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A B S T R A C T

Hydraulic safety margins (HSM) have been widely studied to assess the hydraulic risks and/or strategies of plant
species under drought. However, calculations of HSM tend to vary between studies, leading to conflicting
conclusions. In this study, HSM of 16 co-occurring woody species (including evergreen trees, brevi-deciduous
trees, and lianas) in a tropical karst forest was investigated. They were expressed as: (1) the difference between
minimum leaf water potential and water potential causing 50% loss of leaf hydraulic conductance (HSMleaf), (2)
the difference between water potential at stomatal closure and that at 50% loss of branch hydraulic conductivity
(HSMstomatal), and (3) the difference between water potential at 50% loss of leaf hydraulic conductance and that
at 50% loss of branch hydraulic conductivity (HSMsegmentation). We asked the following questions: were HSMleaf

in the normal and extreme dry seasons across plant groups different? Were there correlations between different
HSM-calculations? Results showed that, on average, the three plant groups showed similar and positive HSMleaf

in the normal dry season, but evergreen trees declined to a more negative value in the extreme dry season while
the other two groups remained positive. The massive loss of leaf hydraulic conductance in several evergreen tree
species was consistent with their extensive shoot dieback under extreme droughts. Across species, there were no
significant relationships between HSMstomatal and HSMleaf. Most species (mainly lianas and brevi-deciduous
trees) showed negative HSMsegmentation, which did not support the vulnerability segmentation hypothesis that
branches are more resistant to cavitation than leaves. Moreover, more negative HSMsegmentation tended to have
lower HSMstomatal and larger HSMleaf in the extreme dry season. This study indicates that karst evergreen trees
are more likely to experience leaf hydraulic failure under extreme droughts, and reveals potential correlations
between branch and leaf hydraulic safety strategies. Further studies on HSM-demographic rate relationship in
the tropical karst forests are recommended.

1. Introduction

Droughts are one of the most significant environmental limitations
for plant growth and survival (Lambers et al., 2008). Due to global
climate change, shifts in rainfall patterns and increasing temperatures
have increased the frequency and severity of droughts in many regions,
particularly in tropical regions (Zhang et al., 2007; Feng et al., 2013).
Furthermore, widespread forest decline caused by extreme drought
stress around the world has been observed over the past decades, which
exerts a profound effect on the structure and function of forest

ecosystems (Allen et al., 2010; Booth et al., 2012; Anderegg et al.,
2013). An important eco-physiological mechanism underlying tree
dieback or mortality is the failure of the hydraulic transport systems
due to severe cavitation (McDowell et al., 2008; Nardini et al., 2013;
Rowland et al., 2015; Choat et al., 2018; Liu et al., 2018).

Hydraulic safety margin (HSM) can assess the degree of plant's hy-
draulic risks and/or qualify hydraulic strategies during drought periods,
which have been widely studied in the field of plant physiological
ecology (Klein et al., 2014; McCulloh et al., 2015; Anderegg et al.,
2016; Johnson et al., 2018). There are several ways to determine HSM:
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(1) the difference between minimum leaf water potential and water
potential at 50% loss of leaf hydraulic conductance (HSMleaf), or be-
tween the minimum xylem water potential and the water potential at
50% loss of branch hydraulic conductivity (HSMbranch). A narrower
value indicates that the plant organs operate at a water potential closer
to the threshold of hydraulic dysfunction (Meinzer et al., 2009;
Delzon and Cochard, 2014). Previous studies have shown that HSMleaf

could be an index of drought-induced damage under natural droughts
for co-occurring tree species (Skelton et al., 2017a; Zhang et al., 2017;
Powers et al., 2020). (2) HSM can be calculated as the difference be-
tween the water potentials at stomatal closure during seasonal drought
and that at 50% loss of branch hydraulic conductivity (stomatal safety
margin; HSMstomatal). Timely stomatal closure avoids the excessive de-
cline of water potential and thus contributes to a larger safety margin in
branches (Brodribb and Holbrook, 2004; Skelton et al., 2015; Martin-
StPaul et al., 2017; Blackman et al., 2019). Previous studies have found
that the slope of the linear relationship between leaf water potential at
turgor loss point (Ψtlp) and that at stomatal closure is close to one
(Bartlett et al., 2016; Martin-StPaul et al., 2017). Using Ψtlp as a proxy
for leaf water potential at stomatal closure can provide a rapid way to
quantify stomatal regulation strategy (Martin-StPaul et al., 2017;
Ziegler et al., 2019). (3) HSM can be calculated as the difference be-
tween water potentials at 50% loss of leaf hydraulic conductance and
that at 50% loss of branch hydraulic conductivity, which is also termed
as vulnerability segmentation (HSMsegmentation; Tyree et al., 1993;
Bucci et al., 2013; Nolf et al., 2015). Unlike HSMleaf that is strongly
influenced by environmental water conditions (water potential),
HSMsegmentation seems to be more inherent and static for a plant species.
A classic vulnerability segmentation hypothesis proposes that leaves are
more vulnerable to cavitation than branches, and a strong leaf to
branch vulnerability segmentation (large HSMsegmentation) enables
leaves to act as safety valves to protect the main hydraulic pathway
from dysfunction (Choat et al., 2005; Johnson et al., 2011;
Pivovaroff et al., 2014).

Several studies using different definitions of HSM have reported
conflicting results. For example, based on the global meta-analysis,
Choat et al. (2012) found that most of the angiosperm species operated
at a narrow HSMbranch (< 1 MPa), but Martin-StPaul et al. (2017) re-
ported a large HSMstomatal for most woody plants with high interspecific
variation. However, other studies have revealed significant correlation
between different definitions of HSM; for example, between
HSMsegmentation and HSMleaf (Johnson et al., 2016; Zhu et al., 2016), or
between HSMstomatal and HSMbranch (Skelton et al., 2015). Hence,
characterizing HSM based on multiple plant organs and mechanisms
and exploring their correlations may give us a full understanding of a
plant's resistance and overall hydraulic response to drought stress
(Johnson et al., 2016; Fontes et al., 2018; Wason et al., 2018). This is
particularly imperative in high biodiverse ecosystem regions experi-
encing frequently extreme droughts, where plant species exhibit a
broad range of drought survival strategies (Pivovaroff et al., 2018).

Karst forest ecosystems are extensively distributed in tropical re-
gions in southwestern China, where are biodiversity hotspot and con-
servation priority because of the presence of many endemic plant spe-
cies (Yuan, 1991; Zhu et al., 2003). The karst habitats are characterized
by many rock outcrops, shallow and patchy soils, and fast subterranean
drainage and overland flow (Zhu et al., 2003; D.Y. Fan et al., 2011).
Therefore, tropical karst species frequently suffer from drought due to
limited water availability, especially during the hot-dry season
(Fu, 2011; Zhu et al., 2017). Several previous studies have reported that
co-occurring tropical karst species or functional groups present dif-
ferent hydraulic strategies to cope with seasonal drought. For example,
Fu et al. (2012) found that evergreen trees were more drought-tolerant
than brevi-deciduous trees in a tropical karst forest, with higher wood
density, lower turgor loss point and greater resistant to cavitation. In
another study at the same site, Chen et al. (2015) found that despite
being more vulnerable to cavitation, lianas can access deeper soil water

sources and exhibit stronger physiological adjustments compared to co-
occurring trees. From 2008 to 2012, the seasonal drought became more
severe in this region of China because of the influence of El Niño events
(Qiu, 2010). Such extreme droughts provide unique natural conditions
to assess inter-specific hydraulic responses to future climatic change
(Nardini et al., 2013; Johnson et al., 2018).

In the present study, we measured pressure-volume relations, vul-
nerability curves of branches and leaves, wood density (ρsapwood) and
saturated water content (SWC) in a normal dry season for 16 co-oc-
curring woody species in a tropical karst forest, and monitored their
minimum leaf water potential through the normal and extreme dry
seasons. These species belong to three plant groups, i.e., brevi-decid-
uous trees (a short leaf-shedding period in the dry season), evergreen
trees, and lianas. We calculated their HSMleaf under normal and ex-
treme droughts, respectively, as well as HSMstomatal and HSMsegmentation.
Our objectives were to: (1) investigate the differences in HSMleaf be-
tween the normal and extreme dry seasons across species and plant
functional groups, (2) identify which hydraulic traits (i.e.,Ψtlp, ρsapwood,
and SWC) were associated with HSMleaf under extreme droughts, and
(3) explore the correlations between different HSM-calculations.

2. Materials and methods

2.1. Study site and plant materials

This study was carried out in a tropical karst forest in
Xishuangbanna Tropical Botanical Garden, southwestern China (21°54′
N, 101°46′ E; 600–650 m a.s.l.). This area is strongly influenced by a
monsoon climate and thus has a distinct dry season from October to
April. According to long-term meteorological data (more than 50 years)
as recorded at a nearby weather station 3 km northwest from the study
site, the mean annual precipitation is about 1550 mm, 80% of which
occurs during the wet season (May to September). The mean annual
temperature is 21.4 °C, with monthly temperatures ranging from
14.8 °C (January) to 25.5 °C (July). From 2008 to 2012, several extreme
drought episodes during the dry season occurred at this site, for ex-
ample, the total precipitation from Dec. 2011 to Mar. 2012 was 22 mm,
which was approximately a fifth of the precipitation during that period
in a normal dry season (Fig. 1).

The karst forest at this site is dominated by evergreen tree species
such as Cleistanthus sumatranus (Miq.) Muell. Arg., Celtis philippensis
Blanco, and Lasiococca comberi Haines, mixed with brevi-deciduous tree
species (e.g., Lagerstroemia tomentosa Presl, Croton crassifolius Geisel.,
and Ficus pisocarpa Bl.) because of the dry habitat (Zhu et al., 2003).
The brevi-deciduous tree species have a short leaf-shedding period (two
to three months) in the mid-dry season, followed by a flush of new
leaves at the end of the dry season. During extreme drought events, leaf
desiccation and/or shoot dieback of several canopy dominant evergreen
tree species were recorded (Fig. S1; Fu, 2011). Sixteen common tree
and liana species from the karst forest were investigated in the present
study (Table 1). They are angiosperms, except for Gnetum montanum
Markgr. that is a gymnosperm liana species with angiosperm-like traits
such as broad leaves and vessels. For each species, four to five healthy
adult individuals were selected for the measurements (Table 1). No
lianas were attached to the trees that were selected. All the branch and
leaf hydraulic traits were measured in a normal dry season after the
2008–2012 extreme droughts, except for leaf water potential that was
monitored over a long-term.

2.2. Midday leaf water potential in the dry season

We have been monitoring midday leaf water potential (Ψmin) in the
late-dry season (March to April) from 2008 to the present, through both
normal and extreme dry seasons (Ψmin_normal and Ψmin_extreme). Between
12:00 and 14:00 on continuously sunny days, 10 sun-exposed branches
bearing fully expanded and healthy leaves from four to five mature
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individuals per species were collected. After excision, leaf water po-
tential was immediately determined using a pressure chamber (PMS,
Corvallis, OR, USA).

2.3. Pressure-volume relation

To avoid the effect of oversaturation due to overnight rehydration
on pressure-volume curves, leaf-bearing branches were sampled early
in the morning (on rainy days) in a normal dry season, placed in a
plastic black bag with moist towels, and immediately transferred to the
laboratory within half an hour for further measurements. For each leaf
sample, leaf mass and water potential were measured periodically
during desiccation under laboratory conditions. Finally, leaf dry mass
after oven-drying at 70 °C for at least 48 h was measured by an ana-
lytical balance (ML204T, Mettler Toledo, Zurich, Switzerland) with the
precision at 0.0001 g. Leaf turgor loss point (Ψtlp) and slopes of pres-
sure-volume relationship were calculated from a P-V curve fitting
program (Schulte and Hinckley, 1985). Given that there is a close re-
lationship between Ψtlp and leaf water potential at stomatal closure
(Brodribb et al., 2003; Bartlett et al., 2016; Martin-StPaul et al., 2017;
Tureba et al., 2019), we used Ψtlp as a surrogate for leaf water potential
at stomatal closure in this study.

2.4. Leaf hydraulic vulnerability curve

The rehydration kinetics method was used to establish leaf hy-
draulic vulnerability curves, which described the response of leaf hy-
draulic conductance (Kleaf) to declining leaf water potential
(Brodribb and Holbrook, 2003). For all the species, the collection of
leaf-bearing branches and transfer to a close-by laboratory was similar
to that for P-V measurements in an early dry season. To obtain a range
of water potentials, these leaf-bearing branches were allowed to dry out
slowly on the bench in the laboratory. Before determination of Kleaf,
leaf-bearing branches were equilibrated by sealing in a black bag for
about 1 h to ensure all the attached leaves had similar water potential,
i.e., the difference between two leaves from apical and basal of each
branch was less than 0.1 MPa. After the measurement of initial water
potential of equilibrated leaves (Ψ0), neighboring leaves were cut
under-water and allowed to rehydrate for 10–200 s (t). The rehydration
time was chosen by allowing the water potential of the rehydrated
leaves (Ψf) to be about half of the Ψ0. Leaf hydraulic conductance was
calculated using the following equation (Brodribb and Holbrook, 2003):
Kleaf = C × ln (Ψ0/Ψf)/t, where C is leaf capacitance and was calcu-
lated as follows: C = ΔRWC/ΔΨL × (DM/LA) × (WM/DM)/M, where
ΔRWC/ΔΨL before or after turgor loss point was calculated from the
slopes of leaf pressure-volume relationships, DM (g) is leaf dry mass, LA
(cm2) is leaf area, WM (g) is mass of leaf water at 100% relative leaf

Fig. 1. Monthly precipitation (bars) and average atmospheric temperature (circles) of long-term data (1959–2015; black) and during Oct. 2011–Sep. 2012 (white).
Precipitation shows average monthly values for long-term data and total values for Oct. 2011–Sep. 2012. The wet season (gray) lasts from May to September.

Table 1
The 16 tree and liana species sampled in this study. Four to five individuals for each species were selected, and the ranges (mean values) of height and diameter at
breast height (DBH) were measured. The liana species were mature individuals that reached the canopy. * indicates extensive leaf desiccation and/or shoot dieback
occur under extreme drought (Fu, 2011).

Species Family Growth Leaf habit Leaf texture Height (m) DBH (cm)

Alphonsea monogyna Merr. et Chun Annonaceae Tree Evergreen Leathery 9–12 (11.8) 13–33 (22.3)
Celtis philippensis Blanco* Ulmaceae Tree Evergreen Leathery 13–22 (14.5) 20–51 (37.5)
Cleidion bracteosum Gagnep. Euphorbiaceae Tree Evergreen Leathery 5–7 (5.7) 9–15 (12.2)
Cleistanthus sumatranus (Miq.) Muell. Arg.* Euphorbiaceae Tree Evergreen Leathery 6–7 (6.5) 16–27 (20)
Pistacia weinmannifolia J. Poisson ex Franch. Anacardiaceae Tree Evergreen Leathery 5–8 (6.3) 21–36 (28.3)
Lasiococca comberi Haines* Euphorbiaceae Tree Evergreen Leathery 6–12 (8.5) 14–18 (16.3)
Turpinia pomifera (Roxb.) DC. Staphyleaceae Tree Evergreen Leathery 5–11 (8.0) 10–27 (16.9)
Cipadessa baccifera (Roth.) Miq. Meliaceae Tree Brevi-deciduous Papery 4–8 (5.5) 12–31 (19.7)
Croton crassifolius Geisel. Euphorbiaceae Tree Brevi-deciduous Papery 7–10 (8.4) 13–24 (17.9)
Ficus pisocarpa Bl. Moraceae Tree Brevi-deciduous Papery 4–6 (5.0) 12–22 (15.5)
Lagerstroemia tomentosa Presl Lythraceae Tree Brevi-deciduous Leathery 9–13 (11.6) 15–25 (22.3)
Mayodendron igneum (Kurz) Kurz Bignoniaceae Tree Brevi-deciduous Leathery 8–10 (9.0) 16–21 (19.4)
Bauhinia touranensis Gagnep. Fabaceae Liana Evergreen Leathery 6–7 (6.4)
Combretum latifolium Bl. Combretaceae Liana Brevi-deciduous Leathery 8–20 (12.9)
Gnetum montanum Markgr. Gnetaceae Liana Evergreen Leathery 4–7 (4.7)
Ventilago calyculata Tulasne Rhamnaceae Liana Evergreen Leathery 7–19 (9.8)
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water content (fresh mass–dry mass), and M is the molar mass of water
(g mol–1). Leaf hydraulic conductance was subsequently determined at
different water potentials as described earlier. Leaf vulnerability curves
were constructed by plotting Kleaf against Ψ0, using a three-parameter
sigmoid model in SigmaPlot 12.5 (Systat Software Inc., San Jose, CA,
USA). Leaf water potential at 50% of maximum Kleaf (P50leaf) was used
to estimate the vulnerability of leaves to hydraulic dysfunction.

2.5. Branch vulnerability curve

Branch xylem vulnerability curves were determined using the
bench-drying method (Sperry et al., 1988) in the normal dry season.
The maximum vessel length (MVL) of these species has been reported
by Zhu et al. (2017), ranging from 28 cm (Pistacia weinmannifolia) to
308 cm (Bauhinia touranensis). To avoid the artifact of cutting-induced
cavitation (Wheeler et al., 2013), between 20 and 30 leaf-bearing
branches longer than at least 2-times MVL (except for the liana species
with long MVL) were collected from different individuals per species at
predawn, stored in a big plastic black bag with moist towels and
transported to the laboratory. These branch samples were allowed to
dehydrate for different time periods (two days to a week). During the
dehydration process, leaf water potential was periodically measured.
Once the desired water potentials were approximately reached, whole
branches were wrapped with plastic bags for 1–2 h to equilibrate. Water
potentials of three leaves from the branch were then measured, the
average value of which was equal to branch water potential (Ψxylem).
Subsequently, one branch segment was cut underwater, removing about
one MVL length (for tree species) or one fork (for liana species) from the
base of the branch, and trimmed with a razor blade. Initial hydraulic
conductivity (ki) of the segment was measured using the steady-state
flow-meter method (Sperry et al., 1988). After flushing with 20 mM KCl
solution at a pressure of 0.1 MPa for 20–30 min, maximum hydraulic
conductivity (kmax) of the branch segment was re-measured. Percentage
loss of hydraulic conductivity (PLC,%) was calculated as:
PLC = 100 × (kmax−ki)/kmax. The branch vulnerability curves were
plotted using PLC as a function of Ψxylem. Xylem water potential at 50%
loss of hydraulic conductivity (P50stem) was calculated to describe
vulnerability to cavitation.

2.6. Sapwood density and saturated water content

Wood samples were taken from the branch segments that were used
for hydraulic measurements. After removing the bark and pith, the mass
of fresh sapwood was measured, and the volume of the sample was
determined by using the water displacement method. Then, the sample
was oven-dried at 70 °C for 48 h and weighed again to obtain the dry
mass. Sapwood density (ρsapwood, g cm–3) was determined by dividing
the dry mass by the volume of the sample. The sapwood saturated water
content (SWC,%) was calculated as the ratio of saturated water mass to
dry mass (Bucci et al., 2004).

2.7. Calculations of hydraulic safety margins

Leaf hydraulic safety margin in the normal dry season
(HSMleaf_normal) was calculated as the difference between Ψmin_normal

and P50leaf, and in the extreme dry season (HSMleaf_extreme) was calcu-
lated as the difference betweenΨmin_extreme and P50leaf (McCulloh et al.,
2015; Bucci et al., 2019). The stomatal safety margin (HSMstomatal) was
calculated as follows: HSMstomatal = Ψtlp − P50branch. The difference
between water potential causing 50% loss of hydraulic conductance in
leaves and branches was also a way to define hydraulic safety margin
and calculated as HSMsegmentation = P50leaf – P50branch (Bucci et al.,
2013; Nolf et al., 2015).

2.8. Statistical analysis

We conducted a one-way analysis of variance (ANOVA) to compare
the difference in leaf hydraulic safety margins in the normal and ex-
treme dry seasons (Dependent variable) among the three plant groups
(Factor), followed by post hoc pairwise comparisons based on the least
significant difference (LSD) test. All the data were normalized prior to
analysis to achieve normality, and statistical significance was re-
cognized at P < 0.05. Correlations between each pair of traits were
examined using the linear regression analyses (Pearson). All statistical
analyses were performed using SPSS version 13.0 software (SPSS,
Chicago, Illinois, USA).

Fig. 2. Mean leaf hydraulic safety margins (HSMleaf) of the 16 woody species during the normal (black) and the extreme dry seasons (white). HSMleaf is calculated as
the difference between minimum leaf water potential in the dry season and that at 50% loss of leaf hydraulic conductance. Data are means± SE for each plant group.
Different letters denote significant differences (P < 0.05).
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3. Results

3.1. Different trends of leaf hydraulic safety margin under normal and
extreme droughts

During the normal dry season, all the 16 woody species had positive
values for their leaf hydraulic safety margin, with half of them showing
values larger than 1 MPa (Fig. 2a). During the extreme dry season, leaf
hydraulic safety margin decreased in 13 of the 16 species compared to
that during the normal dry season, with the evergreen tree species
Cleistanthus sumatranus showing the most negative value (–4.12 MPa;
Table S1). In contrast, the value for two brevi-deciduous tree species
(Cipadessa baccifera (Roth.) Miq. and Ficus pisocarpa) and a liana species
(Gnetum montanum) remained unchanged.

There was no significant difference in average HSMleaf_normal among
evergreen trees, brevi-deciduous trees and lianas (F2,13= 2.56, P >
0.05; Fig. 2b). Compared to HSMleaf_normal, the average HSMleaf_extreme of
evergreen trees substantially decreased to –1.26 MPa. However,
HSMleaf_extreme and HSMleaf_normal did not differ significantly for both
brevi-deciduous trees and lianas (Fig. 2b).

3.2. Correlations between hydraulic traits and HSMleaf_extreme

Across the 16 woody species, HSMleaf_extreme was significantly cor-
related with ρsapwood, SWC, and Ψtlp (Fig. 3). Species with lower
ρsapwood, higher SWC, and Ψtlp tended to have a larger leaf hydraulic
safety margin in the extreme dry season. However, HSMleaf_extreme was
not significantly correlated with P50leaf and P50branch (Table S2).

3.3. Correlations among different calculations of hydraulic safety margins

There was a large inter-specific variation in HSMstomatal and
HSMsegmentation across the 16 karst species (Fig. S4). On average, ever-
green trees showed larger HSMstomatal and HSMsegmentation than lianas,
while there was no significant difference between brevi-deciduous and
the other two groups (Fig. S4). Across species, HSMleaf_normal was not
significantly correlated with HSMstomatal, HSMsegmentation, and
HSMleaf_extreme. Similarly, no significant relationship was found between
HSMstomatal and HSMleaf_extreme (Fig. 4). However, HSMsegmentation was
significantly correlated with HSMstomatal and HSMleaf_extreme. Species
with smaller (more negative) HSMsegmentation tended to have smaller
HSMstomatal but larger HSMleaf_extreme (Fig. 4).

4. Discussion

4.1. Contrasting pattern of leaf hydraulic safety margins across plant groups
between the normal and extreme dry seasons

During the normal dry season (modest drought), the evergreen trees
showed the largest HSMleaf_normal among the three plant groups, par-
tially due to the high resistance to cavitation in their leaf hydraulic
systems. Compared to the other two plant groups, the combination of a
series of hydraulic characteristics in evergreen trees, i.e., lower
P50branch and P50leaf, higher ρsapwood, and larger leaf and stomatal hy-
draulic safety margin (Table S1), exhibited a ‘conservative’ hydraulic
adaptation to the dry karst environment (Fu et al., 2012; Zhu et al.,
2017). However, this trend was reversed during the extreme drought
period, with the evergreen trees showing a high risk of leaf hydraulic
failure, as indicated by more negative HSMleaf_extreme (Fig. 2b). Parti-
cularly, the three dominant evergreen tree species Celtis philippensis,
Cleistanthus sumatranus and Lasiococca comberi showed complete loss of
leaf hydraulic conductance, which was consistent with the observation
of their extensive leaf desiccation and/or shoot dieback under extreme
drought (Fu, 2011).

In contrast, brevi-deciduous trees and lianas showed a positive leaf
hydraulic safety margin even under extreme drought conditions

(Fig. 2b). These contrasting patterns among plant groups might be as-
sociated with their different hydraulic characteristics or strategies
dealing with drought. Karst evergreen trees relied primarily on higher
cavitation-resistance to survive under drought and might lack other
compensatory and effective hydraulic strategies (e.g., deciduousness,
stem water storage and deep roots). Previous studies have found that
species with high wood density (more resistant to cavitation) tended to
experience greater canopy dieback and/or mortality rates under ex-
treme drought (Hoffmann et al., 2011; Kukowski et al., 2013), because
denser wood was associated with lower water storage and more nega-
tive minimum water potential (Table S2; Meinzer et al., 2009), and thus
lower leaf hydraulic safety margin (Fig. 3a, b). In addition,
Chen et al. (2015) measured water status and examined the spatial
partitioning of soil water use (based on analysis of xylem and soil hy-
drogen isotope composition) for 25 co-occurring karst tree and liana
species in the same karst forest and drought period; and their results
indicated that karst evergreen trees absorbed water from shallower soil

Fig. 3. Correlations between hydraulic traits and leaf hydraulic safety margins
during the extreme dry season (HSMleaf_extreme) across species. Trait abbrevia-
tions: ρsapwood, sapwood density; SWC, sapwood saturated water content; Ψtlp,
turgor loss point. Symbols: triangle, evergreen trees; circle, brevi-deciduous
trees; square, lianas. Data are the mean value of each species. The solid lines
represent linear regression, and Pearson correlation coefficients (r) and statis-
tical significance (P) are also reported. *, P < 0.05; **, P <0.01.
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layers and showed more negative predawn leaf water potential com-
pared to lianas (Chen et al., 2015). In contrast, although semi-decid-
uous trees and lianas were less drought-resistant (Table S1), they could
avoid catastrophic cavitation via diverse hydraulic strategies involving
leaf shedding, high water storage within the plant body (Ishida et al.,
2010), or perhaps greater rooting depth to absorb water sources from
deep soils and bedrock layers (Huang et al., 2011; Liu et al., 2011;
Chen et al., 2015; Gu et al., 2015). Therefore, they maintained a rela-
tively higher minimum water potential and thus a larger leaf hydraulic
safety margin.

Both P50leaf safety margin (Ψmin − P50leaf) and P88leaf safety
margin (Ψmin − P88leaf) are commonly used indices of leaf-level hy-
draulic safety margins. However, previous studies have indicated that
species have an ability to recover from 50% loss of leaf hydraulic
conductance, but are not likely to recover from 88% loss of leaf hy-
draulic conductance (Blackman et al., 2009; Scholz et al., 2014).
Therefore, P88leaf safety margin represents hydraulic risks of a plant
species to irreversible hydraulic failure under extreme drought, and is a
better predictor of drought-induced mortality than P50leaf safety
margin, as evident in temperate tree species (Scholz et al., 2014). In this
study, P50leaf and P88leaf safety margin showed a significant linear re-
lationship, with more negative P50leaf safety margin (e.g., karst

evergreen tree species) also showing narrower or negative P88leaf safety
margin (Fig. S3). We suggest that P50leaf can be used as a threshold
value of hydraulic risk for karst species under drought in this study, and
recommend that both types of safety margins are calculated in future
studies.

The difference in hydraulic response of woody plant species be-
tween normal and extreme dry seasons has also been documented in
other biomes, such as tropical forests (Rice et al., 2004; Ziegler et al.,
2019), temperate deciduous forests (Hoffmann et al., 2011), and semi-
arid chaparrals (Venturas et al., 2016). These findings further highlight
the importance of integrating long-term monitoring of water potential
(especially in extreme droughts) with measurement of cavitation re-
sistance and hydraulic safety margins, which provides a more precise
estimation of potential hydraulic risk in response to climate change
(Bhaskar and Ackerly, 2006; Choat et al., 2012, 2018).

4.2. Correlations between different HSM-calculations

We found no correlation between HSMstomatal and leaf hydraulic
safety margin (Fig. 4a, c). During the normal dry season, all the species
maintained minimum water potential higher than P50leaf and Ψtlp

(Table S1), which contributed to a positive leaf hydraulic safety margin

Fig. 4. Correlations among leaf hydraulic safety margins during the normal and extreme dry seasons (HSMleaf_normal and HSMleaf_extreme), stomatal hydraulic safety
margin (HSMstomatal) and leaf-to-branch vulnerability segmentation (HSMsegmentation) across the 16 woody species. Data are the mean value of each species. Symbols:
triangle, evergreen trees; circle, brevi-deciduous trees; square, lianas. The solid lines represent linear regression, and Pearson correlation coefficients (r) and statistical
significance (P) are also reported. ns, P > 0.05; *, P < 0.05; **, P <0.01.
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that did not rely on complete stomatal closure. When extreme drought
happens, stomatal closure is not sufficient to maintain water potential
within a safe range (Brodribb et al., 2016), as in the case of the ever-
green tree species in this study. Leaf water potential may continue to
decrease after stomatal closure, becoming more negative as water is lost
through cuticular conductance, stomatal leakiness, and other tissues
(Choat et al., 2018). Therefore, a hydraulic safety margin determined
from the minimum water potential, instead of the water potential as-
sociated with stomatal closure, enables a robust estimation of hydraulic
risk across species and biomes under extreme droughts (Delzon and
Cochard, 2014).

There was a strong correlation between HSMsegmentation and
HSMstomatal, species with strong leaf-branch vulnerability segmentation
(positive and large HSMsegmentation) had large HSMstomatal (Fig. 4f),
supporting leaf's functioning as hydraulic bottlenecks and as safety
valves to cope with drought (Sack and Holbrook, 2006;
Pivovaroff et al., 2014). In this study, a large proportion of species,
however, showed negative HSMsegmentation (Fig. 4f). This finding and
that of other studies (Bucci et al., 2008; McCulloh et al., 2012;
Skelton et al., 2017b) did not support the classic vulnerability seg-
mentation hypothesis. In a previous study, Zhu et al. (2016) indicated
that species lacking vulnerability segmentation might have a series of
effective hydraulic strategies to maintain water potential within a safe
range. Similarly, in another study carried out in a South American
temperate forest, Scholz et al. (2014) also found that co-occurring tree
species with narrow HSMsegmentation exhibited different physiological
mechanisms (e.g., high capacitance, strong stomatal control, and ability
to recover hydraulic conductivity) to maintain the water potential far
from the threshold of leaf hydraulic failure under extreme drought,
leading to large HSMleaf_extreme and low mortality rate. Hence, it could
be expected that the tree species of the present study with larger
HSMsegmentation tended to show more negative HSMleaf_extreme, and that
most of them were evergreen trees (Fig. 4d).

It should be noted that the reliable measurements of P50branch and
P50leaf are essential for this study because all HSM-calculations were
based on these two key traits. A number of studies have questioned the
reliability of the traditional technique for measuring branch vulner-
ability curves (Cochard et al., 2013; Wheeler et al., 2013). There might
be potential artefact of data in our bench-drying measurements, e.g.,
flushing of branch segments may refill permanent embolized vessels,
and the excision artifact could not be fully excluded for several liana
species with a long maximum vessel length. This might lead to over-
estimation of vulnerability to cavitation in branches for these species. In
addition, we did not consider the contribution of extra-vascular
pathway (rather than xylem cavitation) to the decline of leaf hydraulic
conductance during leaf dehydration (e.g., cell shrinkage; Trifilo et al.,
2016), but this might have a minimal influence on the comparison of
leaf hydraulic safety margin between normal and extreme droughts. It
is therefore recommended that an additional method should be con-
ducted to jointly determine leaf and branch vulnerability to cavitation
for these tropical karst species (e.g., optical technique; Brodribb et al.,
2016; Skelton et al., 2018).

It should also be noted that the measurements of hydraulic traits
(except for leaf water potential) were conducted in a normal dry season
and on healthy individuals that had survived the 2008–2012 extreme
droughts. Such post-drought measurements to explain plant perfor-
mance during the extreme drought (e.g., hydraulic risks, dieback, and
mortality) are common in many previous studies (Hoffmann et al.,
2011; Nardini et al., 2013; Fontes et al., 2018). However, hydraulic
traits determined in the normal dry season might be different from
those measured under extreme droughts, especially for individuals
killed by drought (Tng et al., 2018). Thus these data should be treated
with caution (Johnson et al., 2018).

4.3. Implications for predicting community dynamics

For any given forest community, predicting which species are more
likely to survive under drought is a central challenge in ecology
(Pivovaroff et al., 2016). In this tropical karst forest, our results showed
that under extreme droughts evergreen trees experience leaf hydraulic
failure more easily compared to brevi-deciduous trees and lianas. With
an increasing dry climate in southwestern China (Qiu, 2010; Fan et al.,
2011; Fan and Thomas, 2013), it can be speculated that the tropical
karst forests will transition from a plant community dominated by large
evergreen trees (high hydraulic risk) to the one dominated by a cohort
of deciduous trees and lianas (Aguirre-Gutierrez et al., 2019). In addi-
tion, we found that HSMleaf_extreme was significantly associated withΨtlp

and ρsapwood (Fig. 3a, c). This supported the findings of Fu and
Meinzer (2018) who suggested that these two easily measured traits
were powerful proxies for mechanistic modeling of specific-specific
response to increasing droughts. Further, Li et al. (2015) explored the
relationships between a series of hydraulic traits (including Ψtlp and
ρsapwood) and 32-year abundance dynamics of 48 tree species from a
permanent subtropical forest plot and indicated that species with higher
(less negative) Ψtlp and lower ρsapwood increased their abundance with
climate change. Relationships between hydraulic traits and demo-
graphic rates in the tropical karst forest community could be further
analyzed to test our prediction.

5. Conclusions

This study reveals different patterns of HSMleaf in woody species
during normal and extreme dry seasons in the tropical karst forest.
Evergreen tree species have the largest HSMleaf in the normal dry season
but are more likely to undergo hydraulic failure when extreme droughts
occur. However, brevi-deciduous trees and lianas could maintain po-
sitive HSMleaf in both normal and extreme dry seasons. Species with
strong leaf-branch vulnerability segmentation tended to have large
stomatal safety margin but smaller (or negative) HSMleaf under extreme
drought. Accurate determination of hydraulic traits and linking these
traits to species demographic rates (e.g., growth, mortality, and re-
productive rates) in the tropical karst forests are recommended in fur-
ther studies.
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