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the best predictors of
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3Development Research Center of People’s Government of Sanya City, Sanya, China

Accurately predicting global drought-induced tree mortality remains a major

challenge facing plant science and ecology. Stem hydraulic safety margin

(HSM, the difference between water potential at the minimum value and the

value that causes xylem vulnerability to embolism) performs as one of the best

hydraulic traits in predicting global drought-induced tree mortality, however,

HSM is time-consuming and very difficult to measure. We proposed to use

leaf turgor loss point (TLP, the water potential at which leaves start to wilt) as a

proxy for HSM because HSM may be highly correlated to TLP, as both of them

are tightly linked with water potential changes after stomatal closure. Since

TLP is more easy and rapid to measure than HSM, if we find strong HSM-TLP

relationships at the global scale, TLP can be used in predicting global drought-

induced tree mortality. However, no study has quantified the relationships

between HSM and TLP at the global scale. Here we draw together published

data on HSM and TLP for 1,773 species from 370 sites worldwide to check

whether HSM and TLP are highly associated. We found that HSMs and TLPs are

merely highly related in tropical forests, thus TLP can be a reliable surrogate

of HSM to predict drought-induced tree mortality in tropical forest. Here we

are certainly not advocating for the use of TLP instead of HSM to predict

drought-induced tree mortality in tropical forests, but simply for predicting

drought-induced tree mortality in tropical forests in supplementary of HSM in

the future.
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drought-induced tree mortality, hydraulic failure, physiological trait, stem hydraulic
safety margin, turgor loss point, wavelet coherence

Frontiers in Ecology and Evolution 01 frontiersin.org

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://www.frontiersin.org/journals/ecology-and-evolution#editorial-board
https://doi.org/10.3389/fevo.2022.974004
http://crossmark.crossref.org/dialog/?doi=10.3389/fevo.2022.974004&domain=pdf&date_stamp=2022-08-15
mailto:zhanghuitianxia@126.com
https://doi.org/10.3389/fevo.2022.974004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fevo.2022.974004/full
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/


fevo-10-974004 August 9, 2022 Time: 15:9 # 2

Su et al. 10.3389/fevo.2022.974004

Introduction

Climate change is predicted to increase both the frequency
and severity of droughts worldwide (Sheffield and Wood, 2008).
When the severity of drought increases, water flow in the
xylem conduits of trees may be irreversibly disrupted (hydraulic
failure), leading to mortality of the roots or branches and even to
tree death (Rice et al., 2004; Bréda et al., 2006; Choat et al., 2018).
Rapid tree mortality events could convert the world’s forest from
a net carbon sink into a large carbon source during this century.
However, accurately predicting the impact of climate change
on plant performance and survival remains a major challenge
facing plant science and ecology (Grierson et al., 2011; Bartlett
et al., 2014). Recent tree mortality under frequent extreme
drought events have led to recognition of the importance of the
physiological mechanisms associated with drought-induced tree
mortality in different biomes (McDowell et al., 2011; Anderegg
et al., 2012).

Stem hydraulic safety margin (HSM) which defines the
difference between water potential at the minimum value and
the value that causes xylem vulnerability to embolism, is widely
assumed the key to understand drought-induced tree mortality
(Brodribb and Holbrook, 2003; Choat et al., 2012; Martorell
et al., 2014). A meta-analysis of drought-induced mortality rates
across 475 species from 33 studies around the globe revealed
that HSM is one of the best predictors of drought-induced forest
mortality, with lower HSM indicating higher risk of mortality
(Anderegg et al., 2016). Thus, quantifying the variations in
global patterns of HSM can facilitate to predict how drought-
induced forest mortality varies globally. However, it is time-
consuming and hard to measure HSM (Zhu et al., 2018), which
impeded the possibility to quantify the dynamics of global HSM.
As a result, finding a reliable proxy of HSM can be an alternative
way to solve this problem.

When facing drought stress, stomatal closure has been
assumed to be the vital mechanism for avoiding xylem embolism
as it stops transpiration and water loss in leaves and maintains
negative 9 in stems and roots (Brodribb and Holbrook, 2003).
Although stomatal closure does not stop the decline of xylem
pressure and hydraulic capacity (Choat et al., 2012), it is strongly
associated with both TLP (Blackman, 2018) and HSM (Brodribb
and Holbrook, 2003; Martorell et al., 2014), that measure plant’s
ability to keep cell turgor pressure when facing drought stress.
Compared to HSM, TLP is more easy and rapid to measure
(Zhu et al., 2018) and there are largely available TLP dataset
at global scale (Bartlett et al., 2012). Thus, if HSM and TLP are
highly associated at the global scale, TLP may be a good proxy
for HSM to predict drought-induced tree mortality. However,
till now only Zhu et al. (2018) has found a strong relationship
between TLP and HSM in China. Blackman (2018) also assumes
this association is still uncertain, but emphasizes the high
necessity to quantify the relationships between HSM and TLP
at the global scale.

Here we draw together previous published data on stem
HSM and TLP for 1,773 species at 370 sites worldwide. Aridity
index (AI), the ratio of mean annual precipitation (MAP), and
potential evapotranspiration (PET) were used to represent the
water environment. It is highly possible that there is no strong
HSM-TLP relationship at the global scale, as at the global scale,
HSM does not vary significantly with water environment (Choat
et al., 2012), whereas TLP is significantly positively associated
with water availability (Bartlett et al., 2012). However, it is also
possible that HSM-TLP may be highly correlated in some special
water environment (i.e., moist tropical rainforest). Thus we
first used traditional Pearson correlation method to quantify
the relationship between HSM and TLP at the global scale.
Finally, we applied a novel wavelet coherence method, which
can compute how the relationship between stem HSM and
TLP differs while considering water availability (indicated by
AI) at local scales. Our goal was to quantify whether strong
HSM-TLP relationship can also be found in some special
water environment.

Methods and methods

Data collection

Three categories of data were collected for each site,
including plant hydraulic traits (stem HSM and TLP), AI and
biome type. The detailed information is shown below:

(1) plant stem HSM and leaf TLP: We obtained stem HSM
and leaf TLP for as many woody species and study sites
as possible. Datasets we collected were from the TRY Plant
Traits Database (Kattge et al., 2011) and published papers
(see Supplementary Table 1). We also tried to collect leaf
P50, but the largest dataset available was only about 60
species from three different forest types (Zhu et al., 2019),
which is not enough for a meta-analysis. Because leaf TLP
could be used as a convenient proxy of leaf HSM, we
decided to use more available TLP data (298 species in

FIGURE 1

Distribution of the study sites (n = 370) and their corresponding
AI values.
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our dataset) to represent leaf drought tolerance. Collected
data were confined to measurements taken on the terminal
branches of mature plants. For multiple measures on the
same species from the same site, we used average values. In
total, our collected dataset included 1,116 stem HSM (198
sites) and 703 TLP (172 sites) values for 1,773 species at
370 sites worldwide. There were matched HSM and TLP
data in 105 sites.

(2) Aridity index (AI). AI is defined as the ratio of MAP
and PET. AI directly reflects a site’s water environment
and includes more climatic factors than just precipitation
(Maestre et al., 2015). We used AI as a proxy for water
availability or drought stress at each site. We extracted AI
values for each study site based on the Global Aridity Index
database at a 30 arc-s resolution1 (Trabucco and Zomer,
2009). In this study AI values range from 0.1 to 2.5; we
discretized them at intervals of 0.1. The distribution of each
site and its corresponding AI value are shown in Figure 1.

(3) Biome type for each site. We followed the biome type
classification of the geological database of Terrestrial
Ecoregions of the World (Olson et al., 2001). The
biome type for each site was classified into seven biome
types, i.e., deserts, woodland/shrubland, boreal forest,
temperate seasonal forest, temperate rain forest, tropical
seasonal forest (including savanna), and tropical rain
forest. Supplementary Figure 1 shows the distribution of
biome type for each study site in our study.

Statistical methods

Pearson correlation analysis
Pearson correlation is a measure of the strength and

direction of the linear relationship between two random
variables. We considered correlations strong if the correlation
coefficient was greater than 0.8 and weak if the correlation
coefficient was less than 0.5 (Bolboacǎ and Jǎntschi, 2006).
A student t-test was used to determine if the value of the Pearson
correlation coefficient was statistically significant. We used a
significance level of 5%; a p-value less than 0.05 represents
evidence to reject the null hypothesis in favor of the alternative
hypothesis that there is a linear relationship between the
variables. The data length of HSM and TLP are not the same
in this study (1,116 stem HSM and 703 TLP values), thus we
quantified the HSM-TLP relationship varies with specific water
availability levels (classified by AI values). Here we calculated
the mean value for stem HSM and TLP at each specific AI
interval. The data series relating stem HSM and TLP to AI
at a global scale are shown in Supplementary Figure 2. We

1 https://cgiarcsi.community/

then applied Pearson correlation analysis on the two data series
(mean HSM-TLP vs. AI).

Wavelet coherence analysis
The wavelet transform is a useful tool for analyzing localized

variations of a data series. It can transform a data series
into frequency space where oscillations can be seen in an
intuitive way and can show localized intermittent periodicities
or relationships (Grinsted et al., 2014). Wavelet coherence can
analyze two data series together. It can be thought of as the
local correlation between two data series. Following Torrence
and Webster (1999), the wavelet coherence of two data series
can define as

R2
n (s) =

|S(s−1WXY
n (s))|2

S
(

s−1
∣∣WX

n (s)
∣∣2) · S(s−1|WY

n (s)|2)

where S is a smoothing operator, and can be written as

S (W) = Sscale(Stime(Wn(s)))

where Sscale denotes smoothing along the wavelet scale axis and
Stime smoothing in time. For the Morlet wavelet used in this
study, a suitable smoothing operator is given by Torrence and
Webster (1999):

Stime (W) |s =

(
Wn (s) ∗c

−t2
2s2

1

)
|s

Sscale (W) |n =
(
Wn (s) ∗c25 (0.6s)

)
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where c1 and c2 are normalization constants and 5() is
the rectangle function. The factor of 0.6 is the empirically
determined scale decorrelation length for the Morlet wavelet
(Torrence and Compo, 1998; Grinsted et al., 2014). The
coefficient of wavelet coherence ranges from zero to one and
the closer the value approximates one, the more correlated the
two series are. The statistical significance levels of the wavelet
coherence, which show confidence levels against red noise, were
estimated using Monte Carlo methods. The detailed process
of calculation and the MATLAB codes for calculating wavelet
coherence are provided in Grinsted et al. (2014). Wavelet
coherence is most used for time series. Nevertheless, more
recently, applications of wavelet coherence have been extended
to other data series analysis (He, 2014; Guo et al., 2015; Hu
and Si, 2016). Consequently, here we use it to investigate
localized intermittent relationships between stem HSM and
TLP values in different water environments reflected by AI.
Specifically wavelet coherence analysis requires continuous time
or spatial variables, so we first calculate the mean HSM and
TLP for all species at each of the continuous AI variables
(ranging from 0.1 to 2.5 at interval of 0.1). Then we used
wavelet coherence analysis to quantify whether strong HSM-
TLP relationship can be found in some special AI ranges.
Previous studies have found that TLP can be easily affected by
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whether the species being sampled are deciduous or evergreen
(Bartlett et al., 2012). Moreover, tropical rain forests have the
largest proportions of evergreen species, thus we further tested
if HSM-TLP relationships might vary when merely considering
evergreen species, using both Pearson correlation and wavelet
coherence analysis.

Results

Stem HSM and TLP values were not significantly correlated
when we averaged them according to AI intervals (r = 0.2296,
p = 0.2696) (Figure 2), indicating that stem HSM and TLP were
not significantly correlated at the global scale. It was possible
that the correlation between HSM and TLP was significant only
for some particular range of AI. Results of wavelet coherence
analysis supported this assertion. The correlation between stem
HSM and TLP was significant only for AI values between 1.3
and 1.5 (Figure 3A), which represented the environment of
tropical seasonal and rain forests (Supplementary Figure 3).
When repeating the wavelet coherence analysis for just
evergreen species, we found further evidence for the strongest
relationships between stem HSM and TLP values in tropical
woody species (Figure 3B).

Discussion

At the global scale, stem HSM values are not significantly
correlated to TLP values. This indicates leaf and stem hydraulic
failure are decoupled at the global scale, which supports a
strong hydraulic segmentation between leaves and stems in

FIGURE 2

Relationship between stem HSM and TLP paired according to AI
levels (n = 25). The Pearson correlation coefficient (R) and its
corresponding p-value are presented in the upper left.

FIGURE 3

Wavelet coherence analysis between stem HSM and TLP for (A)
all woody species and (B) evergreen woody species paired
according to AI intervals at global scale. Red reflects perfect
correlation while blue reflects a lack of correlation. The thick
black contour represents the 95% significance level against red
noise. The y label means the period of strong local correlation.
In this study, the strong correlation only for AI between 1.3 and
1.5, and the corresponding y label value is about 0.2. It means
that the period of strong local correlation is 0.2 (just the interval
between 1.3 and 1.5). Because the edge effects cannot be
ignored, we only focus on the data inside the Cone of Influence
(COI) (darker shade).

hydraulic pathways (Bucci et al., 2013; Pivovaroff et al., 2014).
However, when using wavelet coherence to analyze the regional
patterns of stem HSM and TLP, we found strong stem HSM-TLP
relationships at AI values indicative of tropical seasonal and rain
forests. This indicates that stem and leaf hydraulic properties are
well coupled only in tropical forests, as has been found in three
tropical forest species (Nolf et al., 2015). This finding suggests
that TLP is a good proxy of HSM to predict drought-induced
tree mortality only in tropical forests.

It is reasonable that we observed strong correlations between
stem HSM and TLP values only in tropical forests, given
that plants tend to develop different leaf and stem drought
adaptation strategies in different water environments. In wet
areas, such as tropical rain and seasonal forests, stem and leaf
hydraulic connections can be coupled in the absence of selection
pressure from drought (Nolf et al., 2015; Zhu et al., 2016).
However, other mechanisms may also save plant species from
drought stress in non-tropical forest types (Klein et al., 2014).
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For example, in extremely dry areas, such as deserts, some plants
are adapted to long-term drought stress and can survive under
large stem HSM, because xylem cavitation is not always fatal
(Fisher et al., 2006; Klein et al., 2011). On the other hand,
leaf TLP is not closely related with tree mortality across the
globe (Anderegg et al., 2016), thus it has more flexibility in
drought tolerance. In deserts (roughly AI < 1.3), species show
both very negative stem HSM and leaf TLP values (through
different drought tolerance strategies) and no coordination
between the two. Furthermore, in biomes with seasonal drought,
plants tend to develop drought avoidance strategies, such as
dropping leaves to prevent fatal xylem cavitation (Volaire,
2018). Similar deciduousness strategies are also used by shrub
species to avoid drought stress in shrubland biomes (Hacke
et al., 2000). In our data, if only considering evergreen woody
species, comparable correlations between stem HSM and leaf
TLP values are evident (see Figure 3B). This confirms that
drought avoidance, but not drought stress resistance, prevails in
temperate forest and woodland biomes, thereby causing weak
HSM-TLP relationships. As a result, except for tropical forests,
TLP can act as a safety valve to prevent xylem embolism (low
HSM) for global forests.

Our observed HSM-TLP relationships may also explain why
HSM does not vary with water environment at the global scale
(Choat et al., 2012). In very wet environments, such as tropical
rain and seasonal forests, although TLP cannot act as safety valve
to prevent xylem embolism, HSM can still persist at safe values
to avoid xylem embolism due to the lower probability of drought
stress (Nolf et al., 2015) and cavitation-resistant leaves and
effective hydraulic compensatory strategies (Zhu et al., 2016).
In other biomes, TLP can serve as a safety valve (e.g., shed
leaves) to prevent stem xylem embolism even in extreme arid
environments such as desert. Thus, HSM can remain at safe
values for all biomes. However, there is a possibility that HSM in
tropical rain forest could drop under extreme drought stress, as
is suggested by high drought-induced tree mortality in tropical
rain forests. We noted that our HSM data were not measured
during extreme drought stress, which explains why we observed
globally similar HSM values (Choat et al., 2012). Future studies
should examine HSM during extreme drought stress to better
understand how global HSMs response to drought stress.

There are still some gaps in our understanding of the HSM-
TLP relationships at the global scale. First, currently, there is a
large innovation on the measurements of HSM and TLP and
also some difference among them (see Sergent et al., 2020,
doi.org/10.1016/j.foreco.2020.118175). Moreover, one single
water potential measurement can hardly be considered an
estimate of minimum leaf water potential which is the basis
for calculating HSM. That is because a proper estimate of
minimum water potential is likely to be substantially lower
than the values you report for a single date, even if during
the dry season. Here for collecting as many HSM and TLP

data as possible to perform reliable wavelet coherence analysis,
we cannot consider these two potential limitations for our
collected HSM and TLP data. Thus, future quantifying the
HSM-TLP relationships are still needed to be performed, when
many and reliable HSM and TLP data are available. The
fifth intergovernmental panel on climate change assessment
report (IPCC AR5) indicates that, by the end of the twenty-
first century, it is very likely that extreme drought events
will be more intense and frequent over the tropical regions
(Ipcc, 2013). Indeed, drought has occurred more frequently in
tropical regions recently. Examples include the dry extremes
over the Amazon in 2005 and 2010 and Northeast Brazil
in 2012 (Marengo et al., 2008, 2013; Coelho et al., 2012).
Models predict that extreme drought will result in ∼223-
million-hectare canopy cover losses by 2050, with the vast
majority of losses occurring in the tropics (Cox et al., 2000;
Bastin et al., 2019), which in turn could result in large carbon
emissions. Given the strong relationship between HSM and
TLP in tropical forests, TLP should possibly be used to predict
drought induced tree mortality in tropics. Moreover, given
the largely available TLP data in tropics, TLP can also be
directly incorporated into models forecasting the influence of
increased drought-induced tree mortality on carbon emissions
in tropical rain forests. Here we are certainly not advocating
for the use of TLP instead of HSM to predict drought-induced
tree mortality in tropical forests, but simply for the addition of
HSM in predicting drought-induced tree mortality in tropical
forests in the future.
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