contained three cylindrical tissue samples. The psychrom-
eter chambers were placed in an insulated water bath and
allowed to equilibrate for at least 3 h before measurements
with a dew point micro-voltmeter (HR-33T, Wescor,
Logan, UT, USA). Measurements were repeated at fre-
quent intervals until the water potential values stabilized.
The chambers were then opened and the samples allowed
dehydrating for different time intervals, re-weighed in the
chamber caps, resealed inside the psychrometer chambers
and allowed to equilibrate for another determination of
water potentials. Moisture release curves were generated
by plotting water potential against relative water content.
Curves fitted to the relationships between sapwood water
potential and relative water content were used to calculate
sapwood capacitance as described in Meinzer et al. (2003).
Capacitance was normalized by the sapwood tissue volume
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to facilitate comparison of absolute amounts of water
released per unit decline in water potential. Sapwood
capacitance (kg m—> MPa~"') was calculated as:

Sapwood capacitance = —
0g

Where W is mass of water per unit volume of tissue and
@ is the water potential of the tissue. Mass of water per unit
tissue volume at saturation (kg m—>) was calculated by
multiplying the saturated/dry mass ratio of each tissue by
tissue density (kg m ) and subtracting tissue density. The
cumulative mass of water released per unit tissue volume
was then calculated by multiplying the tissue relative water
deficit (1-RWC) at a given value of tissue water potential
by the mass of water per unit tissue volume at saturation.
Capacitance values were determined from instantaneous
slopes of plots of cumulative mass of water released
against tissue water potential. Species-specific values of
tissue capacitance were calculated as the slope of linear
regressions fitted to the initial phase of each water release
curve. Although this method could not reflect the capaci-
tance in the operating range of each species (Richards et al.
2013), for the study species the minimum water potentials
were close to the inflection point in the curve and both
species exhibited a similar native operating range (AY)
within the initial linear portion of the water release curve.
We do not know the ¥ these species experience during
drier conditions, which probably lay on the flatter portion
of the release curve, leading to a different value of
capacitance than the capacitance obtained using their
actual operational range.

Sap flow and stem water storage calculations

Sap flow in A. chilensis was measured with the heat-dissi-
pation method (Granier 1985, 1987) in three individuals
with mean DBH of 33.3 + 2.35 cm during the summer of
2012. Briefly, a pair of 20 mm long, 2 mm diameter
hypodermic needles containing a copper-constantan ther-
mocouple inside a glass capillary tube and a heating ele-
ment of constantan coiled around the glass tube was
inserted into the sapwood near the base of the main trunk
and on a second-order branch (near the tree top). Both
probes were installed in the same azimuthal position. The
upper (downstream) probe was continuously heated at a
constant power by the Joule effect, while the unheated
upstream probe served as a temperature reference. Tem-
perature differences between the upstream and downstream
probes were recorded every 10 sec and 10 min averages
were stored in data loggers (CR 1000, Campbell Scientific).
Sap flux density was calculated from the temperature dif-
ference between the two probes using an empirical cali-
bration (Granier 1985, 1987). The measured temperature

differences between both probes were corrected for natural
temperature gradients between the probes (Do and Roche-
teau 2002). The probes were left in the tree for few days to
avoid or minimize wound effects. Mass flow of sap per
individual was obtained by multiplying flux density by the
active sapwood cross-sectional area. The sapwood cross-
sectional area was obtained by injecting dye near the base of
the main trunk and in a branch per tree for several trees of
each species representing a range of diameters. After 2 h
cylinders of sapwood were obtained with a 5 mm increment
borer and determined by the portion dyed.

Branch sap flow rates were used to obtain whole-crown
transpiration according to Goldstein et al. (1998). Whole-
crown transpiration was estimated by normalizing branch
sap flow with respect to the average daily maximum value.
Normalized branch sap flow was then divided by the daily
sum of the normalized 10 min averages divided by 6, then
multiplied by the total daily sap flow measured at the base
of the tree which was assumed to be equal to total daily
transpiration according to the principle of conservation of
mass. This procedure yielded estimated rates of crown
transpiration on an hourly basis. Total diurnal stem water
storage capacity was estimated by subtracting 10 min
averages of basal sap flow from whole crown sap flow
when basal sap flow was less than whole-crown flow,
summing the differences, then dividing by six. It was not
possible to collect data for N. dombeyi due to technical
problems with one of the dataloggers.

Stem diameter changes

Electronic dendrometers (models DEX70 and DEX100,
Dynamax Inc. Houston, TX, USA) were installed in the
trunk of the same three trees used to determine sap flow in
A. chilensis. Dendrometers were placed in an intermediate
position between both sap flow sensors. To monitor whole-
stem diameter fluctuations, the bark was smoothed before
dendrometer attachment and then covered with rubber
foam insulation and aluminum foil to minimize heating by
direct solar radiation. To monitor sapwood diameter fluc-
tuations, the sapwood surface was exposed by removing
the outer parenchyma (cortex) from two small areas on
opposite sides of the stem. Data were obtained every 10 s,
and 10 min averages were recorded with a data logger
(CR1000, Campbell Scientific), taking the signals from the
full-bridge strain gage attached to the flexible frame of the
caliper-style dendrometers. The frame temperature was
measured with copper-constantan thermocouples to correct
for potential temperature effects on the dendrometer frame.
To estimate the temperature correction factor, dendrome-
ters were also installed on cut stems with the ends sealed
and the whole stem wrapped in aluminum foil to prevent
water loss. These stem sections with the dendrometers were
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placed next to the dendrometers used on intact stems to
insure similar temperature and light conditions. The tem-
perature correction factor was 0.046 mm per 20 °C, similar
to the temperature correction specified by the manufac-
turer. We have no data of stem diameter changes in N.
dombeyi due to the same data logger failure used to mea-
sure sap flow in this species.

Statistical analysis

The SPSS 11.5 statistical package (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis. A one-way analysis
of variance (ANOVA) was used to test for differences in
leaf water potentials (predawn, midday and TLP) within
each species. To test for differences in one variable
between species, a student test was performed.

Sigma plot version 11 (Systat Software, Inc., Chicago,
IL, USA) was used to fit functions for all vulnerability
curves. Vulnerability curves were fitted to the data with
three-parameter sigmoidal functions, but a Weibull func-
tion was fitted to leaf vulnerability curve in A. chilensis.
Linear functions were fitted to water release curves. The
slopes of water release curves were compared with an
analysis of covariance (ANCOVA).

Results

During the hottest and driest month of the year (January).
the predawn and midday leaf water potentials (V) were
similar between species (Fig. 1). While predawn
Y x Ynax Was approximately —0.5 MPa, midday
¥ X ¥min was —1.4 MPa for both species. However, the
¥ at turgor loss point W1y p) was significantly higher (less
negative) in A. chilensis (—1.1 MPa) than in N. dombeyi
(—1.63 MPa). In A. chilensis leaf ¥,,;, was more negative
than leaf Y1 p (Fig. 1).

Leaf and stem vulnerability curves differed between
species (Fig. 2). The water potential at which leaves lose
50 % of its hydraulic conductance (leaf Psy) was higher in
A. chilensis than in N. dombeyi; nevertheless this behavior
was opposite when it was considered the leaf water
potential at which leaves lose 88 % of its maximum
hydraulic conductance (Pgg) (Fig. 2 a, c). Leaf Pgg in A.
chilensis was —3.0 MPa while in N. dombeyi leaf Pgg was
—2.0 MPa. At stem level, both stem P5q and Pgg were about
2 MPa more negative in N. dombeyi compared to A. chil-
ensis (Fig. 2 b, d) and lower than in the leaves for both
species. Nothofagus dombeyi exhibited larger differences
between leaf Pgg and stem Pgg (4.7 MPa) compared to A.
chilensis (1.4 MPa) (Fig. 2; Table 1). The leaf hydraulic
safety margin estimated as ¥,;,—Pso was negative for A.
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Fig. 1 Leaf water potentials at predawn (filled bars), midday (gray
bars) and at the turgor loss point (open bars) in A. chilensis and N.
dombeyi during the peak of the dry season (summer). Each bar
represents the mean value—1SE (n = 10 for predawn and midday leaf
water potential and n = 5 for turgor loss point). Different lower case
letters between bars indicate significant differences between leaf
water potentials within species (One-way ANOVA; p < 0.05).
Different capital letters indicate significant differences in leaf water
potential between species (student test; p < 0.05)

chilensis and close to zero for N. dombeyi (Fig. 3). Other
leaf hydraulic safety margins using Pgg as a reference point
(VY min—Pss, PtLp—Pss, and Psg—Pgg) were always positive
and two to four times higher in A. chilensis than in N.
dombeyi (Fig. 3; Table 1).

Leaf hydraulic conductance (Kj.,) varied during the
daytime in both species but the Kj.,; of A. chilensis was
always higher than K.,y of N. dombeyi (Fig. 4). Leaf
hydraulic conductance was higher in the morning and
significantly lower near midday and then recovered in the
afternoon in both species, but the magnitude of the diurnal
fluctuations was substantially larger in A. chilensis. The
Kiear in A. chilensis varied between 56.2 and
27 mol m 2 s!MPa~!, while in N. dombeyi varied
between 17 and 11 mol m™? s~ MPa~'. In N. dombeyi
native Kje,r (measured at predawn) was substantially lower
than maximum K.,; (measured from rehydrated leaves at
¥ close to zero MPa) (22 % lower), however, in A. chil-
ensis native and maximum Kj.,¢ were similar (Fig. 4).

The rate of decline of normalized water release on a leaf
area basis as a function of leaf ¥, an estimate of leaf
capacitance (Cie,r), Was higher for A. chilensis compared to
N. dombeyi, both before and after turgor loss point (Fig. 5).
Slopes were statistically different (P = 0.0001) between
species, before and after turgor loss point. Leaf capacitance
for A. chilensis was more than twofold higher than Ci.,¢ in
N. dombeyi. Both species exhibited higher Cy., after turgor
loss point (Fig. 5).
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stem hydraulic conductance (leaf Psy and stem Psy) and the water
potential at the 88 % loss of leaf and stem hydraulic conductance (leaf
Pgg and stem Pgg &= SE) are indicated in each panel. Leaf and stem
vulnerability were best described by:

Sapwood density was significantly lower in A. chilensis
than in N. dombeyi while saturated water content and
sapwood capacitance had an opposite behavior (Table 1).
Sapwood-specific and leaf-specific hydraulic conductivity
was higher in A. chilensis than in N. dombeyi, however the
differences were not significant (Table 1).

Sap flow in A. chilensis increased earlier in branches
than at the base of the trunk in the early morning with a
lag of about 1 h (Fig. 6a). Additionally, the maximum
sap flow is reached sooner in the crown than at the base
of the main stem. While the maximum sap flow in
branches occurred at midday, at the base of the tree it
was reached at 21 h for both days of measurements.
Differences in the time course of the basal sap flow and
crown sap flow were used to determine periods of dis-
charge and recharge of water from internal stem sto-
rages (Fig. 6b). The discharge of water from internal

I+

cy=17.946 +71.88(1 + e(—4759)). d y = 124

1

=

water storage occurred between 7 and 18 h (positive
values of crown -basal sap flow) and the recharge
occurred at nighttime (Fig. 6b). The mean total water
use per day for A. chilensis trees was approximately
40 1, of which 7.71 day~' were derived from stem water
storages. Consistent with the discharge and recharge of
stem water storages, daily variations in stem diameter
both in the sapwood as well as in the cortex were
observed (Fig. 6¢). Increases in stem diameters indicate
that water from the soil was recharging the stem sto-
rages, while decreasing values indicate that the stem
diameter was being reduced as a consequence of the
discharge of water from storages. The changes at initial
contraction and at final expansion of both tissues (sap-
wood and total stem) were similar but after midday and
up to 22 h the changes in total stem diameter were
larger than in the sapwood (Fig. 6¢).
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Table 1 Wood density, wood saturated water content and capaci-
tance in the main trunk, sapwood specific and leaf specific hydraulic
conductivity of terminal branches and hydraulic safety margins (leaf
Y in — leaf Pgg and leaf Pgg — stem Pgg) in A. chilensis and N.
dombeyi

A. chilensis  N. dombeyi
Wood density (g cm™) (n = 10) 0.50 + 0.01* 0.54 + 0.02°
Wood saturated water content (%) 130 & 4.6° 91 + 3.8°
(n = 10)
Sapwood capacitance 375 + 32° 178 + 14°
(kgm > s MPa™!) (n = 3)
Sapwood specific hydraulic 0.84 £ 0.06 0.65 £+ 0.09
conductivity (kg m~' s~! MPa~")
(n=5-7)
Leaf specific hydraulic conductivity 51+£09 43 +£1.1
(x107* kg m~' s7! MPa™")
(n=5-7)
Leaf ¥, — leaf Pgg (MPa) 1.6 £ 0.05 0.6 £ 0.04
Leaf Pgg — stem Pgg (MPa) 1.4 £0.1 4.7 £0.19

We have done error propagation as additive for safety margins and
have estimated the standard error for the other parameters. Different
letters indicate significant differences between columns (p < 0.05)

2.5 T T T T

I A. chilensis
| =3 N. dombeyi

Leaf safety margin (MPa)

Fig. 3 Leaf safety margins between a midday leaf water potential
and water potential at the 50 % loss of leaf hydraulic conductance
(Y min — Pso), b Wmin and water potential at the 88 % loss of leaf
hydraulic conductance (¥, — Pgg), ¢ water potential at the turgor
loss point and Pgg (Y1 p — Pgg) and d Psy — Pgg for leaves of A.
chilensis (filled bars) and N. dombeyi (open bars)

Discussion

This study investigated possible physiological mechanisms
responsible for the observed die-back in N. dombeyi during
a severe drought in 1998-1999, while it also contributes to
understand why the co-occurring conifer, A. chilensis,
survived. These species specific plant traits observed in this
study also help to explain their patterns of ecological dis-
tribution along the Andean forests, with A. chilensis
reaching the xeric portion of the Andean forests in the
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Fig. 4 Diurnal variations in leaf hydraulic conductance (Kj.,) in A.
chilensis (filled symbols) and in N. dombeyi (open symbols) during the
dry season. Each point is the mean value & SE for ten leaves per
species. ***Significant difference between species at p < 0.001. The
maximum Kj.,s values measured at water potential close to zero MPa
are indicated in each panel

ecotone with the patagonian steppe, and N. dombeyi growth
restricted to relatively wet habitats. Dendrocronological
studies of forests in the eastern limit of N. dombeyi dis-
tribution (xeric boundary for this species) had indicated
that drought and heat events induce instantaneous as well
as lagged tree mortality effects in N. dombeyi (Suarez and
Kizberger 2010). Records of mortality of N. dombeyi in
these more xeric forests, however, were not associated to
climatic events causing mechanical damage (strong wind
and snowfalls). For A. chilensis, records of erratic mortality
throughout the natural range of the distribution, have been
observed perhaps as a result of complex interaction
between biotic (e.g. Phytophthora austrocedrae) and abi-
otic factors (e.g. poorly drained soils) more than by
extreme drought per se (Greslebin et al. 2005; Mundo et al.
2010). Blockage of xylem conduits by hyphal colonization
in P. austrocedrae vascular tissues results in a loss of
hydraulic conductivity (Velez et al. 2012), similar to the
effects of drought.

Vulnerability of leaves and stems to cavitation

Resistance of the water transport system in plants is esti-
mated according to certain levels of embolism formation.
Pressures inducing 50 and 88 % of embolism formation
(Pso and Pgg) are indexes commonly used to evaluate
drought stress effects in plants, however, the value better
reflecting the inherent risk of critical hydraulic failure in
the study species is the pressure resulting in 88 % loss of
leaf hydraulic conductance. Although angiosperm plants
death may occur at water potential well beyond the leaf
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Fig. 5 Leaf water release as a function of the water potential a before
turgor loss point (TLP) and b after TLP in A. chilensis (filled symbols)
and N. dombeyi (open symbols). The lines are the linear regressions
fitted to the data a R> = 0.93, p < 0.001 and R*> = 0.86, p < 0.001,
b R> = 0.87, p < 0.001; R* = 0.72, p < 0.001). For each species the
leaf capacitance value £ SE (Cieap; mol m 2 s~! MPa™!) is indicated
which was obtained by the slope between leaf water released and
water potential. In b water released was calculated from TLP which
was considered as zero at that point

Pgg, which is associated with massive stem or total
hydraulic failure (Blackman et al. 2009; Barigah et al.
2013; Urli et al. 2013), N. dombeyi had stems with safety
margins higher than 5 MPa before reaching stem Pgg; thus
the probability of this species achieving high levels of
embolisms in stems is low even under extreme drought
conditions. On the other hand, the leaf Pgg occurred at
water potentials of —2 MPa that probably are frequently
reached during anomalous droughts. We hypothesized that
massive mortality observed in N. dombeyi is the conse-
quence of strong hydraulic segmentation and thus the total
loss of Kj.,r which triggers leaf senescence and leaf drop.

Normalized sapflow

00 ——p—t o+ 1+ S,

(b) Total sapflow 39.9 kg day"
Storage water use 7.61 kg d

2.0

Crown sap flow - basal sap flow (I h'1)

o[ T e
/\

-100

A diameter (km)

-200

24 6 12 18 24 6 12 18 24
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Fig. 6 Typical daily courses of a sap flow in the crown and near the
base of the trunk for A. chilensis normalized by its maximum value,
b daily difference between crown and basal sap flow, ¢ changes in the
stem diameter (4 diameter) considering cortex and sapwood (solid
line) and only sapwood (dashed line) in A. chilensis during the 14 and
15 January 2012. Positive values of the difference between crown and
basal sap flow indicate time periods when water transpired was
principally discharged from the stem water storage, and negative
values indicate time periods when water from the soil was refilling
water storage. Positive values of 4 diameter indicate stem expansion
and negative values indicate stem contraction
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Droughts occur during the summer (December—March)
and it is highly likely that N. dombeyi trees cannot recover
its photosynthetic leaf surface before the beginning of the
cold seasons (autumn and winter) when the air tempera-
tures drop below freezing. Nothofagus dombeyi is one of
the three evergreen species in the South America Nothof-
agus genus and requires high levels of available carbohy-
drates during winter to enhance its freezing tolerance
(Alberdi 1987; Reyes-Diaz et al. 2005), either through their
protective role on membrane stabilization or by their
effects on freezing point depression. Consequently, if the
lack of CO, assimilation restricts carbohydrate production
before and during winter, damage of active stem and root
tissues may occur as a result of carbon starvation. Studies
on Nothofagus species indicate that while deciduous spe-
cies produce and store non-structural carbohydrates before
leaves fall to maintain the plant metabolism during the
period without leaves, evergreen species such as N. dom-
beyi depends on the continue production of carbohydrates
to cope with low temperatures as their tissues store small
amounts of non-structural carbohydrates (Riveros et al.
2003; Fajardo et al. 2013). Depletion of carbon reserve and
production as the result of drought-induced defoliation had
been recently observed in Pinus Palustris (Poyatos et al.
2013). Future studies on N. dombeyi should consider
measuring carbon availability after drought stress and their
subsequent response to low temperatures.

The higher loss of hydraulic capacity at low water
potentials in N. dombeyi can have a positive feedback due
to water released via cavitation, which can play a signifi-
cant buffering effect in xylem water relations on a short
time basis (Meinzer et al. 2009; Scholz et al. 2011). This
could be advantageous in species with high capacity to
recover Kje,r on daily basis; however, the low native Kje,¢
(22.8 % lower than max K., observed in N. dombeyi
suggests that conduit refilling is limited perhaps due to high
carbon costs associated with this process (Bucci et al. 2003;
Zwieniecki and Holbrook 2009; Nardini et al. 2011). Under
extended and severe droughts Kj.,y may drop to substan-
tially low values resulting in leaf senescence and eventu-
ally to plant death. The loss of Kj.,s due to strong hydraulic
segmentation during water stress may have both positive
(e.g. releasing water to the transpiration stream) and neg-
ative (e.g. leaf death) impacts, and these impacts need to be
carefully considered if we want to understand more broadly
the fitness benefits of these hydraulic traits.

In an experimental study where four conifer species
from wet and dry forests were exposed to different levels of
water stress by withholding water followed by re-watering,
the death of stressed plants was observed at water poten-
tials close to 95 % loss of Kj.,; (Brodribb and Cochard
2009). In our study, A. chilensis operated under water
potentials far from Pgg, with leaf hydraulic safety margins
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(using Pgg) being always positive and two—four times
higher than those observed in N. dombeyi. Larger values of
these safety margins indicate a more gradual loss of leaf
hydraulic conductance as the water potential drops from
TLP or P55 down to Pgg where leaf hydraulic failure is
almost complete. Total loss of hydraulic conductance both
in leaves and stems is unlikely to occur in A. chilensis
during long droughts.

Very low stem Pgg values in N. dombeyi are not directly
related to drought resistance because the hydraulic bottle-
neck seems to be in the leaves. Nothofagus dombeyi
exhibited a strong hydraulic segmentation between leaves
and stems compared to A. chilensis (4.7 and 1.4 MPa,
respectively). Drought stress triggers a nonlinear, spatio-
temporal dynamics within the hydraulic network of trees,
which may lead to a breakdown of the hydraulic system
(Tyree and Ewers, 1991); it is more likely that this phe-
nomenon occurs in N. dombeyi than in A. chilensis because
their leaves exhibit higher leaf Pgg. In dry sites where both
species are co dominant, drought is the main factor
affecting the demography of N. dombeyi, however, in the
rain forests on the western slopes of the Andes where N.
dombeyi is dominant, climatic-induced mechanical distur-
bance (snow and wind) prevails as disturbance mechanism
(Suarez and Kitzberger 2010). The stem Pgg threshold for
N. dombeyi was —6.7 MPa probably as consequence of its
higher wood density, which could provide mechanical
resistance and/or to reduce maintenance cost per mass unit
(Larjavaara and Muller-Landau 2010). Denser wood can be
the result of narrow conduits, fibers or/and thick-walled
conduits which can contribute to tolerance of high tensions
or to protect conduits from implosion.(Hacke et al. 2001).
Previously, we found a linear negative relationship
between wood density and cavitation threshold across six
Nothofagus species from Argentina and Chile including N.
dombeyi (Bucci et al. 2012) which indicates that a change
in wood density from 0.50 to 0.54 g cm ™ results in a
0.7 MPa more negative stem Ps.

Stomatal conductance and leaf turgor loss point

Previous studies have showed a differential stomatal
response to drought for these study species. While N.
dombeyi exhibits increase in stomatal conductance during
the dry season and at midday when the atmospheric
demand is high (Zuiiga et al. 2006; Jiménez-Castillo et al.
2011), A chilensis shows an early stomatal closure in
response to moderate air saturation deficits even when soil
water content is not limiting (Gyenge et al. 2007). This
differential behavior to drought is also common in Medi-
terranean conifers species and angiosperms (Martinez-Ferri
et al. 2000; Poyatos et al. 2013). Although in this study
stomatal conductance was not measured, a tight stomatal



Trees

control in A. chilensis can be inferred from sap flow pat-
terns, which exhibited a rapid decline after reaching its
maximum value. For other South American Nothofagus
species (N. pumilio and N. antarctica) Pfautsch et al.
(2014) found, also using sap flow data, that stomatal reg-
ulation of transpiration is low in these species because tree
water use increased linearly with increasing air saturation
deficits. Stomatal control observed in A. chilensis, which
was not sufficient to avoid turgor loss, has the cost of
reduced carbon gains but the benefit of maintaining rela-
tively high water potentials and to reduce the possibility
that plant reaches the true threshold of irreversible drought
damage.

Leaf and stem capacitance

Leaf tissues can act as water storage compartments (Sack
et al. 2003) which may release water to the transpiration
stream to buffer rapid changes in leaf water potentials (Hao
et al. 2008). Consistent with our results (higher leaf
capacitance in A. chilensis) Brodribb et al. (2005) found
that conifers from Chilean forests including A. chilensis
exhibit substantial capacitance with small shoots able to
function for long periods (from 10 min in A. chilensis to
108 min in Araucaria araucana) without hydraulic con-
nections to the rest of the plant. Despite having high leaf
capacitance, leaves of A. chilensis lose cell turgor. The
substantial water release from internal water storage after
turgor loss point as observed in A. chilensis could help to
slow the rate of leaf hydraulic conductance loss at leaf
water potentials close to Pgg and to contribute to the large
safety margin observed in this species.

Large leaf and sapwood capacitance in A. chilensis is
consistent with the diurnal dynamic of stem diameter
contraction and expansion, and with the kinetics of crown
and basal sap flow patterns indicating that a substantial
amount of water is released from stem water storages
(19.3 % of the total daily water use). Although we did not
measure sap flow in N. dombeyi, some studies indicate a
positive relation between water stored use estimated from
sap flow measured at different tree height and sapwood
capacitance (Scholz et al. 2007) across several tree species,
suggesting that N. dombeyi may have less water use from
internal storages due to its lower capacitance and saturated
water content. In addition, functional relationships between
sapwood density and capacitance, and sapwood density and
saturated water content found for tree species in other
ecosystems indicate that a small increase in wood density
such as the one observed in N. dombeyi respect to A.
chilensis, leads to a decrease of 15-30 % in terms of
capacitance (Scholz et al. 2007; Meinzer et al. 2008) and

23 % in the water stored; thus the amount of water released
into the xylem stream to buffer the water potential decline
may be lower in N, dombeyi. On the other hand, the cortex
(bark parenchyma tissue) can serve as water source as
reflected by the diurnal variations in the stem diameter
(cortex + sapwood) and in the sapwood. The dynamics in
the contraction and expansion of both tissues suggest a
water movement from the living cortex tissues to the sap-
wood driven by a water potential gradient favoring radial
water movement. Capacitive release of water is an
important aspect of plant hydraulics which is instrumental
to preserve the long-distance water transport and to help
avoid stem hydraulic dysfunction (Scholz et al. 2007;
McCulloh et al. 2013).

In conclusion we observed that A. chilensis exhibit
different physiological mechanisms to maintain the water
potential far from its hydraulic functional limit (Pgg) such
as high hydraulic capacitance of the leaves and stems, high
stored water use, ability to recover hydraulic conductivity
and tight stomatal control of evaporative losses to alleviate
the drought effects during years with anomalously low
rainfall. Strong hydraulic segmentation in N. dombeyi does
not have an adaptive value to survive during severe
droughts. Higher vulnerability to cavitation in leaves than
in stems result in leaf dehydration followed by leaf
abscission when leaf water potential strongly decline due to
water stress, which may lead to carbon starvation. The loss
of gas exchange surface during drought summers in N.
dombeyi may reduce carbohydrate production and storage
required to avoid freezing injury in the following winter.
Although other causes such as leaf overheating could be
involved in the lack of survival behavior, die-back in N.
dombeyi likely occurs due to a combination of leaf
hydraulic failure during long droughts together with carbon
starvation that result in carbohydrate source limitation. The
results obtained in this study are of importance for pre-
dicting long term responses (forest structure and demog-
raphy) to droughts, which are expected to increase in the
next 50 years in the western slopes of the southern Andes
(Collins et al. 2013).
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