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• Extreme drought affected leaf hydraulic
and stomatal conductance but not stem
hydraulic conductance.

• Under extreme drought savanna plants
showed strong stomatal control.

• After extreme drought leaf stomatal con-
ductance and photosynthesis recovered.

• Physiological response to extreme
drought was similar among leaf habits
and growth forms.
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The frequency of extreme drought events has been rising worldwide, but due to its unpredictability, how plants will
respond remains poorly understood. Here, we aimed to characterize how the hydraulics and photosynthesis of savanna
plants respond to extreme drought, and tested whether they can subsequently recover photosynthesis after drought.
There was an extreme drought in 2019 in Southwest (SW) China. We investigated photosynthetic gas exchange,
leaf-, stem-, and whole-shoot hydraulic conductance of 18 plant species with diverse leaf habits (deciduous, semi-
deciduous and evergreen) and growth forms (tree and shrub) from a dry-hot valley savanna in SW China for three
rainy seasons from 2019 to 2021. We also compared photosynthetic gas exchange to those of a regular year (2014).
We found that leaf stomatal and hydraulic conductance and maximum photosynthetic rate were significantly lower
during the drought in 2019 than in the wetter years. In 2019, all studied plants maintained stomatal conductance at
their minimum level observed, which could be related to high vapor pressure deficits (VPD, >2 kPa). However, no sig-
nificant difference in stemand shoot hydraulic conductancewas detected across years. The reductions in leaf hydraulic
conductance and stomatal regulation under extreme drought might help keep the stem hydraulic function. Stomatal
conductance and photosynthesis after drought (2020 and 2021) showed comparable or even higher values compared
to that of 2014, suggesting high recovery of photosynthetic gas exchange. In addition, the response of hydraulic and
photosynthetic traits to extreme droughtwas convergent across leaf habits and growth forms. Our results will help bet-
ter understand the physiological mechanism underlying the response of savanna ecosystems to climate change.
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1. Introduction
The severity and frequency of drought has been rising over recent de-
cades and will continue to intensify due to climate change (Coumou and
Rahmstorf, 2012; Trenberth et al., 2014; IPCC, 2016; Naumann et al.,
2018; Yu and Zhai, 2020). Extreme drought events can affect plant phys-
iological function and growth (Anderegg et al., 2015), and impact pro-
ductivity and mortality (McDowell et al., 2011; Choat et al., 2018; Xu
et al., 2019; McDowell et al., 2022). Therefore, revealing the physiolog-
ical mechanisms of how plants respond to extreme drought is of paramount
importance for predicting plant performance under future climate change.

The physiological response of plants to extreme drought events has
received significant attention globally (McDowell et al., 2008, 2011;
Martin-StPaul et al., 2017; Choat et al., 2018; Creek et al., 2018). However,
for many studies on physiological responses to extreme drought, drought
treatments were applied to fully developed plant tissues under controlled
experimental conditions. The response of plants to natural extreme drought
may be different compared to that under a controlled environment. Natural
drought events can happen during the leaf expansion period and/or leaf
maturity stage, whereas controlled drought experiments are generally
carried out when plant leaves become mature. In addition, the timing
of drought matters; drought in different seasons has distinct impacts on
plant physiology and growth (van Kampen et al., 2022). The difficulty of
timing field measurements of physiological traits to coincide with extreme
drought events limits our capacity to predict the physiological response of
plants to natural droughts (Skelton et al., 2017; Arend et al., 2021).

There are many physiological mechanisms for plants coping with
drought stress (Pivovaroff et al., 2016; Oliveira et al., 2021; Hajek et al.,
2022), including timely stomatal closure (Hochberg et al., 2017), leaf
xylem embolism and shedding (Brodribb and Holbrook, 2003), and utiliza-
tion of shoot water storage (Zhang et al., 2013; Bryant et al., 2021). Timely
closure of stomata can minimize plant water loss via transpiration and thus
protect the water-transport system against a drought-induced hydraulic
failure (Brodribb and Holbrook, 2003; Blackman et al., 2009; Martínez-
Vilalta and Garcia-Forner, 2017), and even avoid soil water potential
decline around roots (Carminati et al., 2020). Such stomatal closure will
depress leaf gas exchange and photosynthetic rates (Schulze et al., 1974;
Iio et al., 2004) and may decrease carbon supply (Anderegg et al., 2012;
McDowell et al., 2022). Plants can also minimize drought-induced hydrau-
lic dysfunction and catastrophic hydraulic failure through leaf-stem
hydraulic segmentation (Zimmermann, 1983). High resistance in leaves
can act as a bottleneck or ‘safety valve’ and can be sacrificed under unfavor-
able water conditions to protect more carbon-costly basal parts (stems)
(Bucci et al., 2013; Pivovaroff et al., 2014; Scholz et al., 2014; Levionnois
et al., 2020). The degree of segmentation varies among species
(Pivovaroff et al., 2014; Levionnois et al., 2020). Theoretically, a combina-
tion of a timely stomata regulation and then sacrificing leaves could protect
the costly stem hydraulic integrity under natural extreme droughts, al-
though there is very limited direct field evidence to test this hypothesis
under natural extreme drought.

The responses to drought events may differ among plant functional
groups (i.e., leaf habit and growth form) (Chen et al., 2021; Oliveira
et al., 2021). For example, plant drought-induced xylem embolism or die-
back is related to differences in leaf habits (deciduous, semi-deciduous
and evergreen) in savannas (Chen et al., 2021). Under extreme drought,
deciduous species generally shed their leaves and avoid catastrophic
hydraulic failure (Singh and Kushwaha, 2016; Gonzalez-Rebeles et al.,
2021), while evergreen species must tolerate drought stress (Kukowski
et al., 2013; Oliveira et al., 2021). In addition, shrubs growing in semi-
arid environments tend to have more modular water transport systems
and multiple aboveground stems with high redundancy (Schenk et al.,
2008; Anest et al., 2021). The semi-deciduous shrubs have higher
drought-induced branch dieback than other co-existing growth forms,
i.e., tree or liana (Chen et al., 2021). These findings suggest that plants
with different leaf habits and growth forms may have distinct responses
to extreme drought.
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Savannas are one of the most important vegetation types in the world,
covering 20 % of land surface and accounting for 30 % of net primary pro-
duction (Scholes and Archer, 1997; Field et al., 1998). Savannas are widely
distributed in tropical and subtropical regions of Africa, South America,
Australia, and Asia (Solbrig et al., 1996; Scholes and Archer, 1997;
Lehmann et al., 2014; Ratnam et al., 2016). In southwestern China, moist
monsoon from the Indian Ocean is blocked by the eastern extensions of
the Himalayan Mountains, which reduces precipitation. Thus, valley
savannas under a dry-hot climate with distinct dry seasons are formed in
the river valleys between these mountains (Wu, 1995; Yao et al., 2012).
The dry-hot valley savanna vegetation with diverse woody plant species in-
cludes different leaf habits (deciduous, semi-deciduous, and evergreen) and
growth forms (tree, shrub, and liana) (Chen et al., 2021). In 2019, a valley
savanna in Yuanjiang, China experienced an extreme drought with the low-
est annual rainfall, and the highest temperatures in the past 61 years
(Fig. 1), with the drought starting at the beginning of the regularly rainy
season (Fig. S1). This extreme drought event in 2019 gave us a unique
chance to test how woody plants across diverse functional groups physio-
logically respond to a natural extreme drought.

In this study, we measured hydraulic conductance of leaf, stem and
whole-shoots, leaf gas exchange, and leaf mass per area of 18 common
woody species during three rainy-seasons from 2019 to 2021 in a dry-hot
valley savanna. Leaf gas exchange during and after the drought was also
compared to that of a regular pre-drought year (2014). We investigated
how hydraulic traits and gas exchange parameters of savanna plants with
different leaf habits (deciduous, semi-deciduous and evergreen) or growth
forms (tree and shrub) respond to the extreme drought in 2019.We hypoth-
esized that leaf stomatal conductance (gs) and leaf hydraulic conductance
were significantly lower during the drought year compared to subsequent
wetter years, while gs and maximum photosynthetic rates could recover
largely in subsequent wet years compared to 2014. Given that gs is sensitive
to changes in vapor pressure deficit (VPD) and highVPD can cause stomatal
closure (Martin-StPaul et al., 2017), we hypothesized a significantly nega-
tive relationship between gs and VPD across years, while the low gs in the
extreme drought year was associated with high VPD. Furthermore, since
deciduous plants generally use a drought-avoidance strategy and evergreen
species are more drought-resistant (Anderegg et al., 2019; Chen et al.,
2021), we also hypothesized that leaf stomatal conductance and maximum
photosynthetic rates would decreasemore in deciduous plants than in ever-
green counterparts in the extreme drought year.

2. Materials and methods

2.1. Study site

The study was conducted in a valley savanna near the Yuanjiang
Savanna Ecosystem Research Station (YSERS; 102°10′34″E, 23°28′25″N,
elevation of 481 m) of the Xishuangbanna Tropical Botanical Garden,
CAS, located in Yuanjiang County, Yunnan Province, Southwestern China.
This is a typically dry-hot valley with rainy (May to October) and dry
(November to April) seasons. The mean annual rainfall and mean annual
temperature is 782 mm, and 24 °C for 1961–2021. According to the moni-
toring records of the meteorological station in YSERS of 2012–2021 (the
station was established in 2011), 76.5 % of the precipitation falls in the
rainy season, while the mean annual potential evaporation is 1750 mm.
The mean annual air temperature and extreme maximum and minimum
temperatures are 25.0 °C, 45.0 °C and 3.6 °C, respectively. Themean annual
ground temperature and extreme maximum and minimum ground temper-
ature are 28.8 °C, 77.9 °C and 2.1 °C, respectively. The mean annual air hu-
midity is 67.3 %, and the mean annual sunshine hours are 2350 h. The soil
type of this site is ferralic cambisol with pH value of 6.63–7.75, soil nitro-
gen of 0.196–0.427%, soil phosphorus of 0.055–0.12% and soil potassium
of 1.601–1.737 % within 0–20 cm depth (Zhang et al., 2012).

This region has a typical dry-hot valley savanna vegetation with diverse
plant species, including the tree layer dominated by Lannea coromandelica,
Terminthia paniculata, Polyalthia cerasoides and Haldina cordifolia with the



Fig. 1. Themean annual rainfall (bar) andmean annual temperature (dot) in the study area between 1961 and 2021 in Yuanjiang. In 2019, this area experienced an extreme
drought event during the past 61 years, with the lowest mean annual rainfall and the highest mean annual temperature. Red colour indicates the experimental period
(2019–2021).
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height of 3–8 m and coverage of 20 %–30 %, the shrub layer dominated by
Woodfordia fruticosa and Tarenna depauperata with the height of 0.5–3 m
and the coverage of 35 %–45 %, and the grass layer by Heteropogon
contortus and Paraboea rufescenswith the height of 0.1–0.6m and the cover-
age of 60 %–80 %. The majority of trees and shrubs are deciduous species.
The vegetation around the YSERS is a part of the Yuanjiang State-level
Nature Reserves established in 1980s, although it is occasionally disturbed
by grazing.

2.2. Natural extreme drought in 2019

The mean annual rainfall at YSERS in 2014, 2019, 2020, and 2021
was 653.5 mm, 390 mm, 514.9 mm, and 754.1 mm, respectively (Fig. 1).
In 2019, Yuanjiang experienced the most extreme drought of the past
61 years, with the highest mean annual temperature and the lowest mean
annual rainfall (Fig. 1). According to the standardized precipitation evapo-
transpiration index, the drought lasted fromMay of 2019 (usually the start
of rainy season) to January of 2020 (Fig. S1). Themaximum temperature in
2014, 2019, 2020, and 2021 was 43.7 °C, 45 °C, 44 °C and 44.1 °C, respec-
tively (Fig. S1). The days over 40 °C in 2014, 2019, 2020, and 2021 were
40, 61, 34, and 22, respectively. The Yuanjiang valley savanna in 2019
only has half of the mean annual precipitation (782 mm) of 1961–2021.
In 2019, it also showed the highest values of the maximum temperature
and the most number of days with temperatures over 40 °C. In addition,
we downloaded monthly Standardized Precipitation Evapotranspiration
Index (SPEI) data from the Global SPEI database (http://spei.csic.es/
map/maps.html#months=1#month=7#year=2022), and more nega-
tive SPEI values indicate stronger drought intensity (Vicente-Serrano
et al., 2010). The monthly averaged SPEI showed the lowest values (the
strongest drought intensity) in 2019 (Fig. S1b). Thus, the 2019 drought
was a record-breaking drought and was classified as extreme drought
(Shen et al., 2022). Branch dieback can be observed during and after
extreme drought event (Fig. 2). However, the mechanism underlying
branch dieback induced by extreme drought was out of the scope of this
study. The annual precipitation in 2020 was similar to that of some period-
ical drought years (e.g., 1962, 1980, 1989). Thus, 2020 is characterized by
3

a periodically moderate drought year. The annual precipitation in 2021
becomes normal. Similarly, the annual precipitation in 2014 is close to
normal.

2.3. Plant materials

The observations were made during the rainy season (July–October)
in 2019, 2020 and 2021. We selected 18 common woody species with
three leaf habits (five deciduous, nine semi-deciduous and four evergreen
species), and two growth forms (eight shrub and 10 tree species)
(Table 1). For the definition of deciduous, semi-deciduous and evergreen
species, we followed Chen et al. (2021). Specifically, evergreen plants (E,
n = 4) are species with no obvious leaf shedding and without a leafless
phase; semi-deciduous plants (SD, n = 9) are species that only partially
drop their leaves but do not show a leafless stage in the dry season; and
deciduous plants (D, n = 5) are species that drop all their leaves and go
through an obvious leafless stage in the dry season (Powers et al., 2020;
Chen et al., 2021). Shrubs 1–3 m and trees 3–8 m in height were selected
for this study. Three-to-five individuals of every species (n = 3 or 5) were
sampled randomly in similar habitats near the YSERS to reduce the effect
of environmental heterogeneity on the results. Leaf, stem, and whole-
branch hydraulic conductance, as well as leaf gas exchange were measured
(Table 2).

2.4. Measurements of leaf, stem, and whole-branch hydraulic conductance

For each of the 18 species, whole-branch hydraulic conductance was
measured using a high-pressure flow meter (HPFM-Gen3, Dynamax Inc.,
Houston TX, USA) on six branches sampled three-to-five individuals for
each species (n=3or 5) during each rainy season (late July-early October)
of 2019–2021. This technique has been previously described in detail
(Yang et al., 2019). Briefly, the branches 1.5–2 m in length for trees or
0.5–1 m in length for the shrubs were cut off, at dawn and the cut end of
the branch was then immediately re-cut (~5 cm off) under water. We
used an opaque plastic bag to cover the whole sampled branches and kept
the cut ends in water during transportation to the laboratory. The perfusion

http://spei.csic.es/map/maps.html#months=1#month=7#year=2022
http://spei.csic.es/map/maps.html#months=1#month=7#year=2022
Image of Fig. 1


Fig. 2.An aerial view of the dry-hot valley savanna ecosystem. The upper-left inset shows the branch dieback in some savanna plants caused by the extreme drought in 2019
in the study site. Photos were taken in the rainy season of 2021.
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solution used for hydraulic measurements was deionized and boiled water
filtered through a purifier (Parker Hannifin Corp., Havehill, MA USA), to
remove possible micro-bubbles. To minimize xylem cavitation formation,
the cut ends of the branches were always immersed in water throughout
the measurement process. Firstly, whole-branch hydraulic conductance
with all leaves (Kshoot) was measured using a quasi-steady-state mode of
the HPFM with a pressure of 0.4 MPa. After the shoot was connected, all
leaves of the branch were covered by a dark plastic bag. When a stable
Table 1
List of 18 tree species selected in this study. Nomenclature follows Flora of China
(http://www.iplant.cn/foc/).

Species Family Growth form Leaf habit

Strophioblachia fimbricalyx Euphorbiaceae Shrub Deciduous
Tarenna depauperata Rubiaceae Shrub Evergreen
Bauhinia brachycarpa Fabaceae Shrub Semi-deciduous
Campylotropis delavayi Fabaceae Shrub Semi-deciduous
Clausena excavata Rutaceae Shrub Semi-deciduous
Trigonostemon tuberculatum Euphorbiaceae Shrub Semi-deciduous
Vitex negundo Lamiaceae Shrub Semi-deciduous
Woodfordia fruticosa Lythraceae Shrub Semi-deciduous
Cipadessa baccifera Meliaceae Tree Deciduous
Haldina cordifolia Rubiaceae Tree Deciduous
Lannea coromandelica Anacardiaceae Tree Deciduous
Terminalia franchetii Combretaceae Tree Deciduous
Diospyros yunnanensis Ebenaceae Tree Evergreen
Olea ferruginea Oleaceae Tree Evergreen
Pistacia weinmannifolia Anacardiaceae Tree Evergreen
Polyalthia cerasoides Annonaceae Tree Semi-deciduous
Tamarindus indica Fabaceae Tree Semi-deciduous
Terminthia paniculata Anacardiaceae Tree Semi-deciduous
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flow rate was reached (mostly within 30 min), data was recorded and col-
lected automatically by the HPFM. Then, all distal leaves of the branch
were removed, and the hydraulic conductance of the branch including
stem and attached twigs (Kstem) were measured. These measurements
allowed us to calculate leaf hydraulic conductance (Kleaf). Kleaf was calcu-
lated as 1/(1/Kshoot-1/Kstem). After all hydraulic measurements were done
for a branch, the hydraulic conductance was normalized by its total leaf
area. Specifically, after the measurement of hydraulic conductance, 6–20
simple leaves or 3–6 compound leaves per branch were selected. These
fresh leaves were scanned (CanoScan 9000F Mark II, CANON, Tokyo,
Japan) at 300 d.p.i. resolution and their total area (LAscan, cm2) was deter-
mined by the ImageJ software (US National Institutes of Health, Bethesda,
MD, USA). Then, the scanned leaves and all other leaves were removed
from the branch and oven-dried at 80 °C for at least 48 h and the mass
(LMscan and LMrest, g) weighed, respectively. Leaf mass per area (LMA,
g m−2) was calculated as (LMscan/LAscan) × 10,000. The total leaf area
Table 2
Information of physiological traits measured in this study.

Traits Abbreviation Unit

Stomatal conductance gs mol m−2 s−1

Maximum photosynthesis rate per area Aa μmol m−2 s−1

Maximum photosynthesis rate per mass Am nmol g−1 s−1

Photosynthetic water use efficiency WUEi μmol mol−1

Leaf mass per area LMA g m−2

Leaf hydraulic conductance Kleaf kg s−1 MPa−1 m−2

Stem hydraulic conductance Kstem kg s−1 MPa−1 m−2

Whole–branch hydraulic conductance Kshoot kg s−1 MPa−1 m−2

Image of Fig. 2
http://www.iplant.cn/foc/
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(m2) of the branch was calculated as (LMscan + LMrest)/LMA. The Kshoot,
Kstem, Kleaf, and LMA were averaged to represent the species-level values.

2.5. Measurements of leaf gas exchange

In each rainy season (late July-early October) of 2019–2021, we used a
portable photosynthesis system (model Li-6400 XT, Li-Cor Biosciences,
Lincoln, NE, USA) to measure stomatal conductance (gs) and light-
saturated photosynthetic rate per leaf area (Aa) on three-to-five sun-
exposed mature leaves from three-to-five plant individuals (n = 3 or 5) in
situ for each species between 9:00 and 12:00 solar time. We recorded the
values after ~30 min of exposure to an irradiance of 1000 μmol m−2 s−1

with a reference CO2 of 400 μmol mol−1. Intrinsic photosynthetic water
use efficiency (WUEi) was calculated as the ratio of Aa to gs for each sam-
pling leaf. The gs, Aa and WUEi measured for each species were averaged
to represent the species-level values. The species-level light-saturated
photosynthetic rate per mass (Am, nmol g−1 s−1) was calculated as
(Aa /LMA) × 1000. In addition, we also collected pre-drought data on
gs and Aa of 16 same species in the same site as this study in 2014 (a reg-
ular year), which were measured by a YSERS colleague (Shu-Bin Zhang,
unpublished).

2.6. Statistics

The species-level trait values were tested for normality and log10-
transformed when necessary, prior to subsequent analyses. All analyses
were performed in R v.4.0.3 (R Core Team, 2021). One-way multivariate
analysis of variance (ANOVA) was used to test differences of all traits
among the three years with the aov function in the ‘stats’ package and mul-
tiple comparison based on least significant difference was tested with the
LSD.test function in the ‘agricolae’ package when normality and homogene-
ity were satisfied, while the Kruskal Wallis test and the criterium Fisher's
least significant difference was used with the kruskal function in the
‘agricolae’ package when normality or homogeneity were not satisfied. In
multiple comparisons, the Bonferroni correction was used to adjust p
values. Pearson's correlation was used to analyze the relationships between
pair of traits via corr.test function in the ‘psych’ package. Principal compo-
nent analysis (PCA) was performed to characterize the trait space and
species space by using PCA function in the ‘FactoMineR’ package. Permuta-
tional multivariate analysis (PERMANOVA) and three-way multivariate
analysis of variance (MANOVA) were used to test whether these savanna
plants for different leaf habits and growth forms have contrasting responses
to the 2019 extreme droughtwith the adonis function in the ‘vegan’ package
and the aov function in the ‘stats’ package. All figures were plotted with the
ggplot function in the ‘ggplot2’ package in R.

3. Results

Overall, the values for leaf hydraulic and photosynthetic traits were
lowest in 2019 during the extreme drought, but leaf mass per area (LMA),
stem and whole-branch hydraulic conductance (Kstem and Kshoot, respec-
tively) showed no difference across years (Fig. 3). Both stomatal conduc-
tance (gs) and leaf hydraulic conductance (Kleaf) were significantly lower
in 2019 than in 2020 and 2021 (Fig. 3). Consistently, in 2019 the plants
showed significantly lower area-based (Aa) and mass-based maximum
photosynthetic rates (Am), but higher intrinsic photosynthetic water-use
efficiency (Fig. 3). In addition, gs and Aa after drought (2020 and 2021)
showed comparable or even higher values compared to that in 2014, a reg-
ular year (Fig. 4). Compared to 2014, significant and similar declines in gs
and Aa were found under the extreme drought in 2019 across all species,
leaf habits (deciduous, semi-deciduous and evergreen) and growth forms
(tree and shrub; Fig. 4).

Stomatal conductance (gs) was negatively correlated with vapor pres-
sure deficit (VPD) in wetter years, whereas in the drought year the gs-VPD
relationship became nonsignificant because all VPDs in 2019 were higher
than 2 kPa, under which stomatal conductance reached their minimum
5

values observed (Fig. 5a). Maximum photosynthetic rate per area (Aa)
showed a positive relationship with gs across years (Fig. 5b; Table S1).

Based on the PCA results, the plants showed a clear separation
between 2019 and 2020, or between 2019 and 2021, and high overlap
between 2020 and 2021 (Fig. 6). The permutational multivariate analy-
sis (PERMANOVA) and three-way multivariate analysis of variance
(MANOVA) showed that the factor year (drought) with a maximum
explanation of trait variation (50.3 %) had a significant impact on the
physiological traits (Table S2). Although leaf habit also showed a signif-
icant impact on the physiological traits, it had a relatively low explana-
tion of trait variation (8.7 %). In addition, savanna plants showed
similar responses of hydraulic and photosynthetic traits to the 2019 ex-
treme drought among different leaf habits (deciduous, semi-deciduous,
and evergreen species) and between growth forms (tree and shrub)
(Figs. S2, S3). Specifically, deciduous, semi-deciduous and evergreen spe-
cies showed a similar trend for all traits studied, except for Kleaf (Fig. S2),
and trees and shrubs also showed a consistent trend in response to the
natural extreme drought in all traits (Fig. S3).
4. Discussion

Our study reveals high physiological resilience of savanna plants to ex-
treme drought in terms of recovery in leaf photosynthesis. Their carbon as-
similation in the years after drought (2020 and 2021) was nearly back to
their level in pre-drought 2014 (Fig. 4). The photosynthetic recovery
could be related to the maintenance of hydraulic integrity in stem xylem.
Studied savanna plants showed significant declines in leaf hydraulic and
stomatal conductance during an extreme drought (Fig. 3), which could re-
duce plant water loss and the risk to stem hydraulic integrity for valley-
savanna plants during the drought.

Consistent with our expectation, we found that the gs of the studied
plants was highly sensitive to increasing vapor pressure deficit (VPD).
When VPD in 2019 was higher than 2 kPa, all studied plants maintained
stomatal conductance at their minimum levels observed, suggesting a
strong stomatal regulation under extreme drought (Fig. 5). The stomata,
as the final pathway of water transport in plants, are a major controller of
plant water loss when water stress occurs (Jones and Sutherland, 1991;
Martínez-Vilalta and Garcia-Forner, 2017; Brodribb et al., 2016; Creek
et al., 2020) and has important impacts on survival of savanna plants
under drought conditions (Martínez-Vilalta and Garcia-Forner, 2017;
Martin-StPaul et al., 2017; Creek et al., 2018). Closing stomata minimizes
water loss and delays catastrophic xylem dysfunction under drought
given that stomatal closure protects against large gradients in water poten-
tial between the soil and foliage (Creek et al., 2020; Carminati et al., 2020).
In addition, low gs during the drought could be related to lower leaf hydrau-
lic conductance (Deans et al., 2020; Lu et al., 2020; Xu et al., 2021). The low
gs in the drought may partly be the result of less water supply via leaf xylem
to stomata induced by lower Kleaf.

Low gs and Kleaf suppress carbon assimilation (Sperry et al., 2017;
Lawson and Vialet-Chabrand, 2018). Indeed, Aa and Am were significantly
lower during the 2019 extreme drought (Figs. 3, 5). This suppression of
photosynthesis may reduce carbon supply for plant growth, and even
cause carbon starvation, a possible mechanism of tree mortality during
extreme drought (McDowell et al., 2008; Anderegg et al., 2012; Hajek
et al., 2022; McDowell et al., 2022). However, some studies have shown
that carbon starvation may not be the mechanism explaining drought-
induced mortality based on high tissue non-structural carbohydrate (NSC)
concentrations during the drought (Adams et al., 2017; Kannenberg and
Phillips, 2020; Shen et al., 2022). In contrast, the high percentage loss of
xylem hydraulic conductivity (> 60%) is consistent with proposed theoret-
ical and modeled survival thresholds across species, suggesting that xylem
hydraulic failure is an important physiological mechanism explaining
drought-induced mortality (Adams et al., 2017). In addition, the higher
photosynthetic water use efficiency under extreme drought can partly com-
pensate for the drought-induced decline in xylem water potential by



Fig. 3. Differences in mean trait values for all 18 species among three years (2019, 2020 and 2021). (a) maximum photosynthetic rate per area (Aa), (b) maximum
photosynthetic rate per mass (Am), (c) stomatal conductance (gs), (d) photosynthetic water use efficiency (WUEi), (e) leaf mass per area (LMA), (f) leaf hydraulic
conductance (Kleaf), (g) stem hydraulic conductance (Kstem), and (h) the whole branch hydraulic conductance (Kshoot). Error bars represent +1 SE. Different letters on top
of the error bars indicate significant differences in traits among years (p < 0.05). One-way multivariate analysis of variance (ANOVA) was used to test the difference in
traits, and the Bonferroni correction was used to adjust p values in multiple comparisons.
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decreasing stomatal conductance and less water loss (Ponton et al., 2002;
Hentschel et al., 2016; Driscoll et al., 2020).

Despite lower Kleaf in 2019 compared to 2020 and 2021, stem water
transport capacity (Kstem) during the 2019 extreme drought was compara-
ble to that of 2020 and 2021 (Fig. 3). This suggests maintenance of hydrau-
lic integrity of stems, which may benefit from less water loss due to the
down-regulation of both gs and Kleaf. This could be because the 2019
drought started at the beginning of the rainy season, which inhibited leaf
xylem growth resulting in low Kleaf. However, stem cambium growth was
less impacted. Lower Kleaf (high hydraulic resistance in leaf) can produce
a greater water potential gradient within leaves in a given transpiration
rate and leaf water potential, and thus help keep a higher water potential
in upstream stems (Zimmermann, 1983; Tyree and Ewers, 1991), which
6

helps avoid catastrophic hydraulic failure due to embolism (Hao et al.,
2008; Bucci et al., 2013; Scholz et al., 2014; Charrier et al., 2016). In addi-
tion, although leaf-stem hydraulic segmentation in terms of vulnerability to
embolism has not been studied here, leaf xylem embolism could function as
a ‘safety valve’ under the drought (Zimmermann, 1983; Pivovaroff et al.,
2014; Hochberg et al., 2017; Levionnois et al., 2020).

Unexpectedly, savanna woody plants with different leaf habits (decidu-
ous, semi-deciduous and evergreen groups) and growth forms (growth
form: tree and shrub groups) showed similar responses to the 2019 extreme
drought (Figs. S2, S3). This convergent behavior suggests that, for this
region and climate, maintenance of hydraulic integrity is critical for plant
survival (Chen et al., 2021; Oliveira et al., 2021). Savanna habitats can
show strong water deficits even during a regular dry season (Sankaran,

Image of Fig. 3


Fig. 4. Differences in mean trait values of (a)-(f) maximum photosynthetic rate per area (Aa,) and (g)-(l) stomatal conductance (gs) among four years (2014, 2019, 2020 and
2021) for all 16 species, different growth forms (shrub and tree) and leaf habits (deciduous, semi-deciduous and evergreen). Data onAa and gs of the 16 same species as in this
study at the same site in 2014 (a regular year) were measured by Shu-Bin Zhang during the rainy season of 2014 (unpublished data). Error bars represent +1 SE. Different
letters on top of the error bars indicate significant difference in traits among years (p < 0.05). One-way multivariate analysis of variance (ANOVA) was used to test the
difference in traits, and the Bonferroni correction was used to adjust p values in multiple comparisons.
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2019; Zhang et al., 2022), due to negligible rainfall and high evaporative
demand caused by high irradiance and temperature (Sankaran, 2019).
The diversity of savanna trees is limited by the narrow niche due to the
water-limited environment condition (Schwinning and Kelly, 2013).
Thus, this convergent physiological response of these plants among leaf
habits and growth forms to extreme drought may be related to long-term
adaptation to the powerful selecting stress in the dry-hot valley savanna
ecosystem.

5. Conclusions

In conclusion, our study shows themaintenance of stemhydraulic integ-
rity during the drought and the recovery of leaf-level photosynthesis after
the drought, suggesting high physiological resilience of savanna plants
under extreme drought. Declines in leaf hydraulic conductance and strong
stomatal regulation can decrease water loss and help plants survive under
extreme drought and recover after drought (Shen et al., 2022). In the face
of extreme drought, savanna plants across different leaf habits and growth
forms show a similar physiological response, despite that different leaf
habits or growth forms may have different hydraulic traits and drought-
7

induced branch dieback (Chen et al., 2021; Zhang et al., 2022). This
study provides important physiological results for understanding how sa-
vanna plants across diverse leaf habits and growth forms respond to natural
extreme drought, which can help predict the response of savanna ecosys-
tems to future climate change.
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Fig. 5. Relationships between (a) stomatal conductance (gs) and vapor pressure
deficit (VPD), and (b) maximum photosynthetic rate per area (Aa) and gs across
18 species in 2019 (light red), 2020 (light yellow) and 2021 (light blue),
respectively.

Fig. 6.Principal component analysis (PCA) using log10-transformedmean values for
eight traits of 18 species in 2019 (light red), 2020 (light yellow) and 2021 (light
blue). See trait abbreviations in Table 2.

D. Yang et al. Science of the Total Environment 868 (2023) 161711
Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

This work was funded by the National Natural Science Foundation
of China (31901285; 32171507; 31870385), the CAS “Light of West
China” program, and the Young Program of Yunnan Basic Research
(202001AU070128). We thank Shu-Bin Zhang for providing the photosyn-
thetic data in 2014 and Da-Xin Yang for assistance with field measure-
ments. We would like to thank the Yuanjiang Savanna Ecosystem
Research Station for providing themeteorological data and logistic support.
8

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.161711.

References

Adams, H.D., Zeppel, M.J.B., Anderegg, W.R.L., Hartmann, H., Landhausser, S.M., Tissue,
D.T., Huxman, T.E., Hudson, P.J., Franz, T.E., Allen, C.D., et al., 2017. A multi-species
synthesis of physiological mechanisms in drought-induced tree mortality. Nat. Ecol.
Evol. 1, 1285–1291.

Anderegg, W.R.L., Berry, J.A., Smith, D.D., Sperry, J.S., Anderegg, L.D.L., Field, C.B., 2012.
The roles of hydraulic and carbon stress in a widespread climate–induced forest die–
off. Proc. Natl. Acad. Sci. U. S. A. 109, 233–237.

Anderegg, W.R.L., Schwalm, C., Biondi, F., Camarero, J.J., Koch, G., Litvak, M., Ogle, K.,
Shaw, J.D., Shevliakova, E., Williams, A.P., Wolf, A., Ziaco, E., Pacala, S., 2015. Pervasive
drought legacies in forest ecosystems and their implications for carbon cycle models.
Science 349, 528–532.

Anderegg, W.R.L., Anderegg, L.D.L., Kerr, K.L., Trugman, A.T., 2019. Widespread drought-
induced tree mortality at dry range edges indicates that climate stress exceeds
species'compensating mechanisms. Glob. Chang. Biol. 25, 3793–3802.

Anest, A., Charles-Dominique, T., Maurin, O., Millan, M., Edelin, C., Tomlinson, K.W., 2021.
Evolving the structure: climatic and developmental constraints on the evolution of
plant architecture. A case study in Euphorbia. New Phytol. 231, 1278–1295.

Arend, M., Link, R.M., Patthey, R., Hoch, G., Schuldt, B., Ansgar, K., 2021. Rapid hydraulic
collapse as cause of drought–induced mortality in conifers. Proc. Natl. Acad. Sci.
U. S. A. 118, e2025251118.

Blackman, C.J., Brodribb, T.J., Jordan, G.J., 2009. Leaf hydraulics and drought stress:
response, recovery and survivorship in four woody temperate plant species. Plant
Cell Environ. 32, 1584–1595.

Brodribb, T.J., Holbrook, N.M., 2003. Stomatal closure during leaf dehydration, correlation
with other leaf physiological traits. Plant Physiol. 132, 2166–2173.

Brodribb, T.J., Skelton, R.P., McAdam, S.A., Bienaimé, D., Lucani, C.J., Marmottant, P., 2016.
Visual quantification of embolism reveals leaf vulnerability to hydraulic failure. New
Phytol. 209, 1403–1409.

Bryant, C., Fuenzalida, T.I., Brothers, N., Mencuccini, M., Sack, L., Binks, O., Ball, M.C., 2021.
Shifting access to pools of shoot water sustains gas exchange and increases stem hydraulic
safety during seasonal atmospheric drought. Plant Cell Environ. 44, 2898–2911.

Bucci, S.J., Scholz, F.G., Peschiutta, M.L., Arias, N.S., Meinzer, F.C., Goldstein, G., 2013. The
stem xylem of patagonian shrubs operates far from the point of catastrophic dysfunction
and is additionally protected from drought–induced embolism by leaves and roots. Plant
Cell Environ. 36, 2163–2174.

Carminati, A., Ahmed, M.A., Zarebanadkouki, M., Cai, G.H., Lovric, G., Javaux, M.,
2020. Stomatal closure prevents the drop in soil water potential around roots.
New Phytol. 226, 1541–1543.

Charrier, G., Torres-Ruiz, J.M., Badel, E., Burlett, R., Choat, B., Cochard, H., Delzon, S., 2016.
Evidence for hydraulic vulnerability segmentation and lack of xylem refilling under
tension. Plant Physiol. 172, 1657–1668.

https://doi.org/10.1016/j.scitotenv.2023.161711
https://doi.org/10.1016/j.scitotenv.2023.161711
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140481747
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140481747
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140481747
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140535367
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140535367
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140548936
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140548936
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140548936
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140523950
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140523950
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140523950
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141001443
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141001443
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181123483626
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181123483626
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181123483626
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141021102
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141021102
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141021102
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141031330
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141031330
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181123503601
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181123503601
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141047216
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141047216
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141494243
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141494243
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141494243
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141494243
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136105436
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136105436
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136123693
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136123693
Image of Fig. 5
Image of Fig. 6


D. Yang et al. Science of the Total Environment 868 (2023) 161711
Chen, Y.J., Choat, B., Sterck, F., Maenpuen, P., Katabuchi, M., Zhang, S.B., Tomlinson, K.W.,
Oliveira, R.S., Zhang, Y.J., Shen, J.X., Cao, K.F., Jansen, S., 2021. Hydraulic prediction of
drought–induced plant dieback and top–kill depends on leaf habit and growth form. Ecol.
Lett. 24, 2350–2363.

Choat, B., Brodribb, T.J., Brodersen, C.R., Duursma, R.A., López, R., Medlyn, B.E., 2018.
Triggers of tree mortality under drought. Nature 558, 531–539.

Coumou, D., Rahmstorf, S., 2012. A decade of weather extremes. Nat. Clim. Chang. 2,
491–496.

Creek, D., Blackman, C.J., Brodribb, T.J., Choat, B., Tissue, D.T., 2018. Coordination between
leaf, stem, and root hydraulics and gas exchange in three arid-zone angiosperms during
severe drought and recovery. Plant Cell Environ. 41, 2869–2881.

Creek, D., Lamarque, L.J., Torres-Ruiz, J.M., Parise, C., Burlett, R., Tissue, D.T., Delzon, S.,
2020. Xylem embolism in leaves does not occur with open stomata: evidence from direct
observations using the optical visualization technique. J. Exp. Bot. 71, 1151–1159.

Deans, R.M., Brodribb, T.J., Busch, F.A., Farquhar, G.D., 2020. Optimization can provide the
fundamental link between leaf photosynthesis, gas exchange and water relations. Nat.
Plants 6, 1116–1125.

Driscoll, A.W., Bitter, N.Q., Sandquist, D.R., Ehleringer, J.R., 2020. Multidecadal records of in-
trinsic water–use efficiency in the desert shrub Encelia farinosa reveal strong responses to
climate change. Proc. Natl. Acad. Sci. U. S. A. 117, 202008345.

Field, C.B., Behrenfeld, M.J., Randerson, J.T., Falkowski, P., 1998. Primary production of the
biosphere: integrating terrestrial and oceanic components. Science 281, 237–240.

Gonzalez-Rebeles, G., Terrazas, T., Mendez-Alonzo, R., Paz, H., Brodribb, T.J., Tinoco-
Ojanguren, C., 2021. Leaf water relations reflect canopy phenology rather than leaf life
span in Sonoran Desert trees. Tree Physiol. 41, 1627–1640.

Hajek, P., Link, R.M., Nock, C.A., Bauhus, J., Gebauer, T., Gessler, A., Kovach, K., Messier, C.,
Paquette, A., Saurer, M., Scherer-Lorenzen, M., Rose, L., Schuldt, B., 2022. Mutually in-
clusive mechanisms of drought-induced tree mortality. Glob. Chang. Biol. 28,
3365–3378.

Hao, G.Y., Hoffmann, W.A., Scholz, F.G., Bucci, S.J., Meinzer, F.C., Franco, A.C., Cao, K.F.,
Goldstein, G., 2008. Stem and leaf hydraulics of congeneric tree species from adjacent
tropical savanna and forest ecosystems. Oecologia 155, 405–415.

Hentschel, R., Hommel, R., Poschenrieder, W., Grote, R., Holst, J., Biernath, C., Gessler, A.,
Priesack, E., 2016. Stomatal conductance and intrinsic water use efficiency in the drought
year 2003: a case study of European beech. Trees 30, 153–174.

Hochberg, U., Windt, C.W., Ponomarenko, A., Zhang, Y.J., Gersony, J., Rockwell, F.E.,
Holbrook, N.M., 2017. Stomatal closure, basal leaf embolism, and shedding protect the
hydraulic integrity of grape stems. Plant Physiol. 174, 764–775.

Iio, A., Fukasawa, H., Nose, Y., Kakubari, Y., 2004. Stomatal closure induced by high vapor
pressure deficit limited midday photosynthesis at the canopy top of Fagus crenata
Blume on Naeba mountain in Japan. Trees 18, 510–517.

IPCC, 2016. Climate Change Synthesis Report. Cambridge University Press, Cambridge, UK.
Jones, H.G., Sutherland, R.A., 1991. Stomatal control of xylem embolism. Plant Cell Environ.

14, 607–612.
van Kampen, R., Fisichelli, N., Zhang, Y.J., Wason, J., 2022. Drought timing and species

growth phenology determine intra-annual recovery of tree height and diameter growth.
AoB PLANTS 14 (3), plac012.

Kannenberg, S.A., Phillips, R.P., 2020. Non-structural carbohydrate pools not linked to hy-
draulic strategies or carbon supply in tree saplings during severe drought and subsequent
recovery. Tree Physiol. 40, 259–271.

Kukowski, K.R., Schwinning, S., Schwartz, B.F., 2013. Hydraulic responses to extreme
drought conditions in three co-dominant tree species in shallow soil over bedrock.
Oecologia 171, 819–830.

Lawson, T., Vialet-Chabrand, S., 2018. Speedy stomata, photosynthesis and plant water use
efficiency. New Phytol. 221, 93–98.

Lehmann, C.E.R., Anderson, T.M., Sankaran, M., Higgins, S.I., Archibald, S., Hoffmann, W.A.,
Hanan, N.P., Williams, R.J., Fensham, R.J., Felfili, J., Hutley, L.B., Ratnam, J., Jose, J.S.,
Montes, R., Franklin, D., Russell-Smith, J., Ryan, C.M., Durigan, G., Hiernaux, P., Haidar,
R., Bowman, D.M.J.S., Bond, W.J., 2014. Savanna vegetation–fire–climate relationships
differ among continents. Science 343, 548–552.

Levionnois, S., Ziegler, C., Jansen, S., Calvet, E., Coste, S., Stahl, C., Salmon, C., Delzon, S.,
Guichard, C., Heuret, P., 2020. Vulnerability and hydraulic segmentations at the stem–
leaf transition: coordination across neotropical trees. New Phytol. 228, 512–524.

Lu, Y.J., Duursma, R.A., Farrior, C.E., Medlyn, B.E., Feng, X., 2020. Optimal stomatal drought
response shaped by competition for water and hydraulic risk can explain plant trait co-
variation. New Phytol. 225, 1206–1217.

Martínez-Vilalta, J., Garcia-Forner, N., 2017. Water potential regulation, stomatal behavior
and hydraulic transport under drought: deconstructing the iso/anisohydric concept.
Plant Cell Environ. 40, 962–976.

Martin-StPaul, N., Delzon, S., Cochard, H., 2017. Plant resistance to drought depends on
timely stomatal closure. Ecol. Lett. 20, 1437–1447.

McDowell, N., Pockman, W.T., Allen, C.D., Breshears, D.D., Kolb, T., Plaut, J., Sperry, J., West,
A., Williams, D.G., Yepez, E.A., 2008. Mechanisms of plant survival and mortality during
drought: why do some plants survive while others succumb to drought? New Phytol. 178,
719–739.

McDowell, N.G., Beerling, D.J., Breshears, D.D., Fisher, R.A., Raffa, K.F., Stitt, M., 2011. The
interdependence of mechanisms underlying climate–driven vegetation mortality. Trends
Ecol. Evol. 26, 523–532.

McDowell, N.G., Sapes, G., Pivovaroff, A., Adams, H.D., Allen, C.D., Anderegg, W.R., Arend,
M., Breshears, D.D., Brodribb, T., Choat, B., 2022. Mechanisms of woody-plant mortality
under rising drought, CO2 and vapour pressure deficit. Nat. Rev. Earth Environ. 3,
294–308.

Naumann, G., Alfieri, L., Wyser, K., Mentaschi, L., Betts, R.A., Carrao, H., Spinoni, J., Vogt, J.,
Feyen, L., 2018. Global changes in drought conditions under different levels of warming.
Geophys. Res. Lett. 45, 3285–3296.
9

Oliveira, R.S., Eller, C.B., de V Barros, F., Hirota, M., Brum, M., Bittencourt, P., 2021. Linking
plant hydraulics and the fast–slow continuum to understand resilience to drought in trop-
ical ecosystems. New Phytol. 230, 904–923.

Pivovaroff, A.L., Sack, L., Santiago, L.S., 2014. Coordination of stem and leaf hydraulic
conductance in southern California shrubs: a test of the hydraulic segmentation hy-
pothesis. New Phytol. 203, 842–850.

Pivovaroff, A.L., Pasquini, S.C., De Guzman, M.E., Alstad, K.P., Stemke, J.S., Santiago, L.S.,
2016. Multiple strategies for drought survival among woody plant species. Funct. Ecol.
30, 517–526.

Ponton, S., Dupouey, J.L., Breda, N., Dreyer, E., 2002. Comparison of water-use efficiency of
seedlings from two sympatric oak species: genotype × environment interactions. Tree
Physiol. 22, 413–422.

Powers, J.S., Vargas, G.G., Brodribb, T.J., Schwartz, N.B., PérezAviles, D., Smith-Martin,
C.M., Becknell, J.M., Aureli, F., Blanco, R., Calderón-Morales, E., Calvo-Alvarado,
J.C., Calvo-Obando, A.J., Chavarría, M.M., Carvajal-Vanegas, D., Jiménez-
Rodríguez, C.D., Chacon, E.M., Schaffner, C.M., Werden, L.K., Xu, X., Medvigy, D.,
2020. A catastrophic tropical drought kills hydraulically vulnerable tree species.
Glob. Chang. Biol. 26, 3122–3133.

Ratnam, J., Tomlinson, K.W., Rasquinha, D.N., Sankaran, M., 2016. Savannahs of Asia: antiq-
uity, biogeography, and an uncertain future. Philos. Trans. R. Soc. B. 371, 20150305.

Sankaran, M., 2019. Droughts and the ecological future of tropical savanna vegetation.
J. Ecol. 107, 1531–1549.

Schenk, H.J., Espino, S., Goedhart, C.M., Nordenstahl, M., Cabrera, H.I.M., Jones, C.S., 2008.
Hydraulic integration and shrub growth form linked across continental aridity gradients.
Proc. Natl. Acad. Sci. U. S. A. 105, 11248–11253.

Scholes, R., Archer, S., 1997. Tree-grass interactions in savannas. Annu. Rev. Ecol. Syst. 28,
517–544.

Scholz, F.G., Bucci, S.J., Goldstein, G., 2014. Strong hydraulic segmentation and leaf se-
nescence due to dehydration may trigger die–back in Nothofagus dombeyi under se-
vere droughts: a comparison with the cooccurring Austrocedrus chilensis. Trees 28,
1475–1487.

Schulze, E.D., Lange, O.L., Evenari, M., Kappen, L., Buschbom, U., 1974. The role of air hu-
midity and leaf temperature in controlling stomatal resistance of Prunus armeniaca L.
under desert conditions. I. A simulation of daily course of stomatal resistance. Oecologia
17, 159–170.

Schwinning, S., Kelly, C.K., 2013. Plant competition, temporal niches and implications for
productivity and adaptability to climate change in water-limited environments. Funct.
Ecol. 27, 886–897.

Shen, J.X., Zhang, Y.J., Maenpuen, P., Zhang, S.B., Zhang, L., Yang, L., Tao, L.B., Yan, P.Y.,
Zhang, Z.M., Li, S.Q., Yuan, X., Kongjarat, W., Kaewkamol, S., Tinprabat, P., Chen, Y.J.,
2022. Response of four evergreen savanna shrubs to an incidence of extreme drought:
high embolism resistance, branch shedding and maintenance of nonstructural carbohy-
drates. Tree Physiol. 42, 740–753.

Singh, K.P., Kushwaha, C.P., 2016. Deciduousness in tropical trees and its potential as indica-
tor of climate change: a review. Ecol. Indic. 69, 699–706.

Skelton, R.P., Brodribb, T.J., McAdam, S.A.M., Mitchell, P.J., 2017. Gas exchange recovery
following natural drought is rapid unless limited by loss of leaf hydraulic conductance:
evidence from an evergreen woodland. New Phytol. 215, 1399–1412.

Solbrig, O.T., Medina, E., Silva, J.F., 1996. Determinants of tropical savannas. Biodiversity
and Savanna Ecosystem Processes. Springer, Berlin, Heidelberg, German.

Sperry, J.S., Venturas, M.D., Anderegg, W.R.L., Mencuccini, M., Mackay, D.S., Wang, Y., Love,
D.M., 2017. Predicting stomatal responses to the environment from the optimization of
photosynthetic gain and hydraulic cost. Plant Cell Environ. 40, 816–830.

Trenberth, K.E., Dai, A., van der Schrier, G., Jones, P.D., Barichivich, J., Briffa, K.R., Sheffield,
J., 2014. Global warming and changes in drought. Nat. Clim. Chang. 4, 17–22.

Tyree, M.T., Ewers, F.W., 1991. Hydraulic architecture of trees and other woody plants. New
Phytol. 119, 345–360.

Vicente-Serrano, S.M., Beguería, S., López-Moreno, J.I., 2010. A multiscalar drought index
sensitive to global warming: the standardized precipitation evapotranspiration index.
J. Clim. 23, 1696–1718.

Wu, Z.Y., 1995. The Vegetation of China. Science Press, Beijing, China.
Xu, C.G., McDowell, N.G., Fisher, R.A., Wei, L., Sevanto, S., Christoffersen, B.O., Weng, E.S.,

Middleton, R.S., 2019. Increasing impacts of extreme droughts on vegetation productivity
under climate change. Nat. Clim. Chang. 9, 948–953.

Xu, H.Y., Wang, H., Prentice, I.C., Harrison, S.P., Wright, I.J., 2021. Coordination of plant hy-
draulic and photosynthetic traits: confronting optimality theory with field measurements.
New Phytol. 232, 1286–1296.

Yang, D., Zhang, Y.J., Song, J., Niu, C.Y., Hao, G.Y., 2019. Compound leaves are associated
with high hydraulic conductance and photosynthetic capacity: evidence from trees in
Northeast China. Tree Physiol. 39, 729–739.

Yao, Y.F., Bruch, A.A., Cheng, Y.M., Mosbrugger, V., Wang, Y.F., Li, C.S., 2012. Monsoon ver-
sus uplift in southwestern China––Late pliocene climate in Yuanmou Basin, Yunnan. PLoS
One 7, e37760.

Yu, R., Zhai, P., 2020. Changes in compound drought and hot extreme events in summer
overpopulated eastern China. Weather Clim. Extreme 30, 100295.

Zhang, J.L., Poorter, L., Cao, K.F., 2012. Productive leaf functional traits of Chinese savanna
species. Plant Ecol. 213, 1449–1460.

Zhang, Y.J., Meinzer, F.C., Qi, J.H., Goldstein, G., Cao, K.F., 2013. Midday stomatal conduc-
tance is more related to stem rather than leaf water status in subtropical deciduous and
evergreen broadleaf trees. Plant Cell Environ. 36, 149–158.

Zhang, S.B., Wen, G.J., Qu, Y.Y., Yang, L.Y., Song, Y., 2022. Trade-offs between xylem
hydraulic efficiency and mechanical strength in Chinese evergreen and deciduous
savanna species. Tree Physiol. 42, 1337–1349.

Zimmermann, M.H., 1983. Xylem Structure and the Ascent of Sap. Springer, Berlin, Germany.

http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141506452
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141506452
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141506452
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141516349
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141523203
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141523203
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141535323
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141535323
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141535323
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141549066
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141549066
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141557826
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141557826
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141557826
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136204159
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136204159
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136204159
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141565024
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141565024
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141585491
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141585491
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141592206
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141592206
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181141592206
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142003805
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142003805
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142045799
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142045799
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142056651
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142056651
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136331250
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136331250
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136331250
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136534312
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142072563
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142072563
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142428213
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142428213
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142428213
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140217541
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140217541
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140217541
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142085762
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142085762
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142085762
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136561810
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136561810
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136575253
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136575253
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142099142
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142099142
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136599882
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136599882
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181136599882
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142117171
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142117171
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142117171
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142106691
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142106691
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137018707
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137018707
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137018707
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142127061
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142127061
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142127061
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137068787
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137068787
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137068787
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142136600
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142136600
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140457010
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140457010
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181140457010
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142146428
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142146428
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142146428
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142157766
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142157766
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142177902
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142177902
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142177902
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137086807
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137086807
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137177123
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137177123
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142182704
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142182704
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142196422
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142196422
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137288839
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137288839
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142239009
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142239009
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142239009
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142239009
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137337717
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137337717
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137337717
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181137337717
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142258969
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142258969
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142258969
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142292993
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142292993
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142292993
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142334872
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142334872
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142323610
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142323610
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142323610
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139151493
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139151493
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142360491
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142360491
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142366578
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139168820
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139168820
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142444735
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142444735
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142444735
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139247877
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139270373
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139270373
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139292411
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139292411
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139292411
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142473152
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142473152
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142473152
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139434734
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139434734
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139434734
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139484801
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139484801
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142522747
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142522747
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181143010588
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181143010588
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181143010588
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142578447
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142578447
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181142578447
http://refhub.elsevier.com/S0048-9697(23)00326-1/rf202301181139596484

	Physiological response and photosynthetic recovery to an extreme drought: Evidence from plants in a dry-�hot valley savanna...
	1. Introduction
	2. Materials and methods
	2.1. Study site
	2.2. Natural extreme drought in 2019
	2.3. Plant materials
	2.4. Measurements of leaf, stem, and whole-branch hydraulic conductance
	2.5. Measurements of leaf gas exchange
	2.6. Statistics

	3. Results
	4. Discussion
	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A. Supplementary data
	References




