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A B S T R A C T

Drier climatic conditions will be the future scenario in many regions worldwide, including southern South
America. Few studies have characterized the ecophysiological vulnerability of the endemic tree species that
inhabit this area, to climate change. In this study we assessed the hydraulic vulnerability of the longest-lived tree
of the Southern Hemisphere, Fitzroya cupressoides, focusing on adult trees and saplings from two highly disturbed
populations: the Coastal Range (AC) and Central Depression (FN) of southern Chile, which represent contrasting
site conditions. This, as a basis for the design of conservation strategies to safeguard the persistence of these
endangered forests in a drier future. We assessed water potentials (WP) throughout a growing season, their
relationships with environmental conditions, as well as leaf and stem (branch) traits and hydraulic safety
margins. Despite that the studied summer was the second driest in the last seven decades, minimumWP were not
that negative (−1.3 to −1.5MPa); which could be partly explained by a high leaf capacitance in this species.
Adult trees and saplings from both sites did not significantly differ in their WP at turgor loss point, and their
associated leaf safety margins, which were relatively low in all cases. However, they significantly differed in the
xylem WP causing a 50% loss of stem conductivity (P50): adults AC: −5.14, saplings AC: −2.53, adults FN:
−3.71, and saplings FN: −3.87MPa. These values led to a relatively large stem safety margin (SSM) in most
cases, and their variation was not explained neither by wood density, nor by tracheid size changes. Moreover,
there appears to be an ontogenic adjustment in the more restrictive site AC, which was not seen in FN. Within the
continuum of species strategies to cope with water stress, Fitzroya has features of the two ends of the continuum:
tissues with large SSM, and tissues that sustain milder operation pressures through capacitance. Although
Fitzroya appears to be relatively resistant to water scarcity, saplings from AC, seem to be the most vulnerable to
the aridification trend in southern Chile. Moreover, future drying could become a significant extra threat to the
highly endangered Central Depression population. Conservation actions are urgently needed to secure the future
of Fitzroya forests in southern Chile.

1. Introduction

Water deficit seems to be a predominant limiting factor for forest
growth and persistence (Breshears et al., 2005; Vicente-Serrano et al.,
2014). In particular, its impacts on forest ecosystems will be shaped by
the current and projected increases in the frequency, as well as the

intensity of drought events (Hartmann et al., 2013a; Cisneros et al.,
2014; Trenberth et al., 2014). Severe and extensive mortality and die-
back events, have been reported as a consequence of water stress
(Breshears et al., 2005; Allen et al., 2010; Peng et al., 2011; Anderegg
et al., 2016; Greenwood et al., 2017), supporting the relevance to
evaluate the vulnerability of tree species to hydraulic failure caused by
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water deficits in different regions of the globe (Choat et al., 2012).
Water scarcity can produce xylem tension to surpass critical

thresholds in trees, leading to embolism formation and the consequent
blocking of the xylem water transport (Tyree and Sperry, 1989; Tyree
and Zimmermann, 2002). This impairment may cause reductions in
primary productivity and in more extreme cases tree mortality
(Hartmann et al., 2013b; Nolf et al., 2015). The sensitivity of stem
xylem to water stress can be measured using the vulnerability curve,
which reveals the decline in hydraulic conductivity as water potential
decreases. Within this curve, the water potential at which 50% of
conductivity is lost (P50), has been a useful physiological proxy that
reflects the resistance to hydraulic failure (Meinzer et al., 2009;
McCulloh et al., 2014). However, the hydraulic safety margin, which is
the difference between the minimum water potential experienced by
trees in the field and the P50, arises as a parameter that places the P50 in
context and better reflects the hydraulic conservatism of vascular plants
(Johnson et al., 2012, 2016).

As in many other areas worldwide, precipitation has decreased in
southern Chile since the 1900s (Trenberth et al., 2007; Gonzalez-Reyes
and Muñoz, 2013), and the occurrence rate of severe and extreme
drought events have increased twice in the last century compared to the
1350–1900 period (Christie et al., 2011). Furthermore, significant cli-
mate drying and warming have been projected for this region towards
the end of this century, with summer rainfall decreasing up to 50% and
temperature increasing up to 4 °C (Fuenzalida et al., 2007).

Southern Chile temperate forests region is characterized by an
unusually high endemism (Armesto et al., 1996; Kalin Arroyo et al.,
1996), which added to its extensive habitat loss, have led this area to be
classified among those with a high global conservation priority (Myers
et al., 2000; Olson and Dinerstein, 2002; Armesto et al., 2009). One of
the most compelling and endangered species of these forests is the
endemic conifer Fitzroya cupressoides ((Molina) Johnston), the only
existing species of this genus (Wolodarsky-Franke and Lara, 2005), and
the second longest-lived species in the world reaching more than
3600 years (Lara and Villalba, 1993). Fitzroya has a disjunctive dis-
tribution along the Chilean Andes and the Coastal Range from 39°50′ to
43°S, with small forest remnants present in the Central Depression of
Chile at ∼41°S. The species can also be found in few adjacent areas in
Argentina (Lara et al., 2002; Donoso et al., 2006, Fig. 1). Its current
constrained and fragmented distribution has been significantly shaped
by anthropic degradation, because Fitzroya was intensively exploited
and burned since the European colonization in the 1500s, mainly to
extract its high quality wood and habilitate land for agriculture and
livestock (Donoso et al., 1993; Veblen et al., 1995; Lara et al., 1999a).
According to Lara et al. (1999b), the historical distribution of Fitzroya
forests in Chile at the year 1550 have been reduced by 60%, especially
in the Coastal Range and Central Depression; which became by far the
two most disturbed and degraded areas of its original distribution
(Fig. 1). Hence, due to the endemic and endangered character of Fitz-
roya, plus its constrained distribution, this species is in a highly vul-
nerable state to withstand climate change (Urrutia-Jalabert et al.,
2015a).

Despite the 2.5 times higher annual precipitation falling in the
northern Coastal Range, compared with the lowlands of the Central
Depression; only the Coastal Range population has shown a decreasing
tree-growth trend since the 1970s following the drier and warmer
conditions prevailing in southern Chile during this period (Urrutia-
Jalabert et al., 2015a). This is interesting considering that the remnants
forests growing in the Central depression receive the lowest precipita-
tion amounts of the total Fitzroyás distribution area, facing particularly
dry conditions more often than other sites. In addition, a die-back
episode was reported in adult trees from the Coastal Range population
due to El Niño arid events in the 1990s (Barichivich, 2005). The greater
sensitivity of Fitzroya forests to arid conditions in this rainy site, would
be related to the low water retention capacity of soils near the top of the
Coastal Range, and the Mediterranean climate influence at this latitude

(Urrutia-Jalabert et al., 2015a, 2015b, 2015c).
Although the growth responses of Fitzroya forests to dry conditions

have been different in these two contrasting sites, there is no in-
formation on how vulnerable these two populations are, and how they
hydraulically behave and cope with water scarcity.

On top of the influence of edaphoclimatic or site conditions on
forests vulnerability, it has been reported that size-related changes or
modifications throughout the life stage of trees may affect their toler-
ance or response to water deficit (Cavender and Bazzaz, 2000; Bennett
et al., 2015). Nevertheless, there are not many field studies that have
addressed hydraulic vulnerability changes with ontogeny, and different
investigations do not agree whether small or large trees are more vul-
nerable to water stress (Bennett et al., 2015). Thus, smaller trees have
been reported to be more affected by droughts than mature trees, due to
their shallow roots, smaller water reserves, and their inability to fix
carbon at low water potentials (Cavender and Bazzaz, 2000). In con-
trast to these results, larger trees have been reported to be more at risk
from drought-induced mortality due to their higher vulnerability as-
sociated to their height, which exerts hydraulic and gravitational re-
sistance to water flow, and the more challenging hydraulic environment
at the top canopy (i.e. higher radiation and VPD, Tyree and Ewers,
1991; Domec and Gartner, 2002; Bennett et al., 2015). A higher eva-
porative environment at the top canopy of large trees, compared with
the wetter and shadier conditions where small trees grow underneath,
would induce a higher light-saturated rate of CO2 assimilation, stomatal
conductance and transpiration stream, decreasing the water potential in
the plant and promoting the occurrence of embolism formation under
soil water deficits (Larcher, 2003; Coopman et al., 2011).

Given this context, this study aims to evaluate the following ques-
tion: How Fitzroya adult trees and saplings, growing under contrasting
conditions in the Coastal Range and Central Depression, behave and
cope with dry conditions? We focused on studying Fitzroya saplings
which represent the established regeneration, and adult trees, which
are responsible for the main population primary productivity and ger-
moplasm provision during the next centuries. The purpose of this study
is to unravel Fitzroya’s current hydraulic vulnerability and any succes-
sional trajectory projection, as a basis for the design of conservation
strategies and restoration actions to safeguard the persistence of these
endangered forests in the future.

2. Material and methods

2.1. Current species conservation status

After its massive exploitation, Fitzroya cupressoides was declared a
Natural Monument in 1976. However, the legislation partially allows
the harvesting of wood from dead trees, which has stimulated illegal
cutting and intentional burning to gain access to “dead wood”
(Wolodarsky-Franke and Lara, 2005). Consequently, this species is on
Appendix I of the CITES Convention and is currently listed as en-
dangered in the IUCN Red list of threatened species (IUCN, 2017).

2.2. Study sites

Study sites correspond to the Alerce Costero National Park (AC)
located in the Coastal Range of southern Chile at 40°10′S-73°26′W, and
Fundo Nuñez (FN), a private land with a Fitzroya remnant located in the
Central Depression at 41°26′S-73°07′W (Fig. 1). Fitzroya in these two
separate geographic areas have been documented to exhibit significant
genetic differences (Allnutt et al., 1999; Premoli et al., 2000); and
saplings and adult trees in both areas were selected for being re-
presentative of the regenerative and adult structures dominant in the
landscape of each site, respectively. Adult trees sampled in this study
were between 30 and 45 cm diameter at breast height (dbh), and sap-
lings were< 5 cm dbh and at least 1.5m height.

Adult trees and saplings in AC were sampled within and around a
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0.6 ha permanent plot at 850m a.s.l described by Urrutia-Jalabert et al.
(2015b). Fitzroya stands in this area are medium-age and have devel-
oped following low to mid-intensity fires. Most of adult trees in the
studied stand established after a fire occurred in 1681 (Urrutia-Jalabert
et al., 2015a), so the oldest trees are ∼300 years old and the saplings
are on average ∼35 years old. Climate is characterized by high annual
precipitation reaching up to 4500mm, and a mean annual temperature
of ∼7.5 °C (Urrutia-Jalabert et al., 2015b). There is a Mediterranean
climate influence in the region, with ca. 9% of precipitation falling
during summer (December-February, DGA, 2011).

Soils in the Coastal Range are shallow (40–60 cm), with a sandy
loam texture and originate from Pre-Cambrian to Paleozoic meta-
morphic rocks that have experienced a persistent process of nutrient
lixiviation (Urrutia-Jalabert et al., 2015b). Soils are very poor in

nutrients, have a low pH, high C/N (∼32), and a low water retention
capacity (Urrutia-Jalabert et al., 2015b).

The study site FN is located at 65m a.s.l. in a flat area close to the
city of Puerto Montt. The Fitzroya stand in this area is one of the few
remnants in the Central Depression, with the oldest trees reaching
∼115 years old, and saplings on average ∼35 years old. Mean annual
precipitation reaches 1783mm (∼15% of which falls in summer),
while mean annual temperature is 9.9° C (Pezoa, 2003; Lara et al.,
2008). Soils have developed from volcanic ashes deposited on top of a
relatively impermeable fluvio-glacial stratum, and are locally classified
as ñadis (Lara et al., 2008). Soils are silty-loam to clay-loams, shallow
(40–56 cm depth), have a high organic matter content, low pH, a C/N of
around 18.9–26.5 and very poor drainage (Tosso, 1985; Lara et al.,
2008).

Fig. 1. Map of the study area showing the current (light green) and historical (dark green, Lara et al., 1999b) distribution of Fitzroya forests. The location of the study
sites Alerce Costero (AC) and Fundo Nuñez (FN) is also shown. Due to the small size of current Fitzroya remnants in the Central Depression, they cannot be seen at the
map's scale. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Weather stations recording precipitation, air temperature and re-
lative humidity have been installed since 2011 and 2013 in AC and FN,
respectively. In addition, soil volumetric water content sensors
(Decagon 5TM), were installed at 10 cm and 20 cm depth under the
main forest canopy in AC. The same sensors had been previously in-
stalled by another project at 5 and 15 cm depth in FN (data provided by
Prof. José Dörner). Records in each sensor were logged every 30min.

2.3. Plant water status measurements

Leaf water potential measurements were performed at five occa-
sions during the summer 2015–2016 (December 2015 through March
2016). Measurements were taken after at least ten days without rain
events and under mostly sunny conditions, in order to capture the
seasonal variation in this factor and obtain the lowest possible water
potentials (Ψmin). Twelve adult trees and twelve saplings were mea-
sured each time in each site. Despite the different age of adult trees in
both sites (∼300 and 115 years old in AC and FN, respectively), tree
heights were similar and reached between 10 and 17m. Since Fitzroya
is a shade intolerant species (Donoso et al., 2006), saplings selected in
this study were located in open areas under full sun conditions, adjacent
to the adult stands in AC and FN. Saplings in FN grow on top of
sphagnum cushions, which do not develop underneath the main forest
canopy in this site.

To evaluate plant water status under natural conditions, leaf water
potential (WP) measurements were carried out in shoots collected at
predawn (∼4:30–6:30 h) and midday (∼12:00–14:00 h), from sun-
exposed branches located in the mid to upper-canopy. Shoots were used
instead of leaves, due to the small size of Fitzroya leaves, presuming that
they are functionally equivalent to angiosperm compound leaves
(Brodribb et al., 2005). A Shoot had a maximum length of 10 cm, and
corresponded to a group of twigs with needle-like leaves that were
arranged in whorls around the stem (Fig. S1). Samples were collected
with a ladder and a telescopic pruner, they were immediately bagged
after collected in a sealable plastic bag humidified with breath, and
were left in the dark until measurements were taken (between fifteen
minutes and an hour after collection). Water potential was measured
with a pressure chamber (PMS-600, Albany, Oregon) in the field. The
number of trees and date of sampling for this and all the subsequent
tree measurements are summarized in Table S1.

Since soil water content measurements, as well as relative humidity
and temperature records, were available for the same dates and time of
water potential measurements; lineal regressions were applied in order
to determine the sensitivity of water potentials (predawn and midday)
to environmental conditions. In the case of predawn WP measurements,
they were related to mean environmental conditions recorded between
4:30 and 7:30 AM, and midday WP measurements were related to mean
environmental conditions recorded during the whole morning and up to
the time of measurements (8:00 AM to 14:30 PM).

2.4. Leaf drought tolerance

The cell structural integrity in leaf tissues under water deficit was
evaluated through pressure-volume (P-V) curves (Scoffoni et al., 2014).
These curves were developed using the dehydration technique in small
shoots to estimate bulk leaf water relations for adults and saplings in
each site (Sack and Pasquet-Kok, 2010; Williams et al., 2017). Branches
were collected at predawn from sun-exposed areas in the mid to upper-
canopy of five adult trees and saplings, immediately re-cut under water
and brought to the laboratory in a bucket with water and covered with
dark plastic bags. Shoots were weighted to obtain the fresh mass and
immediately measured for the initial water potential in the pressure
chamber. This procedure was repeated several times while the shoots
were allowed to dehydrate under laboratory conditions (20–25 °C). At
the end, shoots were dried in an oven at 60 °C for 72 h and their dry
mass recorded. The P-V curve relates the decrease in water potential

with the loss in water content in the leaf and allows estimating the
water potential at turgor loss point (ΨTLP), the relative water content at
turgor loss point (RWCTLP), leaf elasticity (ξ) and capacitance. The leaf
safety margin in this work was calculated as the difference between
Ψmin and ΨTLP.

Leaf mass area (LMA, leaf mass in g divided by leaf area in m2) was
determined using remaining shoots from the collections made to mea-
sure water potentials (twelve trees, Table S1). Leaf area was in a first
place determined scanning the projected area of needles (Brodribb
et al., 2005). This is the quickest and most convenient method to esti-
mate leaf area in these imbricated conifer leaves. However, and since
leaf area is underestimated with this method, a subsample of leaves
from these shoots was scanned separately and a conversion factor was
developed to transform projected leaf area to real leaf area. Once these
area measurements were done, leaves were oven-dried at 60 °C for 72 h
and the dry mass was recorded afterwards.

2.5. Stem xylem vulnerability to embolism formation

Within the vulnerability curve, the P50 corresponds to the pressure
at which 50% of stem hydraulic conductivity is lost. This parameter is
useful because of its location on the steepest part of the curve, so a small
decrease in pressure can result in a large loss of conductivity (McCulloh
et al., 2014). Stem xylem vulnerability curves were developed in
branches (branches will be referred as stems throughout the text), using
the air injection method (Sperry and Tyree, 1990; Sperry and Saliendra,
1994) in three adult trees and three saplings per site. Branches were
collected at predawn, immediately re-cut under water and brought to
the laboratory in buckets with water, within dark plastic bags (Table
S1). Branch segments between 16 and 21 cm long were inserted into an
air injection chamber (PMS 1505D-EXP, Albany, Oregon) with both
ends protruding and attached to a tubing system to measure con-
ductivity. The hydraulic conductance of the branch (Kh) was de-
termined measuring the rate of water flow induced by a hydrostatic
pressure head located at ∼70 cm height. Water was collected in pre-
weighted vials for approximately two minutes and the vial was
weighted immediately afterwards to assess the change in weight. Tests
were made repeating the measurements in a number of cases to check if
the water flow rate was the same. After the initial conductance mea-
surement, cavitation was induced by increasing the air pressure inside
the chamber for 10min after which time the pressure was released and
the branches allowed to equilibrate for two minutes. Pressure was in-
creased in 0.5 MPa steps up to 2MPa, and in 1MPa steps above this
value until 8 MPa or until the conductivity of the segment was negli-
gible. Vulnerability curves are constructed by comparing the percent
loss of hydraulic conductance (PLC, relative to the initial value) versus
the applied pressure.

= − ∗PLC [(K K )/K ] 100initial h initial

A stem hydraulic safety margin was determined as the difference
between Ψmin and stem P50 for adults and saplings in each site.

Wood density and xylem anatomical traits, commonly related with
stem hydraulic conductivity, were measured (Sperry et al., 2006;
Martinez-Vilalta et al., 2009). From the same branches collected for the
P-V curves, one wood piece per branch (five per ontogenic stage in each
site, Table S1) was obtained in order to determine wood density. Bark
was removed and wood density (g cm−3) was estimated using the water
displacement method (Osazuwa-Peters and Zanne, 2010). Lumen area
(µm2) and tracheid density (number µm−2) were analyzed in the same
branches used for wood density. Xylem cross-sections (35 µm) were
obtained from each branch segment with a rotary microtome (Accut-
Cut SRMTM 200 SAKURA). These were stained with safranin (1% in
ethanol 50% solution), dehydrated using an increasing ethanol gradient
(50, 70, 80, 96 and 100%) and finished with Neo-clear® (a xylene
substitute; Merck KGaA, Darmstadt, Germany). These sections were
permanently mounted on microscope slides with Neo-Mount® (Merck
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KGaA, Darmstadt, Germany). For each cross-section, a radial transect
was photographed using a Nikon Coolpix P6000 13MPx adapted for
light microscopy at 10× of magnification. In each radial transect, one
area (46,290 µm2) from the outer, middle and inner part was chosen for
tracheid analyses (three areas in total that contained one or more an-
nual rings). Image analyses were performed with the ImageJ software
and tracheid lumen area and density averages were calculated con-
sidering all the tracheids contained in the three areas chosen within
each transect.

2.6. Data analysis

In order to determine differences between predawn water potentials
in adults and saplings from AC and FN throughout the summer; mixed-
effects models considering repeated measures using the “lme” function
from the “nlme” package were used (Pinheiro et al., 2014). Site, on-
togenic stage and measurement time were considered as fixed factors,
while tree was considered as the random factor. An autocorrelation
structure of order one was considered for the measurement time. The
same analysis was applied for midday water potential measurements
and the difference between predawn and midday water potentials
throughout the growing season. A least-square means approach was
used as a post hoc test using the “lsmeans” function and Tukey adjusted
comparisons in R (R Development Core Team, 2014).

In order to evaluate differences between sites and ontogenic stages
for the parameters estimated by the P-V curves, two-way ANOVA
analyses (with site and ontogenic stage as factors) were performed in R
and a least-square means approach was also used as a post hoc test to
deal with interactions. The same analysis was used to test for significant
differences in LMA, wood density, tracheid area and density. These two
later variables were transformed to comply with ANOVA assumptions.

Finally, stem vulnerability curves were fitted using a Weibull
function and P50 values were obtained using the R package “fitplc”
(Duursma and Choat, 2017). Since different trees were measured,
mixed-effects models were used to estimate the mean parameters for
adult trees and saplings in each site, and curves were represented re-
lating relative conductivity (0–1) to water potentials (or applied pres-
sure). Values of P50 were considered statistically different if the 95%
confidence intervals determined using this routine did not overlap.

3. Results

3.1. Site conditions

Total rainfall (December-March) was 2.8 times higher in AC
(428mm) than in FN (155mm) during the studied summer, and mean
summer temperature was 12.3 °C and 14.3 °C in AC and FN, respec-
tively. Although precipitation was remarkably higher in AC than FN, air
relative humidity was more stable in FN compared with AC (Fig. 2).
Thus, relative humidity never dropped below 70% in FN, showing an
average of around 81% during the studied period. Furthermore, soil
water content (at 15 cm depth in FN and 20 cm depth in AC) was lower
in AC than FN, with a summer mean of 29% and 37% in AC and FN,
respectively (Fig. 2). To place climate conditions in context, summer
precipitation during December 2015-March 2016 was the second
lowest recorded since the 1950s in Puerto Montt (no long-term records
were available for AC, Centro de Ciencia del Clima y la Resiliencia,
2017, Fig. S2), demonstrating that the studied summer was one of the
driest on record.

3.2. Plant water status throughout the growing season

Predawn water potentials (Ψpred) throughout the summer did not
decrease below -0.8MPa in neither of the sites nor ontogenic stages
(Fig. 3). Plant water availability reduction throughout the summer was
indicated by the decrease in Ψpred in all plants, with the exception of

saplings at the FN site, which maintained their predawn WP relatively
constant during the whole summer (Fig. 3). An interesting result was
the pronounced decrease of Ψpred in adult trees and saplings from AC
after the third measurement at the end of January 2016. This pro-
nounced decrease was not seen in adult trees from FN, but after the
fourth measurement at the end of February (Fig. 3). According to the
repeated measures analyses, predawn water potentials were sig-
nificantly lower (more negative) in adult trees from AC than in adult
trees from FN and saplings from AC. The group that presented the less
negative Ψpred (significantly different to all the others) was the saplings
from FN.

Midday WP measurements (Ψmidd) became more negative
throughout the growing season and a clear differentiation between
adult trees and saplings (more negative water potentials in adults)
started to appear after the third measurement at the end of January
(Fig. 3). The lowest values were again observed for the adult trees in
AC. Differences were not significant with the adult trees in FN, but were
significant compared with the saplings from both sites. Despite that
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Fig. 2. (a) Precipitation in Alerce Costero (AC) and Fundo Nuñez (FN) for the
December 2015-March 2016 period, (b) Air relative humidity in AC and FN for
the same period, (c) Soil volumetric water content at 15 cm depth in FN and
20 cm depth in AC for the same period.
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summer 2015–2016 was the second driest on record, theΨmin for adults
and saplings in each site did not surpass −1.5MPa.

Considering the daily difference between predawn and midday
water potentials throughout the growing season, which indicates how
much trees dehydrate and recover during a particular day; the only
significant difference was between adult trees from AC (lowest differ-
ence throughout the season) and saplings from FN (largest difference
throughout the season, Fig. S3). Thus, saplings from FN were the group
that most efficiently recovered their less negative predawn water po-
tentials compared to the others.

We found that Ψpred in adult trees and saplings from AC responded
more strongly to environmental conditions than Ψpred in trees from FN
(regardless of ontogenic stage, Fig. 4a–d). Ψpred in trees from AC was
strongly related with soil water content conditions, so when the soil was
wetter in this site, water potentials were less negative. Relationships
were also significant with air relative humidity in AC, so when relative
humidity was higher, water potentials were less negative (Fig. 4a,c). In
the case of FN, the Ψpred- soil water content relationship in adult trees
was the only significant one in this site, and the relationship was
weaker than in AC (Fig. 4b,d).

In the case of Ψmidd, the strongest relationships were found with soil
water content in adults and saplings from both sites (the slope was
steeper for adult trees, Fig. 4e,f). Air relative humidity variation
throughout the summer did not seem to have a significant effect on
Ψmidd in any of the sites (Fig. 4g,h), but VPD variations did have an
effect on Ψmidd measurements in FN (Fig. S4). Relationships between
WP measurements and air temperature were less strong or no sig-
nificant (data not shown).

3.3. Leaf drought tolerance

There were neither significant differences in ΨTLP, nor in the leaf
safety margin between sites and ontogenic stages (Fig. 5a, b, Table 1).
However, there was a significant ontogenic effect in the RWC at the
turgor loss point, with saplings having significantly lower water con-
tents than adult trees in both sites (Fig. 5c, Table 1). Moreover, there
was also a significant ontogenic effect in leaf elasticity, with saplings
from FN having more elastic cells than adult trees in the same site
(Fig. 5d, Table 1). Examples of P-V curves for adult trees and saplings
from each site are supplied in Fig. S5.

LMA in AC was higher than FN for adults and saplings (significant

site effect, Fig. 6a, Table 1).

3.4. Stem hydraulic vulnerability

Looking at the vulnerability curves, the P50 was the most negative in
adult trees from AC (−5.14MPa) and the least negative in saplings
from the same site (−2.53MPa, Fig. 7). Both adults (−3.71MPa) and
saplings (−3.87MPa) from FN were very close and did not significantly
different in their P50 value. However, they were significantly different
to adult trees from AC (confidence intervals did not overlap, Fig. 7).

Given these P50 values and the Ψmin found in each site, the stem
safety margins were all positive, with the largest safety margin found in
adults AC, and the lowest in saplings from the same site (Fig. 8).

Finally, wood density in branches and tracheid area did not sig-
nificantly differ between sites and ontogenic stages, (Fig. 6b, S6a,
Table 1). Moreover, site and the interaction term were significant for
tracheid density, being this variable significantly higher in adult trees
from AC, compared with the other groups (Fig. S6b, Table 1).

4. Discussion

In this study we evaluated the hydraulic performance of adult trees
and saplings of Fitzroya cupressoides growing under two contrasting
sites, in order to understand their vulnerability to the current ar-
idification trend in southern Chile.

4.1. Plant water status, their drivers and leaf drought strategies

Despite the much lower precipitation amounts that fall in FN com-
pared to AC, there was a higher soil water content and shallow soil
water table in the former site (Lara et al., 2008). This higher soil water
content offered a buffer that allowed maintaining the water status of
trees (less negative predawn water potentials) for a longer time during
summer (Fig. 3). Thus, as it has been reported before, soil water content
plays an important role on the climate ranking of sites, being able to
buffer or even reverse this ranking (Lamy et al., 2014).

Although the decline of soil water content throughout the season in
FN (∼42–32%) was more pronounced than in AC (∼29.5–28%), the
lowest water content in FN was still higher than in AC. The overall
decrease in soil water content was the cause of the decline in predawn
and midday water potentials in both sites (more negative values). As an
exception, the particular microsite conditions where saplings grow in
FN (sphagnum cushions), offered a buffer that dampened soil water
variations, explaining why Ψpred did not change throughout the
summer in this site. In addition, the foliage of saplings was most of the
time wet at predawn, due to the dew that is very common in this site at
night, making the response of Ψpred to changes in relative humidity
weak (Fig. 4d). The presence of dew in the leaves of saplings in FN
could certainly contribute to their higher water status, compared to the
others (Burns Limm et al., 2009; Kim and Lee, 2011). Due to the gen-
erally high relative humidity in FN at early morning, the response of
Ψpred in adult trees to this variable was also weak (Fig. 4d).

The steeper slope of the relationship between Ψmidd and soil water
content in adult trees than in saplings in both sites (Fig. 4e,f), probably
reflects a more conservative water use of Fitzroya saplings throughout
the season. Less negative Ψmidd in saplings than adult trees towards the
end of the growing season, could be due to plant biophysical features
that determine lower path length-associated resistance, xylem tensions
and overall hydrostatic constraints in smaller trees (Woodruff and
Meinzer, 2011; Bennett et al., 2015).

Ψmin were not that negative in Fitzroya, even considering that the
studied summer was the second driest on record in Puerto Montt (but
not the second warmest, see Fig. S2). This indicates that despite being
classified within the group of species with a delayed stomatal closure
under water stress (Brodribb et al., 2014), Fitzroya does not reach very
negative WP values, which could be partly due to a high leaf
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capacitance in this species (Fig. S7). Leaf tissues can perform as water
storage units (Sack et al., 2003), discharging water to the transpiration
stream to buffer changes in water potentials and reduce or slow down
the water potential decline during a dry period (Hao et al., 2008; Scholz
et al., 2014). Large leaf capacitances, expressed as the time that a leaf is
able to function without hydraulic connection, have been reported for
other native conifers in Chile (Austrocedrus chilensis, Pilgerodendron
uviferum, Araucaria araucana, Saxegothaea conspicua) by Brodribb et al.,
(2005). Similarly, Scholz et al., (2014) reported a high leaf capacitance
in Austrocedrus chilensis in Argentina (1.35mol m−2 MPa−1), which
probably contributes to the large safety margin observed in this species.

Saplings from FN were the group that recovered its hydraulic status
more efficiently compared to the others (Fig. S3). This result goes in
agreement with their significantly more elastic leaf cells and their
higher leaf capacitance; features that would allow them to take up more
water at night and reach less negative predawn water potentials (Tyree
and Ewers, 1991, Figs. 5, S7).

Leaf safety margins were positive and relatively low in all cases,
meaning that trees from both sites could reach the WP at turgor loss
point somewhat easily during summer (Fig. 5). Species like Austrocedrus
and Nothofagus glauca in southern South America have been reported to
lose their cell turgor during the growing season (Bucci et al., 2012;
Scholz et al., 2014).

Given that LMA values were significantly higher in trees from AC
than FN (Fig. 6a), and that there were no other significant differences in
leaf hydraulic strategies driven by site (Table 1); a high LMA in AC

would be likely associated to poor nutrient soils in this site (Lusk and
Matus, 2000). Habitats where high nutrient limitation impedes tree
growth, have been reported to generally support species with high LMA
(Poorter et al., 2009). However, this characteristic could also have a
role on drought tolerance, being directly or indirectly related with
slightly more negative ΨTLP in this site (not significant), conferring
Fitzroya a mechanical resistance (i.e. larger volume and/or higher vo-
lumetric fraction of mesophyll) to lethal leaf shrinkage under dehy-
dration (Niinemets, 2001; Villar et al., 2013; Scoffoni et al., 2014).

4.2. Large stem safety margins and other potential strategies of Fitzroya to
withstand water scarcity

Regarding the P50 values found for Fitzroya in this study (Fig. 7),
they were more negative (except for saplings in AC) than the one re-
ported for Austrocedrus chilensis in Argentina (−2.7MPa, Scholz et al.,
2014), and within the range of values reported for Nothofagus species in
southern Chile and Argentina (−2.6 to −5.3MPa, Bucci et al., 2012).
In addition, stem safety margins were generally large and positive,
except for saplings in AC, which value was just above 1MPa (Fig. 8).

In the case of Alerce Costero, the stem P50 of adult trees was more
negative than the one reported for leaves in the same site (∼−3.3MPa,
Brodribb et al., 2014). This seems consistent with the theory of hy-
draulic segmentation along the vascular system of trees, indicating that
branches would be additionally protected from embolism by displaying
more negative thresholds for decreases in hydraulic conductivity than
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leaves (Tyree and Ewers, 1991; Bartlett et al., 2016; Johnson et al.,
2016); although the trunk may not be necessarily more resistant than
branches (Domec et al., 2009; Johnson et al., 2016).

The most negative stem P50 found in this study, was not as negative
as the one reported for trees of this species grown in a botanic garden in
California (∼−8.0MPa, Pittermann et al., 2010). This difference needs
to be further investigated, because it seems unlikely to be caused by the
different methods used, since their artifacts have been mostly reported
to affect species with long xylem vessels (Choat et al., 2016; Cochard
et al., 2013). In this direction, a recent trial of a stem vulnerability
curve for a Fitzroya tree from the same Botanic Garden (57 years old)
using the optical vulnerability method (for one branch, Brodribb et al.,
2017), provided a P50 value closer to our result for saplings, so further
attempts are needed to clarify this discrepancy.

The large stem safety margins found for Fitzroya in this study, seem
to be the main hydraulic safety valve in this species. Choat et al. (2012)
in their global review found that many species, mainly angiosperms,
had small safety margins; pointing that this was probably the result of a
trade-off between growth and protection against mortality in a given
site. This explanation holds in the case of Fitzroya, which is a slow-
growing species, with slow carbon dynamics (Urrutia-Jalabert et al.,
2015b); therefore, growth is not a priority, especially under the poor
soil conditions where the species dominates the landscape (Donoso
et al., 2000; Lusk and Matus, 2000).

The stem safety margin was the largest in adult trees from AC,
probably because these 300 years old trees grow on a low water re-
tention capacity soil and have to stand high atmospheric water de-
mands during summer and freezing conditions during winter
(Pittermann and Sperry, 2003). The ontogenic difference only found in
AC, indicates that there is a functional/structural adjustment in this
site, where tree height would not be playing a role as its driver, because
trees reach similar heights in both sites (Ambrose et al., 2009). We
speculate that the more variable and restrictive site conditions in AC
(lower soil water contents and higher evaporative demands) could in-
fluence the construction of a safer xylem system with age, given the old-
growth character of the species. Further studies are needed though, to
clarify if site conditions or age per se, are the causes of this adjustment.
In the case of trees from FN, there is probably a genetic predisposing

condition to have a relatively safe stem (in saplings and adult trees),
since this population is a relict of glaciation advances, so trees may
have an adaptation to resist freeze-thaw embolism (Villagrán et al.,
2004).

Neither wood density, nor tracheid size/area (see Fig. S8 for trac-
heid diameter distributions), would be explaining the differences found
in stem safety margins. Although tracheid density was higher in adult
trees from AC, its variation would not explain the overall safety margin
pattern either. Tracheid density has not been reported to be directly
related with safety, although it has been found to increase with age
(Martinez-Vilalta et al., 2009). These overall results are consistent with
other studies that have shown that differences in vulnerability to ca-
vitation are not driven by changes in wood density (Rosner et al., 2007;
Domec et al., 2009; Corcuera et al., 2011), and that low wood density is
not necessarily associated with low cavitation resistance (Greenwood
et al., 2017). Moreover, protection against cavitation appears to be
uncoupled from tracheid size and efficiency in conifers (Pittermann
et al., 2006a). It has been reported that torus-margo pits in the tracheids
of conifers have a crucial role in preventing air-seeding (Pittermann
et al., 2006b). Actually, the high cavitation resistance found in some
Cupressoid species, was associated to higher torus-aperture ratios and
thicker tori in the tracheids of these species (Pittermann et al., 2010).

Conifers of the Southern Hemisphere, have been reported to have
wood tissues that are overbuilt to support transport stress, making their
xylem expensive and hydraulically inefficient. This means that xylem

Table 1
Results of two-way ANOVA on P-V curves’ derived parameters and structural
traits in F. cupressoides. Significant values (α≤ 0.01) are in bold. Traits acro-
nyms: ΨTLP = water potential at turgor loss point, RWCTLP= relative water
content at turgor loss point, LMA=Leaf mass area; WD=Branch wood den-
sity, C=Capacitance, TA=Tracheid area, TD=Tracheid density.

Traits Site (S) Ontogenic stage (O) S×O interaction

ΨTLP F 1.7220 0.0928 0.1076
P 0.21 0.76 0.75

RWCTLP F 2.1691 10.8845 0.0562
P 0.16 0.005 0.82

Elasticity F 0.4287 9.1258 3.0835
P 0.52 0.008 0.09

Leaf safety margin F 1.9735 1.9998 0.2319
P 0.18 0.18 0.64

LMA F 32.0410 0.2708 2.5718
P <0.0001 0.61 0.12

WD F 3.0667 0.2213 0.4040
P 0. 1 0.64 0.53

C F 1.5539 8.2806 7.7028
P 0.23 0.01 0.01

TA F 4.4474 0.1174 1.8879
P 0.051 0.74 0.19

TD F 12.2955 3.0124 11.1408
P 0.003 0.10 0.004
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attributes are decoupled from transport efficiency in these trees, and
that selection have acted on xylem attributes more associated to rot
resistance and longevity (Pittermann et al., 2006a; Hacke et al., 2015).
More wood anatomical studies, including cell wall thickness and pit
structure, are needed in Fitzroya in order to better understand the
anatomical structure that supports the survival of this long-lived spe-
cies.

Summarizing our findings; besides the large stem safety margins
found in Fitzroya, trees would probably avoid any drought damage
through vulnerability segmentation (although more studies are needed

to conclude this), and also limiting their water stress through leaf and
likely trunk capacitance, due to the low trunk wood density reported for
this species (Urrutia-Jalabert et al., 2015b, 2015c; Bartlett et al., 2016).
Therefore, it seems that within the continuum of diverse species stra-
tegies to cope with water stress, Fitzroya trees have features pertaining
to the two ends of the continuum: tissues with more negative P50 and
large safety margins, and tissues that maintain milder operation pres-
sures through reliance on capacitance (McCulloh et al., 2014).

4.3. Fitzroya forests conservation under climate change

In terms of hydraulic vulnerability, and considering the water po-
tentials found in the field, Fitzroya appears to be relatively resistant to
water deficit. Fitzroya saplings growing in the Coastal Range though,
appear to be the most vulnerable to water scarcity, placing a warning
about the future of Fitzroya forests, especially if saplings are not able to
reach the adult stage. Field monitoring is therefore needed in order to
assess their current structure, health and abundance (Urrutia-Jalabert
et al., 2015a, 2015c). Given the more stable humidity conditions and
higher soil water contents found in FN, Central Depression sites could
become a refugia especially for Fitzroya sapling survival, at least until
drier climate conditions do not lead to a complete soil drying during
summer. Our results indicate that minimum water potentials will cer-
tainly be lower under the expected drier and warmer summers that
would cause drier soil conditions in the future. If soil water content in
FN decreases to the level of AC, Ψmin would be much more negative
than they are today and safety margins would be reduced. Furthermore,
if future climate conditions lead to water table depletion in this site,
there would be serious consequences on the shallow rooted trees from
this area.

The refugia for Fitzroya forests in the Central Depression can be

Fig. 7. Stem vulnerability curves for (a) adult trees in Alerce Costero (AC), (b) saplings in AC, (c) adult trees in Fundo Nuñez (FN) and (d) saplings in FN. Curves for
the three individuals in each graph, as well as the P50 value and its confidence intervals are shown.
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more assured if protection and maintenance of sphagnum cushions is
guaranteed. These cushions were once very abundant and are now
quickly disappearing due to a growing informal market in southern
Chile. The Central Depression is largely urbanized and the pressure on
Fitzroya forests remnants is large, so conservation efforts should be
placed to further protect, restore and avoid the disappearance of this
genetic population and its associated environment, that is at a high
extinction risk.

Future studies should address still uncertain aspects of the phy-
siology of Fitzroya that shape its vulnerability to climate change. These
aspects include leaf hydraulic vulnerability, branch and trunk capaci-
tance, and the importance of top-down rehydration on the hydraulic
status of this species (Simonin et al., 2009). Moreover, studies that
address non-structural carbohydrates concentrations and dynamics are
needed to determine if carbon starvation can affect these forests at all.
Lastly, it seems very important to perform common garden studies in
order to understand which traits are driven by genetic influences or by
the environment (plasticity), and therefore get a better sense if Fitzroya
populations will be able to withstand and adapt to the accelerated cli-
mate change (Lamy et al., 2014; Anderegg, 2015).
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