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Water availability is a key environmental factor affecting plant species distribution, and
the relationships between hydraulic and economic traits are important for understanding
the species’ distribution patterns. However, in the same community type but within different
soil water availabilities, the relationships in congeneric species remain ambiguous. In
northwest China, Quercus wutaishanica forests in the Qinling Mountains (QM, humid
region) and Loess Plateau (LP, drought region) have different species composition owing
to contrasting soil water availability, but with common species occurring in two regions.
We analyzed eight hydraulic traits [stomatal density (SD), vein density (VD), wood specific
gravity (WSGyanen), lower leaf area: sapwood area (Al: As), stomatal length (SL), turgor
loss point (¥+,,), maximum vessel diameter (Vdn.,) and height (Height)] and five economic
traits [leaf dry matter content (LDMC), leaf tissue density (TD), leaf dry mass per area
(LMA), Leaf thickness (LT) and maximum net photosynthetic rate (P..,)] of congeneric
species (including common species and endemic species) in Q. wutaishanica forests of
QM and LP. We explored whether the congeneric species have different economic and
hydraulic traits across regions. And whether the relationship between hydraulic and
economic traits was determined by soil water availability, and whether it was related to
species distribution and congeneric endemic species composition of the same community.
We found that LP species tended to have higher SD, VD, WSGyanen, Al: As, SL, ¥r, and
Vdna than QM species. There was a significant trade-off between hydraulic efficiency and
safety across congeneric species. Also, the relationships between hydraulic and economic
traits were closer in LP than in QM. These results suggested that relationships between
hydraulic and economic traits, hydraulic efficiency and safety played the role in constraining
species distribution across regions. Interestingly, some relationships between traits
changed (from significant correlation to non-correlation) in common species across two
regions (from LP to QM), but not in endemic species. The change of these seven pairs
of relationships might be a reason for common species’ wide occurrence in the two
Q. wutaishanica forests with different soil water availability. In drought or humid conditions,
congeneric species developed different types of adaptation mechanisms. The study helps
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to understand the environmental adaptive strategies of plant species, and the results
improve our understanding of the role of both hydraulic and economic traits during

community assembly.

Keywords: functional trait, congeneric species, trade-off, species distribution, temperate forest

INTRODUCTION

Water availability is an essential resource for plants survival,
growth and distribution (Toledo et al., 2012; Poorter et al,
2017; Ramirez-Valiente and Cavender-Bares, 2017; Ali et al.,
2018; Granato-Souza et al, 2018; Rodriguez-Ramirez et al.,
2019). The long-term adaptation of plants to different water
conditions will originate different water regulation strategies
(Aguilar-Romero et al., 2017; Luo et al,, 2017; Liu et al.,, 2021a)
and functional traits (Rita et al., 2016). Different strategies of
plants in response to the environment, such as water transport,
mechanical support, and defense strategies, combine to determine
the survival and distribution of plants (Bucci et al., 2012; Reich,
2014). Therefore, the relationships between functional traits
and species distribution in multiple dimensions of traits should
be studied (Laughlin, 2014; Liu et al., 2021c). Previous studies
have focused on economic traits (Zheng and Shangguan,
2007a,b,c; Tanaka-Oda et al., 2010; Suter and Edwards, 2013;
Chai et al., 2015; Zhang et al., 2017; Han et al,, 2020; Ji et al.,
2020), which reflect trade-ofts between acquisition and investment
of resources (Wright et al., 2004). Economic traits are related
to CO, and water exchange and light capture, such as maximum
net photosynthetic rate (P, Li et al., 2015). However, it is
of great ecological significance to explore the water limitation
in vegetative growth through hydraulic traits, which could
reflect these resource allocation strategies as well (von Arx
et al, 2012). Economic and hydraulic traits reveal different
response levels of plants to environmental changes (Yin et al.,
2018; Zhao et al.,, 2021). Hydraulic traits are related to water
transport and loss, which affect plants’ water transport efficiency
and gas exchange and thus affect economic traits (ie., the
rate of photosynthesis; Liu et al., 2021b). Hydraulic traits play
a key role in limiting species’ growth, competition and distribution
(Meinzer et al., 1999; Brodribb et al., 2005; Tomasella et al.,
2008; Villagra et al., 2013; Cosme et al., 2017), which are
more directly reflection of water availability.

Species may exhibit a combination of hydraulic traits under
different soil water availability, which can be related to the ability
to tolerate drought or wetness (von Arx et al, 2012). The
combination of divergent species hydraulic traits suggests a trade-off
between hydraulic efficiency and safety (Tyree et al., 1994; Cosme
et al,, 2017). Normally, the combination follows biophysical rules,
that is, hydraulic efficiency (ie., large and grouped vascular
bundles) and hydraulic safety (i.e., narrow and isolated vascular
bundles) cannot coexist (Litvak et al., 2012; Liu et al., 2020b).
In low soil water availability, plants must take a conservative
strategy to ensure hydraulic safety by investing in traits that can
improve water-resistance, avoid cavitation, minimize the risk of
embolism (i.e., to conduct water with narrow vessels; Zhao et al.,
2021). By contrast, plants must invest in traits that confer high

hydraulic efficiency in humid regions (i.e., to conduct water with
wide vessels) to reduce the resistance of water flow and to increase
conductivity (Cosme et al, 2017). A recent integrated analysis,
however, has shown only weak support for the trade-off between
hydraulic efficiency and safety (Gleason et al., 2016b; Schuldt
et al, 2016; Zhu et al, 2017; Santiago et al., 2018), causing
some controversy (Bittencourt et al, 2016; Brodersen, 2016;
Gleason et al., 2016a). The combinations of hydraulic traits for
species under different soil water availability remain unclear.
Cosme et al. (2017) argued that there was hydraulic safety vs.
efficiency trade-off in different water conditions, which affects
species co-occurrence. The results were obtained in congeneric
endemic species mostly restricted to plateaus (drought) or valleys
(humid). However, Zhu et al. (2017) showed the opposite results:
in two forests with different water conditions, the relationships
of congeneric common species remained decoupled, which have
high hydraulic efficiency and safety at the same time. Therefore,
the relationships between hydraulic efficiency and safety should
be tested closely. Both congeneric endemic species and common
species should be considered.

Previous studies found that hydraulic traits and economic
traits were decoupled (Li et al., 2015; Zhang et al., 2015; Liu
et al, 2020a). The decoupled relationships brought greater
freedom for more combinations of leaf traits to adapt to different
environments (Li et al.,, 2015). But Yin et al. (2018) indicated
hydraulic and economic traits may be coupled in semi-arid
regions and the relationships depend on water availability.
Similar results were also found in Li et al. (2018) and Males
and Griffiths (2018). However, the physiological effects of the
different relationships are unknown. In addition, Zhu et al
(2017) showed that common species can be found commonly
in two regions owing to escaping hydraulic trade-off. Whether
the relationships between hydraulic and economic traits would
affect plant species distribution is still unclear. Exploring the
relationships between hydraulic and economic traits under
different water availability may help reveal how water availability
shapes plant communities (Kraft et al., 2008).

Since the Middle Pleistocene, Quercus wutaishanica forest
has become the dominant and stable community in specific
areas of Qinling Mountains (QM, humid region) and Loess
Plateau (LP, drought region; Zhu, 1982). Quercus wutaishanica
forests in QM and LP have different species composition owing
to different soil water availability (Yue, 1998; Zhao et al., 2021),
but with some species that can be found commonly in two
forests. There are congeneric endemic species with complementary
distributions (For each genus, a species mostly restricted to
LP and a species mostly restricted to QM) and congeneric
common species distributed in two regions. It is necessary to
explore the causes of the distribution patterns through economic
and hydraulic traits.
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In the present study, we investigated the relationships between
hydraulic and economic traits of congeneric species (common
and endemic species) in Q. wutaishanica forests which are
disjunctively distributed in QM and LP. We aim to understand
why species composition differs within the same community
type, revealing the physiological and ecological mechanisms
of species niche differentiation. We hypothesized that in soils
with different water availability, (1) there was a trade-off between
hydraulic safety and efficiency across congeneric species (common
species and endemic species), which might affect species
co-occurrence at the regional scale. (2) The relationships between
hydraulic and economic traits were closer in drought region
than in humid region, which might be a type of adaptation
mechanism. (3) Common species might change the relationships
between hydraulic and economic traits, which might provide
an explanation for their common occurrence in the two
Q. wutaishanica forests.

MATERIALS AND METHODS
Study Sites and Plant Materials

The present study was performed in natural Q. wutaishanica
forests in Shaanxi province, northwest China. Based on our
previous work, both Ziwuling region (35°41'-35°44’ N, 109°00"-
109°02” E) on the middle section of LP and Taibaishan Nature
Reserve (33°84’-33°86" N, 108°82'-108°87" E) in the north
slope of QM were selected as the sampling sites. The climate
of Q. wutaishanica forests in LP is semiarid, temperate, continental
monsoon, with a mean annual temperature of 9°C-11°C (Chai
et al., 2014). The mean annual precipitation is approximately
560-650mm. The soil type is cinnamon soil (Liang et al,
2010). The northern boundary of its distribution is determined
by water (Meng et al., 2011; Yin et al,, 2018). The climate of
Q. wutaishanica forests in QM is temperate monsoon, with a
mean annual temperature of 6.5°C, and its upper limit of
distribution is determined by temperature (Zhu et al.,, 1982).
The mean annual precipitation is approximately 900-1,000 mm,
which is relatively humid. The soil type is brown soil (Zhu
et al., 1982). There are also significant differences in soil water
content under such different climatic conditions (Supplementary
Figure S1; Zhao et al, 2021).

This research was surveyed in July 2019, three plots (50 X 50 m)
were established in the Q. wutaishanica forests of LP (35°37'—
35°49'N, 109°00"-109°11"E; at 1100-1112m) and QM (33°84'-
34°41'N, 107°45'-108°83’E; 1900-1958 m), and the geographic
information is the same as our previous work (Table 1 in
Zhao et al, 2021). The total number of common species in
the two communities is less than 15% (Zhao and Yue, 1996;
Yue, 1998). The species selected in this study are the most
abundant species of Q. wutaishanica communities in the two
regions. After sampling investigation, we sort out and selected
20 pairs of congeneric common species (20 species on LP
and 20 species in QM) and 11 pairs of congeneric endemic
species (11 species on LP and 11 species in QM), a total of
31 pairs of congeneric species (62 species in two regions;
Figure 1) in six plots across two regions. Because of the

interaction between environmental gradients and species, the
interspecific differences in traits may offset or strengthen the
effects of environmental gradients on traits. Therefore, it is
necessary to exclude the influence of genetic background. The
control of phylogenetic relatedness is included in the sampling
design to exclude the influence of genetic background as much
as possible (Fine et al., 2006; Baraloto et al., 2007). In particular,
we selected 18 special congeneric species in six genera (Crataegus,
Cotoneaster, Quercus, Euonymus, Acer, and Lonicera) from the
total 62 species, that is, three species in each genus, including
a common species in the two regions and two endemic species
limited to LP or QM (Figure 1). We tested the first hypothesis
by 18 special congeneric species to accurately exclude the
influence of genetic background.

Within each plot, three to five healthy and mature individuals
were randomly selected from each target species. Three to five
sun-exposed branches with well-developed leaves were collected.
The diameter of the base of the cut branches was 6-8 mm,
and the length was 15-30cm. After cutting, branches were
immediately sealed in opaque plastic bags, humidified by moist
paper towels and transported back to the laboratory for
measurements of economic traits and physiological hydraulic
traits. Three to five leaves and branches (5-7cm) were immediately
fixed in FAA70 (formaldehyde, acetic acid, and 70% ethanol)
for analyses of hydraulic traits (stomatal, veinal traits and
anatomical structures; Table 1).

Trait Selection

We measured 13 functional traits (eight hydraulic traits and
five economic traits) of 62 species growing in Q. wutaishanica
forests on LP and in QM (Table 1). Eight hydraulic traits
include stomatal density [stomatal density (SD), vein density
(VD), wood-specific gravity (WSGpyna), lower leaf area: sapwood
area (Al: As), stomatal length (SL), turgor loss point (Wy,),
maximum vessel diameter (Vd,,) and height (Height)]. Five
economic traits include [leaf dry matter content (LDMC), leaf
tissue density (TD), leaf dry mass per area (LM A), Leaf thickness
(LT) and maximum net photosynthetic rate (Pp.)].

Economic Traits

We scanned and measured surface areas of each fresh leaf
with Motic Images Plus 6.0 software (Motic China group,
Xiamen, China). The fresh mass was measured with electronic
balance (one ten-thousandth). Thereafter, samples were oven-
dried for 72h at 70°C and weighed as leaf dry mass. Leaf
mass per area (LMA, gm™) was calculated as the ratio of
dry mass to leaf surface area (Yin et al., 2018). Leaf dry matter
content (LDMC, gg™') was calculated as the ratio between
leaf dry mass and fresh mass (Zhao et al., 2021). Leaf thickness
(LT, pm) was measured through transverse sections using
Image-Pro Plus 6.0, avoiding the influence of major veins. Ten
to twenty measurements were made for each leaf. Leaf tissue
density (TD, gem™) was calculated as the ratio of LMA to
LT (Yin et al, 2018). The photosynthetic rate was determined
using the portable photosynthesis system (Li-6,800, Li-Cor,
Lincoln, NE, United States) between 9:00 and 11:00 in the
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Type Species name Code Genus Species name Code r— Crataegus wilsonii
- [— Crataegus hupehensis Crataegus
Common Smilax stans Ss Smilax Smilax stans Ss
species Betula platyphylla Bp Betula Betula platyphylla Bp — Crataegus kansuensis
Fraxinus chinensis Fc Fraxinus Fraxinus chinensis Fe — Cotoneaster submultiflorus
Tetradium daniellii Td Tetradium Tetradium daniellii Td — Chitonetsiervabel Cotoneaster
Rhamnus dumetorum Rd Rhamnus Rhamnus dumetorum Rd ) o
. “— Cotoneaster acutifolius
Carpinus turczaninowii Ctu Carpinus Carpinus turczaninowii Ctu
Cerasus tomentosa Cto Prunus Cerasus tomentosa Cto — Quercus wutaishanica
Celastrus orbiculatus Co Celastrus Celastrus orbiculatus Co [— Quercus acutissima Quercus
Elaeagnus umbellata Eu El El bell Eu L— Quercus serrata
Toxicodendron vernicifluum Tv Toxicodendron  Toxicodendron vernicifluum Tv
— Euonymus alatus
Rhus potaninii Rp Rhus Rhus potaninii Rp
Quercus aliena Qal Quercus Quercus aliena Qal [ SRR BTG Euonymus
Acer pictum subsp. mono Ap Acer Acer pictum subsp. mono Ap “— Euonymus phellomanus
iy o | JN - SO ! 2 I — Acer davidii
| Crataegus wilsonii Cw Cratacgus Crataegus wilsonii Cw 1 , o
— Acer tataricum subsp. ginnalc
| Lonicera maackii Lm Lonicera Lonicera maackii Lm :
I Quercus wutaishanica Qw Quercus Quercus wutaishanica Qw I — Acer ceriferum
| Acer davidii Ad Acer Acer davidii Ad 1 ) — Lonicera maackii
: Euonymus alatus Ea Euonymus Euonymus alatus Ea : b— Lonicera ferdinandi Lonicera
I Cotoneaster submultiflorus Cs C & bmultij Cs 1 g .
. 1 “— Lonicera tangutica
Endemic | Crataegus hupehensis Ch Cratacgus Crataegus kansuensis Ck 1
species | Lonicera ferdinandi Lf Lonicera Lonicera tangutica Lt 1 . "
1 f & ] | Endemic species on LP
| Quercus acutissima Qa Quercus Quercus serrata Qs 1
I Acer tataricum subsp. ginnala At Acer Acer ceriferum Ac : Species onLP
1 Euonymus maackii Em Euonymus Euonymus phellomanus Ep :
| Cotoneaster zabelii Cz [ & /i Ca 1 s Endemic species in QM
Viburnum schensianum Vs Viburnum Viburnum betulifolium Vb L.
Berberis dielsiana Bdi Berberis Berberis dasystachya Bda SpeCleS n QM
Eleutherococcus brachypus Eb Eleutherococcus  Eleutherococcus leucorrhizus El .
¢ 2 BN Common species
Cornus wilsoniana Cow Cornus Cornus macrophylla Cm
Spiraea pubescens Spp Spiraca Spiraea hirsuta Sh 1=~~~ 18 special congeneric species
FIGURE 1 | List of 31 pairs of congeneric species (including 20 pairs of congeneric common species and 11 pairs of congeneric endemic species) in Quercus
wutaishanica forests across two regions and evolutionary relationship for 18 special congeneric species in six genera selected for this study.

TABLE 1 | List of 13 functional traits measured at the branch, leaf, and whole-
plant level for this study with corresponding abbreviations and units.

Plant traits Abbreviation Unit Organ
Hydraulic  Height Height m Whole plant
traits Wood specific gravity — WSGianen g-cm=2 Branch

Leaf area: sapwood Al:As Branch

area

Maximum vessel Vday pm

diameter

Turgor loss point Yo MPa Leaf

Vein density VD mm-mm-~2 Leaf

Stomatal density sD mm-? Leaf

Stomatal length SL pm Leaf
Economic Maximum net Prax mmol-m=2s~'  Leaf
traits photosynthetic rate

Leaf dry matter LDMC gg”’ Leaf
content

Leaf dry mass per area LMA gm? Leaf
Leaf thickness LT pm Leaf
Leaf tissue density D gocm™ Leaf

field. The temperature was controlled at 20°C-25°C in ambient
CO,, and the airflow rate was set at 500pmols™. The
photosynthetically active radiation (PAR) gradients were 1800,
1,500, 1,200, 1,000, 800, 600, 400, 200 and Opmolm™ s7.

Maximum net photosynthetic rate (P, pmolm™ s™') was
obtained by fitting the empirical equation of the least square
method adopted by Bassman and Zwier (1991).

Hydraulic Traits

For vein density assessments, 2cm?® of leaf area were sampled
in the central region, immersed in 10% NaOH in an oven at
65°C for 4-12h. Samples were repeatedly washed with deionized
water for about 30min, immersed and bleached in 10% H,O0,
for 10-30min and then, washed again in deionized water.
Sections were next stained with safranin for 30 min. The sections
were then dehydrated using graded ethanol series and immersed
in xylene/ethanol absolute (1:1) solution and xylene. Stained
sections were mounted, photographed and then, analyzed using
Image-Pro Plus 6.0 (Media Cybernetics, United States). The
total length of veins per unit area was measured as vein density
(VD, mm mm™% Zhao et al,, 2021).

Leaf stomatal density (SD, mm™) and stomatal length (SL,
pm) were measured on three leaves for one by the nail-polish
imprint method (Zhao et al,, 2016; Yin et al.,, 2018). Stomatal
prints were observed and photographed under a Classica SK200
digital light microscope (at x10 magnification; Motic ChinaGroup
Co., Ltd., China). More than 20 fields randomly were selected
per leaf and a photograph of 200x200pm in the area was
selected for analyses using Image-Pro Plus 6.0. The density of
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stomata (SD, mm™) was calculated by counting all stomata
for each specified area (200 %200 pm) and dividing this number
by the area. We measured the length of the guard cells as
stomatal length (SL, pm).

We used the paraffin method to get a transverse section
of the petiole vessel (Zhao et al.,, 2021). The paraffin sections
were observed and photographed under a light microscope at
x40 magnification equipped with a digital camera. Using
Image-Pro Plus 6.0, we assessed the diameter of petiole conduits
as described by Schulte (1999) to get the maximum vessel
diameter (Vdy., pm).

Leaf water potential (W, MPa) was measured using a 3,115
portable plant water potential pressure chamber (SEC., Ltd.,
United States) in consecutive sunny days of mid-July 2019.
Leaf samples from three individuals of each species were
collected and immediately sealed in opaque plastic bags,
humidified by moist paper towels, and transported back to
the laboratory. First, leaves were weighed to obtain the initial
fresh mass and then placed in a pressure chamber to determine
the initial water potential. We measured leaf mass and water
potential periodically during slow desiccation of the sample
in the natural condition. Samples were oven-dried for 72h at
70°C and weighed as leaf dry mass. Finally, pressure-volume
curves were elaborated according to Tyree and Hammel (1972)
to calculate the leaf turgor loss point (¥r,, MPa).

For one individual, 5cm long branches were cut from the
base of the annual branches on the upper part of the species
under good light conditions. Then, we removed the bark and
determined the wood density (WSGyunas Zhao et al., 2021).
We used the drainage method to get the volume of the branches,
and the dry mass was obtained by weighing scales with an
accuracy of 0.0001g after oven-drying at 70°C for 72h. The
WSGhuana, 1s the dry mass of the annual branch divided by
the volume of the branch (Zhao et al., 2021). We measured
the diameter of the branches by digital calipers (HITEC
MESSTECHNIK., Ltd., Germany). Heartwood and pulp were
subtracted, and the sapwood area (As) of the branches was
obtained. Then, all the leaves on the branches were collected
to calculate the total leaf area (Al) and the ratio of total leaf
area to sapwood area (Al: As). We estimated the total height
of all trees by laser rangefinder. The mean height per species
was the average of the five individuals sampled for that species.

Data Analysis

We used paired t-tests (SPSS, Chicago, IL, United States) to
evaluate whether 18 special congeneric species (common species
and endemic species) in six genera have divergent hydraulic
and economic traits. Relationships between economic and
hydraulic traits were analyzed with Pearson’s correlation (SPSS,
Chicago, IL, United States). Linear regression analyses were
used to examine the correlations of traits (SigmaPlot, SPSS
Inc., Chicago, IL, United States). Standardized major axis (SMA)
estimation (R 3.2.2 statistical platform) was used to determine
whether the correlations between economic and hydraulic traits
changed with environmental water availability. Multivariate
associations of leaf traits were analyzed with a principal

component analysis (PCA) in CANOCO software for Windows
4.5 (Microcomputer Power, Ithaca, NY, United States).

RESULTS

Congeneric Species Differ in Hydraulic
Traits Across Regions

The results showed significant differences in hydraulic traits
among 18 special congeneric species in six genera under different
soil water availability. Within each genus, common species on
LP had lower values of A;: A,, SL (except for Crataegus wilsonii),
Vd,..x, and more negative Wr,, values, but higher values of SD,
VD and WSGy,,a, values than in QM (Figure 2). For example,
the common species of Quercus is Q. wutaishanica. The SD
of Q wutaishanica on LP was higher than that in QM
(Figure 2B). There was non-significant difference for Height
(Figure 2E). For economic traits, LDMC, LMA, LT, and TD
of common species did not differ significantly across regions,
except that P, showed significant differences (higher in QM
than on LP; Figure 3).

In each of six genera, the congeneric endemic species had
similar results with the common species. Except for Height,
the other seven hydraulic traits differ significantly across regions
(Figure 2). Compared with species in QM, species on LP
tended to have lower values of A: A,, SL, Vd,.. and more
negative Wp, values. SD, VD and WSGy,,, Values were higher
in QM than on LP. For example, the endemic species of Quercus
are Q. acutissima on LP and Q. serrata in QM. The SD of
Q. acutissima was higher than that of Q. serrata. Similarly,
most of the five economic traits (LDMC, LMA, LT (except
for Acer spp.) and TD) showed no significant differences between
the two regions, except that the differences of P,,,, were significant
(higher in QM than on LP; Figure 3).

Relationships Between Hydraulic and
Economic Traits Differ Across Two
Regions

The PCA of 20 common species on LP showed that economic
traits could be divided into three groups and were coupled
with some hydraulic traits, respectively. P, and TD, coupled
with Vd,,..; LDMC and LT, coupled with WSGy,na, and Ap: Ag
LMA, coupled with VD, SD, height, and Wy, But these were
less obvious for 20 common species in QM (Figure 4A). We found
similar results in total 31 pairs of species and 11 pairs of endemic
species (Figures 4B,C), that is, the relationships between hydraulic
and economic traits were closer on LP than in QM.

Relationships Between Hydraulic and
Economic Traits Changed in Common
Species

According to linear regression and SMA analysis, most
relationships between hydraulic and economic traits differed
between LP and QM, which were closer on LP than in
QM for 20 pairs of congeneric common species, 11 pairs
of congeneric endemic species and total 31 pairs of congeneric
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abbreviations are shown in Figure 1. Error bars represent 1 SE, and different letters indicate significant differences between regions (0 <0.05).

species (Figure 5; Supplementary Figures S2-S6). There
was a negative relationship between VD and LMA in common
species across regions. LMA decreased with increasing VD,
and LMA decreased more on LP than in QM. In addition,
some relationships were only found on LP, but not in
QM. For instance, the relationships between LDMC and
VD were positive on LP, but no relationships were found
in QM (Figure 5).

Interestingly, by sorting out the results of linear regression
and SMA analysis of all the relationships (Figure 5;
Supplementary Figures S2-S6) we found some relationships
between hydraulic and economic traits changed (from significant
correlation to non-correlation) in common species across regions
(from LP to QM), but not in endemic species. For example,
Al: As, VD and LDMC; VD and TD; WSGyuns and LMA;
SD, ¥y, VD, and P, (Table 2).
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DISCUSSION

The Trade-Off Between Hydraulic
Efficiency and Safety in Congeneric
Species

Here, we focused on 18 special congeneric species (common
species and endemic species) in six genera in Q. wutaishanica
forests within different soil water availabilities (LP and QM),
considering the control of species genetic background.
We found significant differences in most hydraulic traits.
Across congeneric species, the different combination of
hydraulic traits values within each environmental condition
showed a significant trade-off between hydraulic efficiency
and safety. The result was consistent with our hypothesis
that safety vs. efficiency trade-off might affect species
co-occurrence at the regional scale. Compared with species
in QM, congeneric species on LP tend to adopt conservative
water-use strategies and invest in hydraulic traits associated
with water transport safety, which indicated a better adaptation
to drought environment (Zhao et al, 2021). Both endemic
species and common species on LP had higher values of
SD, VD, and WSGy,ana, lower Vd,... SL, A;: A,, and more

negative Wr, values, indicating that species on LP invest in
higher hydraulic safety at the expense of efficiency, whereas
congeneric species in QM had contrasting trait values,
suggesting more investment in water transport efficiency. The
similar results of endemic species and common species in
the same genera fully indicated that differences in hydraulic
traits were caused by soil water availability.

Highly embolism resistance is an important feature for
species to adapt to low soil water availability (Barigah et al,
2013; Pfautsch et al, 2016; Zhu et al., 2017). Low values of
Al: As are associated with hydraulic safety. Because low leaf
areas reduce transpiration and ensure water supply, and narrow
xylem vessels reduce embolism risk by increasing sapwood
area (Togashi et al., 2015; Anderegg and Hillerislambers, 2016;
Sande et al,, 2019). Also, high values of WSGy,,ua, mean thick
conduit walls or a great proportion of mechanical tissue, which
increase the implosion-resistance (Hacke et al., 2001; Lens
etal,, 2011; Markesteijn et al., 2011). In low soil water availability,
species are favorable to regulate the two traits (WSGyna, and
A A,) at the branch level to improve the water-resistance
(Pratt et al., 2007; Fortunel et al., 2014) and increase hydraulic
safety (Cosme et al, 2017). At the leaf level, species can
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minimize embolism risk by reducing diameters of the maximum
vessels in leaf petioles. In low soil water availability, species
with narrow vessels appear to be at low risk of air seeding
into the water column to ensure water transport safety (Zhao
et al., 2021). Increasing leaf vein density is also an effective
adaptation to cope with drought (Xiong et al, 2017). The
high values of VD increase the paths of water transportation
to ensure hydraulic safety (Sack and Scoffoni, 2013). Besides,
small and dense stomata (high values of SD and low values
of SL) can be more flexible to deal with drought, i.e., close
stomata to reduce water loss in time (Franks et al., 2009).
Wry, is also a key factor to determine the tolerance of leaves
to drought stress (Bartlett et al., 2012; Maréchaux et al., 2015).
It can be used as a proxy of leaf hydraulic vulnerability (Meinzer
et al, 2016, 2017; Zhu et al.,, 2018). Compared with species
in QM, species on LP with more negative Wy, values can
maintain positive turgor pressure, certain stomatal conductance,
hydraulic conductivity, and photosynthetic gas exchange in

low soil water availability (Brodribb and Holbrook, 2003).
Therefore, species on LP were more drought resistant. In
previous studies, adjustments in ¥, have also been observed
in different water availability (Mitchell and O’Grady, 2015;
Farrell et al., 2017; Johnson et al., 2018). There was no significant
difference in Height. One possible reason is that species in
QM suffer from disturbances caused by winds, heavy rains
and animals (Hu et al., 2014; Zhang et al., 2019), which might
limit tree growth.

Our results indicated that within-genus variation in hydraulic
traits was caused by soil water availability. Different combinations
of hydraulic traits for congeneric species (including common
species and endemic species) across two regions with different
soil water availability supported the trade-off between hydraulic
efficiency and safety, which might affect species co-occurrence
at the regional scale. The results were different from Zhu et al.
(2017), who found that hydraulic efficiency and safety were
decoupled in common species. Zhu et al. (2017) mainly discussed
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FIGURE 5 | Relationships between VD and (A-C) LDMC, (D-F) LMA, (G-) LT, (J-L) P,..., (M-O) TD of congeneric species (20 pairs of congeneric common
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TABLE 2 | According to Figure 5, Supplementary Figures S1-S5, list the that distinctive dimorphic xylem vessels (extremely large vessels
relationships between hydraulic and economic traits of 20 pairs of congeneric and many small vessels) may assure both hydraulic efficiency
common species and 11 pairs of congeneric endemic species, which changed and safety, which are the reasons of decoupled relationships
with soil water availability [O, significant correlation (p <0.05); \, no correlation . . . .
(0>0.05) between hydraulic efficiency and safety in common species.
T The extremely large vessels allow for high hydraulic efficiency,
Hvdraulic- Common species Endemic species while the many small vessels allow for high hydraulic safety
ezo nomic (Rosell and Olson, 2014). However, many other hydraulic traits
Lp am Lp am can confer hydraulic efficiency or safety in addition to xylem
Al AS-LDMG o \ \ \ vessels, such as Yeln d.ensr[y (Sack and. H.olbrook, 2006; Br.odr}bb
SD-P,.., o \ \ \ et al.,, 2007). It is obviously not convincing to only considering
W Pra 0 \ \ \ xylem vessels. No significant differences were found in most
VD-LDMC o \ \ \ economic traits. Our results suggested that hydraulic traits are
xg'_'?gax 8 i i i important in determining the mechanisms of species’ response
WSGps LMA o N N N to drought and may be important for predictions of future

species distribution (Anderegg et al., 2012).
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Relationships Were Closer in Drought
Region (LP) Than in Humid Region (QM)
Relationships between economic and hydraulic traits were
coupled in two regions but were closer couple on LP than in
QM. The results were different from previous studies (Li et al.,
2015; Zhang et al.,, 2015; Liu et al., 2020), which showed that
hydraulic traits and economic traits were decoupled. The closely
relationships of species on LP indicated the principle of
optimization in water transportation and CO, assimilation
(Wright et al,, 2004) and the adaptation mechanism in low
water availability (Yin et al., 2018).

We found three groups (ITD and P,,,; LT and LDMC; LMA)
that were, respectively, coupled to several hydraulic traits on
LP, but were not obvious in QM. TD has an important influence
on the structure and function of leaves (Kitajima and Poorter,
2010). Under low soil water availability, high values of TD
can reduce water loss and increase photosynthetic capacity
(Mediavilla et al., 2001; Niinemets, 2001; Elizabeth et al., 2014).
Therefore, TD and P,,, are closely related and coupled with
Vd,.... The diameters of vessels affect water transport capacity
(Zhu et al., 2017). According to Hagen—Poiseuille’s law, hydraulic
conductance efficiency is proportional to the sum of the vessel
diameters to the fourth power (Zimmermann, 1983). High
values of LDMC and LT indicated that species have high
resource utilization and strong resistance to external water
stress and retain water (Garnier et al., 2001). LDMC and LT
were coupled with WSGy.nan and Ap: A, which indicated that
drought-resistant plants improve their hydraulic safety (WSGpyaneh
and Al: As, as the discussion in the first part) at the cost of
increasing the carbon investment in leaf tissue construction
(LDMC and LT; Simonin et al., 2012). LMA is an important
leaf carbon economic trait and the core of complex and
diversified relational network among leaf economics spectrum
(Osnas et al,, 2013). On one hand, high values of LMA represent
strong wilting resistance and competitiveness against water
stress (Baltzer et al., 2008; Rose and Hertel, 2013). VD, W,
and stomatal characteristics (such as SD, SL) are also important
indexes to measure drought resistance (Martinez-Vilalta et al.,
2014). Thus, the coupled relationships between LMA and VD,
W, SD, SL confer the extremely strong resistance against
hydraulic failure (Blonder et al., 2011; Kardiman and Reebild,
2017). On the other hand, leaf structural trait (LMA) and leaf
hydraulic traits (VD, ¥ TLP, SD, SL) were coupled, indicating
that there is a trade-off between the carbon investment allocated
to the leaf water transport system and the carbon investment
allocated to the construction of leaf structure (Villagra
et al., 2013).

Water transport and CO, diftfusion are the key processes that
determine the assimilation efficiency of terrestrial plants (Flexas
et al., 2013). As many studies showed that for plants species
the greatest biophysical barrier to survival is the ability to maintain
high carbon gain while avoiding desiccation (Nardini and Luglio,
2014). Through the close relationships, species on LP tended
to improve photosynthetic carbon assimilation efficiency and
the resistance to low soil water availability, then form corresponding
morphological structures and strategies (Zhao et al., 2021). Similar
results were also found in woody angiosperms on the LP (Yin

et al, 2018). By comparison, species in QM with high soil
water availability tend to form more flexible combinations in
adaption to the environment. Like the relationships between
hydraulic efficiency and safety, the results suggested that
relationships between hydraulic and economic traits also played
a role in constraining species distribution across regions.

Common Species Changed Relationships
Within Different Soil Water Availability
Species distribution is greatly related to water conditions (Cosme
et al, 2017). Changes in soil water availability can lead to
changes in species composition of communities, which are
determined through the process of species migration and
substitution (Parmesan and Yohe, 2003; Zhao et al.,, 2021).
Zhu et al. (2017) reported that the reason for common species
occurrence in two forests with contrasting soil water conditions
was that they could escape the hydraulic trade-off. In our
study, there was hydraulic trade-off in common species. Therefore,
the causes for common species’ wide occurrence in two forests
need further research.

The hydraulic safety and efficiency, water transportation and
CO, assimilation trade-offs affect species co-occurrence at the
region scale. Species on LP had strong drought-resistant ability
and maximize their survival at the expense of hydraulic efficiency
and CO, assimilation efficiency. Through sorting out all the
relationships between hydraulic and economic traits, we found
that seven pairs of relationships (Al: As, VD and LDMC; VD
and TD; WSGyue and LMA; SD, Wy, VD, and P,,,,) changed
(from significant correlation to non-correlation) in common
species across regions (from LP to QM), but not in endemic
species. The changes in relationships might be a reason for
common species wide occurrence in the two Q. wutaishanica
forests with different water availability and for endemic species
only distinctly occurring in either LP or QM.

Common species can be found in two regions, which indicates
a stronger ecological adaptability to different water availability
than endemic species. We found that common species were
sensitive to water availability and capable of changing the
hydraulic and economic traits trade-offs in time. On LP with
low soil water availability, the significant correlations make
common species to adapt to the environment by “increasing
resources and reducing expenditure” (Wright et al.,, 2004; Yin
et al, 2018). Whereas in QM with high water availability,
non-correlation indicated that common species adapt to the
environment by flexible combinations. Endemic species were
similar in morphology but were different in ecological and
adaptive strategies to occupy the most suitable region in
Q. wutaishanica forests within different water conditions. On
LP with low soil water availability, the development of community
is sensitive to water (Xu et al., 2016; Yin et al.,, 2018). Long-
term adaptations to drought allow drought-tolerant species to
survive. On the other hand, water stress may also limit species
migration and thus accelerate the process of the formation of
LP regional endemic species (Parmesan and Yohe, 2003). By
contrast, QM with abundant water inhibited the dominance
of drought-tolerant species to some extent but met water
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demand of acquired species and improved their competitiveness
to inhibit the development of other species in the community.
Thus, endemic species on LP are unable to establish. Therefore,
endemic species can only be distributed in a certain region
without the change of the relationships between traits.

CONCLUSION

This study showed significant differences in hydraulic traits and
not in most economic traits of congeneric species across two
regions. The different hydraulic traits combinations indicated the
trade-oft between hydraulic safety and efficiency. We also found
the trade-oft between hydraulic and economic traits, which were
more closely on LP than in QM. The two trade-offs affect species
co-occurrence at the regional scale. Seven pairs of relationships
changed in common species across regions, but not in endemic
species, which may be the reason for differences in the species
composition of the same community type. The changes in common
species might explain their distributions across regions, but endemic
species can only be distributed in a certain region because they
lack variation. The results are helpful to understand distributions
and adaptive strategies of species, as well as the importance of
both hydraulic and economic traits during community assembly.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can
be directed to the corresponding author.

AUTHOR CONTRIBUTIONS

YZ and MY conceived and designed the experiments and
wrote the manuscript. YZ, JZ, JX, YC, PL, JQ, XW, and CL

REFERENCES

Aguilar-Romero, R., Pineda-Garcia, F, Paz, H., Gonzalez-Rodriguez, A.,
and Oyama, K. (2017). Differentiation in the water-use strategies among
oak species from Central Mexico. Tree Physiol. 37, 915-925. doi: 10.1093/
treephys/tpx033

Ali, A, Lin, S. L, He, J. K, Kong, E M., Yu, J. H, and Jiang, H. S. (2018).
Climatic water availability is the main limiting factor of biotic attributes
across large-scale elevational gradients in tropical forests. Sci. Total Environ.
647, 1211-1221. doi: 10.1016/j.scitotenv.2018.08.072

Anderegg, W. R. L., Berry, J. A, Smith, D. D., Sperry, J. S., Anderegg, L. D.
L., and Field, C. B. (2012). The roles of hydraulic and carbon stress in a
widespread climate-induced forest die-off. Proc. Natl. Acad. Sci. 109, 233-237.
doi: 10.1073/pnas.1107891109

Anderegg, L. D. L., and Hillerislambers, J. (2016). Drought stress limits the
geographic ranges of two tree species via different physiological mechanisms.
Glob. Chang. Biol. 22, 1029-1045. doi: 10.1111/gcb.13148

Anderegg, W. R. L., Klein, T., Bartlett, M., Sack, L., Pellegrini, A. F. A,
Choat, B., et al. (2016). Meta-analysis reveals that hydraulic traits explain
cross-species patterns of drought-induced tree mortality across the globe.
Proc. Natl. Acad. Sci. U. S. A. 113, 5024-5029. doi: 10.1073/pnas.1525678113

performed the experiments. YZ and JZ analyzed the data.
All authors contributed to the article and approved the
submitted version.

FUNDING

This study was financially supported by the National Science
Foundation of China (41871036), the Shaanxi Science and
Technology Program (2020JQ-580), China Postdoctoral Science
Foundation (2018M643717).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2022.902509/
full#supplementary-material

Supplementary Figure S1 | Barplot comparing soil water content (SWC)
among per plot between LP and QM. Error bars represent 1 SE, and different
letters indicate significant differences between regions (p <0.05).

Supplementary Figure S2 | Relationships between Al: As and LDMC, LMA, LT
of congeneric species (20 pairs of congeneric common species, 11 pairs of
congeneric endemic species and 31 pairs of congeneric species) in Loess
plateau (LP; low soil water availability; closed circles) and Qinling Mountain (QM;
high soil water availability; open circles). Linear regressions were fitted to the data
(black regression lines, LP; red regression lines, QM). Values of R2 are followed
by significance level (*, p<0.05; **, p<0.01; and ***, p<0.001). Values of K
represent slopes of lines.

Supplementary Figure S3 | Relationships between SD and LMA, LT, Pmax.

Supplementary Figure S4 | Relationships between ¥TIp and LDMC, LMA, LT,
Pmax.

Supplementary Figure S5 | Relationships between Vdmax and LMA, TD.

Supplementary Figure S6 | Relationships between WSGbranch and LDMC,
LMA, LT.

Baltzer, J. L., Davies, S. J., Bunyavejchewin, S., and Noor, N. S. M. (2008).
The role of desiccation tolerance in determining tree species distributions
along the Malay-Thai peninsula. Funct. Ecol. 22, 221-231. doi: 10.1111/j.
1365-2435.2007.01374.x

Balvanera, P, Quijas, S., and Pérez-Jiménez, A. (2011). Distribution patterns
of tropical dry forest trees along a mesoscale water availability gradient.
Biotropica 43, 414-422. doi: 10.1111/j.1744-7429.2010.00712.x

Baraloto, C., Morneau, E, Bonal, D., Blanc, L., and Ferry, B. (2007). Seasonal
water stress tolerance and habitat associations within four Neotropical tree
genera. Ecology 88, 478-489. doi: 10.1890/0012-9658(2007)88[478:SWSTAH]
2.0.CO;2

Barigah, T. S., Charrier, O., Douris, M., Bonhomme, M., Herbette, S., Ameglio, T.,
et al. (2013). Water stress-induced xylem hydraulic failure is a causal factor
of tree mortality in beech and poplar. Ann. Bot. 112, 1431-1437. doi: 10.1093/
aob/mct204

Bartlett, M. K., Scoffoni, C., and Sack, L. (2012). The determinants of leaf turgor
loss point and prediction of drought tolerance of species and biomes: a global
meta-analysis. Ecol. Lett. 15, 393-405. doi: 10.1111/j.1461-0248.2012.01751.x

Bassman, J. H., and Zwier, J. C. (1991). Gas exchange characteristics of Populus
trichocarpa, Populus deltoides and Populus trichocarpa x P. deltoides clones.
Tree Physiol. 8, 145-159. doi: 10.1093/treephys/8.2.145

Frontiers in Plant Science | www.frontiersin.org

11

May 2022 | Volume 13 | Article 902509


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://www.frontiersin.org/articles/10.3389/fpls.2022.902509/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.902509/full#supplementary-material
https://doi.org/10.1093/treephys/tpx033
https://doi.org/10.1093/treephys/tpx033
https://doi.org/10.1016/j.scitotenv.2018.08.072
https://doi.org/10.1073/pnas.1107891109
https://doi.org/10.1111/gcb.13148
https://doi.org/10.1073/pnas.1525678113
https://doi.org/10.1111/j.1365-2435.2007.01374.x
https://doi.org/10.1111/j.1365-2435.2007.01374.x
https://doi.org/10.1111/j.1744-7429.2010.00712.x
https://doi.org/10.1890/0012-9658(2007)88[478:SWSTAH]2.0.CO;2
https://doi.org/10.1890/0012-9658(2007)88[478:SWSTAH]2.0.CO;2
https://doi.org/10.1093/aob/mct204
https://doi.org/10.1093/aob/mct204
https://doi.org/10.1111/j.1461-0248.2012.01751.x
https://doi.org/10.1093/treephys/8.2.145

Zhang et al.

Hydraulic and Economic Traits

Bittencourt, P. R. L., Pereira, L., and Oliveira, R. S. (2016). On xylem hydraulic
efficiencies, wood space-use and the safety-efficiency tradeoff. New Phytol.
211, 1152-1155. doi: 10.1111/nph.14044

Blonder, B., Violle, C., Bentley, L. P, and Enquist, B. J. (2011). Venation networks
and the origin of the leaf economics spectrum. Ecol. Lett. 14, 91-100. doi:
10.1111/j.1461-0248.2010.01554.x

Brodersen, C. R. (2016). Finding support for theoretical tradeoffs in xylem
structure and function. New Phytol. 209, 8-10. doi: 10.1111/nph.13763

Brodribb, T. J., Feild, T. S., and Jordan, G. J. (2007). Leaf maximum photosynthetic
rate and venation are linked by hydraulics. Plant Physiol. 144, 1890-1898.
doi: 10.1104/pp.107.101352

Brodribb, T. J., and Holbrook, N. M. (2003). Stomatal closure during leaf
dehydration, correlation with other leaf physiological traits. Plant Physiol.
132, 2166-2173. doi: 10.1104/pp.103.023879

Brodribb, T. J., Holbrook, N. M., Zwieniecki, M. A., and Palma, B. (2005). Leaf
hydraulic capacity in ferns, conifers and angiosperms: impacts on photosynthetic
maxima. New Phytol. 165, 839-846. doi: 10.1111/j.1469-8137.2004.01259.x

Bucci, S. J., Scholz, E G., Campanello, P. I., Montti, L., Jimenez-Castillo, M.,
Rockwell, E A., et al. (2012). Hydraulic differences along the water
transport system of south American Nothofagus species: do leaves protect
the stem functionality? Tree Physiol. 32, 880-893. doi: 10.1093/treephys/
tps054

Chai, Y., Liu, X,, Yue, M., Guo, J., Wang, M., Wan, P, et al. (2014). Leaf traits
in dominant species from different secondary successional stages of deciduous
forest on the loess plateau of northern China. Appl. Veg. Sci. 18, 50-63.
doi: 10.1111/avsc.12123

Choat, B., Brodribb, T. J., Brodersen, C. R., Duursma, R. A., Lopez, R., and
Medlyn, B. E. (2018). Triggers of tree mortality under drought. Nature 558,
531-539. doi: 10.1038/541586-018-0240-x

Cosme, L. H. M., Schietti, J., Costa, E R. C., and Oliveira, R. S. (2017). The
importance of hydraulic architecture to the distribution patterns of trees in
a central Amazonian Forest. New Phytol. 215, 113-125. doi: 10.1111/nph.14508

Farrell, C., Szota, C., and Arndt, S. K. (2017). Does the turgor loss point
characterize drought response in dryland plants? Plant Cell Environ. 40,
1500-1511. doi: 10.1111/pce.12948

Fine, P. V. A,, Miller, Z. J., Mesones, L., Irazuzta, S., Appel, H. M., Stevens, M. H.
H., et al. (2006). The growth-defense trade-off and habitat specialization
by plants in Amazonian forests. Ecology 87, S150-S162. doi:
10.1890/0012-9658(2006)87[150: TGTAHS]2.0.CO;2

Flexas, J., Scoffoni, C., Gago, J., and Sack, L. (2013). Leaf mesophyll conductance
and leaf hydraulic conductance: an introduction to their measurement and
coordination. J. Exp. Bot. 64, 3965-3981. doi: 10.1093/jxb/ert319

Fortunel, C., Ruelle, J., Fine, P. V. A,, and Baraloto, C. (2014). Wood specific
gravity and anatomy of branches and roots in 113 Amazonian rainforest
tree species across environmental gradients. New Phytol. 202, 79-94. doi:
10.1111/nph.12632

Franks, P. J., Drake, P. L., and Beerling, D. J. (2009). Plasticity in maximum
1355 stomatal conductance constrained by negative correlation between
stomatal 1356 size and density: an analysis using Eucalyptus globulus. Plant
Cell Environ. 32, 1737-1748. doi: 10.1111/§.1365-3040.2009.002031.x

Garnier, E., Shipley, B., Roumet, C., and Laurent, G. (2001). A standardized
protocol for the determination of specific leaf area and leaf dry mater
content. Funct. Ecol. 15, 688-695. doi: 10.1046/j.0269-8463.2001.00563.x

Gleason, S. M., Westoby, M., Jansen, S., Choat, B., Brodribb, T. J., Cochard, H.,
et al. (2016a). On research priorities to advance understanding of the safety-
efficiency tradeoff in xylem. New Phytol. 211, 1156-1158. doi: 10.1111/
nph.14043

Gleason, S. M., Westoby, M., Jansen, S., Choat, B., Hacke, U. G., Pratt, R. B,
et al. (2016b). Weak tradeoff between xylem safety and xylem-specific
hydraulic efficiency across the world’s woody plant species. New Phytol.
209, 123-136. doi: 10.1111/nph.13646

Granato-Souza, D., Adenesky-Filho, E., Barbosa, A. C. M. C., and
Esemann-Quadros, K. (2018). Dendrochronological analyses and climatic
signals of Alchornea triplinervia in subtropical forest of southern Brazil.
Austral Ecol. 43, 385-396. doi: 10.1111/aec.12576

Han, T. T, Ren, H., Wang, J,, Lu, H. E, Song, G. M., and Chazdon, R. L.
(2020). Variations of leaf eco-physiological traits in relation to environmental
factors during forest succession. Ecol. Indic. 117:106511. doi: 10.1016/j.
ecolind.2020.106511

Hu, L, Su, J,, Sang, Y. Z., Zhang, W. J,, and Wang, Q. (2014). Spatial and
temporal characteristics of rainfall erosivity in Shaanxi province. Arid Land
Geography 37, 1101-1107. doi: 10.13826/j.cnki.cn65-1103/x.2014.06.002

Ji, W. L., LaZerte, S. E., Waterway, M. J., and Lechowicz, M. J. (2020). Functional
ecology of congeneric variation in the leaf economics spectrum. New Phytol.
225, 196-208. doi: 10.1111/nph.16109

Johnson, D. M., Berry, Z. C., Baker, K. V., Smith, D. D., McCulloh, K. A,
and Domec, J. C. (2018). Leaf hydraulic parameters are more plastic in
species that experience a wider range of leaf water potentials. Funct. Ecol.
32, 894-903. doi: 10.1111/1365-2435.13049

Kardiman, R., and Reebild, A. (2017). Relationship between stomatal density,
size and speed of opening in Sumatran rainforest species. Tree Physiol. 38,
696-705. doi: 10.1093/treephys/tpx149

Kitajima, K., and Poorter, L. (2010). Tissue-level leaf toughness, but not
lamina thickness, predicts sapling leaf lifespan and shade tolerance of
tropical ~ tree  species. = New  Phytol. 186,  708-721.  doi:
10.1111/j.1469-8137.2010.03212.x

Kraft, N. J., Valencia, R., and Ackerly, D. D. (2008). Functional traits and
niche-based tree community assembly in an Amazonian Forest. Science 322,
580-582. doi: 10.1126/science.1160662

Lamont, B. B., and Lamont, H. C. (2000). Utilizable water in leaves of 8 arid
species as derived from pressure-volume curves and chlorophyll fluorescence.
Physiol. Plant. 110, 64-71. doi: 10.1034/j.1399-3054.2000.110109.x

Laughlin, D. C. (2014). The intrinsic dimensionality of plant traits and its relevance
to community assembly. J. Ecol. 102, 186-193. doi: 10.1111/1365-2745.12187

Lens, E, Sperry, J. S., Christman, M. A., Choat, B., Rabaey, D., and Jansen, S.
(2011). Testing hypotheses that link wood anatomy to cavitation resistance
and hydraulic conductivity in the genus Acer. New Phytol. 190, 709-723.
doi: 10.1111/j.1469-8137.2010.03518.x

Li, X. M., Blackman, C. J., Choat, B., Duursma, R. A., Rymer, P. D., Medlyn, B. E.,
et al. (2018). Tree hydraulic traits are coordinated and strongly linked to
climate-of-origin across a rainfall gradient. Plant Cell Environ. 41, 646-660.
doi: 10.1111/pce.13129

Li, L, McCormack, M. L., Ma, C,, Kong, D., Zhang, Q., Chen, X,, et al.
(2015). Leaf economics and hydraulic traits are decoupled in five species-
rich tropical-subtropical forests. Ecol. Lett. 18, 899-906. doi: 10.1111/ele.12466

Liang, J., Wang, X,, Yu, Z., Dong, Z., and Wang, J. (2010). Effects of vegetation
succession on soil fertility within farming-plantation ecotone in Ziwuling
Mountains of the loess plateau in China. Agric. Sci. China 9, 1481-1491.
doi: 10.1016/S1671-2927(09)60241-8

Litvak, E., McCarthy, H. R., and Pataki, D. E. (2012). Transpiration sensitivity
of urban trees in a semi-arid climate is constrained by xylem vulnerability
to cavitation. Tree Physiol. 32, 373-388. doi: 10.1093/treephys/tps015

Liu, C, Li, Y., Zhang, J., Baird, A. S., and He, N. (2020a). Optimal community
assembly related to leaf economic-hydraulic-anatomical traits. Front. Plant
Sci. 11:341. doi: 10.3389/fpls.2020.00341

Liu, H., Ye, Q., Gleason, S. M., He, P, and Yin, D. (2021a). Weak tradeoff
between xylem hydraulic efficiency and safety: climatic seasonality matters.
New Phytol. 229, 1440-1452. doi: 10.1111/nph.16940

Liu, X., Li, Q, Wang, E, Sun, X., Wang, N., Song, H., et al. (2020b). Weak
tradeoff and strong segmentation among plant hydraulic traits during seasonal
variation in four woody species. Front. Plant Sci. 11:585674. doi: 10.3389/
pls.2020.585674

Liu, X., Wang, N., Cui, R., Song, H., Wang, E, Sun, X,, et al. (2021b). Quantifying
key points of hydraulic vulnerability curves from drought-rewatering experiment
using differential method. Front. Plant Sci. 12:627403. doi: 10.3389/fpls.2021.627403

Liu, X., Zhang, Q., Song, M., Wang, N., Fan, P, Wu, P, et al. (2021c¢). Physiological
responses of Robinia pseudoacacia and Quercus acutissima seedlings to
repeated drought-rewatering under different planting methods. Front. Plant
Sci. 12:760510. doi: 10.3389/fpls.2021.760510

Luo, D. D., Wang, C. K., and Jin, Y. (2017). Plant water-regulation strategies:
isohydric versus anisohydric behavior. Chin. J. Plant Ecol. 41, 1020-1032.

Males, J., and Griffiths, H. (2018). Economic and hydraulic divergences underpin
ecological differentiation in the Bromeliaceae. Plant Cell Environ. 41, 64-78.
doi: 10.1111/pce.12954

Maréchaux, I, Bartlett, M. K., Sack, L., Baraloto, C., Engel, ], Joetzjer, E.,
et al. (2015). Drought tolerance as predicted by leaf water potential at
turgor loss point varies strongly across species within an Amazonian Forest.
Funct. Ecol. 29, 1268-1277. doi: 10.1111/1365-2435.12452

Frontiers in Plant Science | www.frontiersin.org

May 2022 | Volume 13 | Article 902509


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/nph.14044
https://doi.org/10.1111/j.1461-0248.2010.01554.x
https://doi.org/10.1111/nph.13763
https://doi.org/10.1104/pp.107.101352
https://doi.org/10.1104/pp.103.023879
https://doi.org/10.1111/j.1469-8137.2004.01259.x
https://doi.org/10.1093/treephys/tps054
https://doi.org/10.1093/treephys/tps054
https://doi.org/10.1111/avsc.12123
https://doi.org/10.1038/s41586-018-0240-x
https://doi.org/10.1111/nph.14508
https://doi.org/10.1111/pce.12948
https://doi.org/10.1890/0012-9658(2006)87[150:TGTAHS]2.0.CO;2
https://doi.org/10.1093/jxb/ert319
https://doi.org/10.1111/nph.12632
https://doi.org/10.1111/j.1365-3040.2009.002031.x
https://doi.org/10.1046/j.0269-8463.2001.00563.x
https://doi.org/10.1111/nph.14043
https://doi.org/10.1111/nph.14043
https://doi.org/10.1111/nph.13646
https://doi.org/10.1111/aec.12576
https://doi.org/10.1016/j.ecolind.2020.106511
https://doi.org/10.1016/j.ecolind.2020.106511
https://doi.org/10.13826/j.cnki.cn65-1103/x.2014.06.002
https://doi.org/10.1111/nph.16109
https://doi.org/10.1111/1365-2435.13049
https://doi.org/10.1093/treephys/tpx149
https://doi.org/10.1111/j.1469-8137.2010.03212.x
https://doi.org/10.1126/science.1160662
https://doi.org/10.1034/j.1399-3054.2000.110109.x
https://doi.org/10.1111/1365-2745.12187
https://doi.org/10.1111/j.1469-8137.2010.03518.x
https://doi.org/10.1111/pce.13129
https://doi.org/10.1111/ele.12466
https://doi.org/10.1016/S1671-2927(09)60241-8
https://doi.org/10.1093/treephys/tps015
https://doi.org/10.3389/fpls.2020.00341
https://doi.org/10.1111/nph.16940
https://doi.org/10.3389/fpls.2020.585674
https://doi.org/10.3389/fpls.2020.585674
https://doi.org/10.3389/fpls.2021.627403
https://doi.org/10.3389/fpls.2021.760510
https://doi.org/10.1111/pce.12954
https://doi.org/10.1111/1365-2435.12452

Zhang et al.

Hydraulic and Economic Traits

Markesteijn, L., Poorter, L., Paz, H., Sack, L., and Bongers, E. (2011). Ecological
differentiation in xylem cavitation resistance is associated with stem and
leaf structural traits. Plant Cell Environ. 34, 137-148. doi:
10.1111/§.1365-3040.2010.02231.x

Martinez-Vilalta, J., Poyatos, R., Aguadé, D., Retana, J., and Mencuccini, M.
(2014). A new look at water transport regulation in plants. New Phytol.
204, 105-115. doi: 10.1111/nph.12912

Mclean, Q. H., Prober, S. M., Stock, W. D., Steane, D. A., Potts, B. M., Vaillancourt, R. E.,
et al. (2014). Plasticity of functional traits varies clinally along a rainfall gradient
in eucalyptus tricarpa. Plant Cell Environ. 37, 1440-1451. doi: 10.1111/pce.12251

Mediavilla, S., Escudero, A., and Heilmeier, H. (2001). Internal leaf anatomy
and photosynthetic resource-use efficiency: interspecific and intraspecific
comparisons. Tree Physiol. 21, 251-259. doi: 10.1093/treephys/21.4.251

Meinzer, F. C., Andrade, J. L., Goldstein, G., Holbrook, N. M., Cavelier, J., and
Wright, S. J. (1999). Partitioning of soil water among canopy trees in a
seasonally dry tropical forest. Oecologia 121, 293-301. doi: 10.1007/s004420050931

Meinzer, E. C., Smith, D. D., Woodruff, D. R., Marias, D. E., McCulloh, K. A,,
Howard, A. R, et al. (2017). Stomatal kinetics and photosynthetic gas
exchange along a continuum of isohydric to anisohydric regulation of
plant water status. Plant Cell Environ. 40, 1618-1628. doi: 10.1111/
pce.12970

Meinzer, F. C., Woodruff, D. R., Marias, D. E., Smith, D. D., McCulloh, K. A,,
Howard, A. R., et al. (2016). Mapping ‘hydroscapes’ along the iso- to
anisohydric continuum of stomatal regulation of plant water status. Ecol.
Lett. 19, 1343-1352. doi: 10.1111/ele.12670

Meng, Q. C., Zhang, X. F, Liu, X, and Yue, M. (2011). Photosynthetic mechanisms
of northern boundary formation of Quercus wutaishanica forest in loess
plateau of northern Shaanxi Province. Chin. J. Appl. Ecol. 22, 1409-1415.
doi: 10.3724/SP.J.1011.2011.00353

Mitchell, P. J., and O’Grady, A. P. (2015). Adaptation of leaf water relations
to climatic and habitat water availability. Forests 6, 2281-2295. doi: 10.3390/
6072281

Nardini, A., and Luglio, J. (2014). Leaf hydraulic capacity and drought vulnerability:
possible trade-offs and correlations with climate across three major biomes.
Funct. Ecol. 28, 810-818. doi: 10.1111/1365-2435.12246

Niinemets, U. (2001). Global-scale climatic controls of leaf dry mass per area,
density and thickness in trees and shrubs. Ecology 82, 453-469. doi:
10.1890/0012-9658(2001)082[0453:GSCCOL]2.0.CO;2

Osnas, J. L. D., Lichstein, J. W., Reich, P. B., and Pacala, S. W. (2013). Global
leaf trait relationships: mass, area, and the leaf economics spectrum. Science
340, 741-744. doi: 10.1126/science.1231574

Parmesan, C., and Yohe, G. (2003). A globally coherent fingerprint of climate
change impacts across natural systems. Nature 421, 37-42. doi: 10.1038/
nature01286

Pfautsch, S., Harbusch, M., Wesolowski, A. Smith, R., Macfarlane, C.,
Tjoelker, M. G., et al. (2016). Climate determines vascular traits in the
ecologically diverse genus eucalyptus. Ecol. Lett. 19, 240-248. doi: 10.1111/
ele.12559

Poorter, L., Van der Sande, M. T., Arets, E. ]. M. M., Ascarrunz, N., Enquist, B. J.,
Finegan, B., et al. (2017). Biodiversity and climate determine the functioning
of Neotropical forests. Glob. Ecol. Biogeogr. 26, 1423-1434. doi: 10.1111/
geb.12668

Pratt, R. B., Jacobsen, A. L., Ewersd, E W,, and Davis, S. D. (2007). Relationships
among xylem transport, biomechanics and storage in stems and roots of
nine Rhamnaceae species of the California chaparral. New Phytol. 174,
787-798. doi: 10.1111/j.1469-8137.2007.02061.x

Ramirez-Valiente, J. A., and Cavender-Bares, J. (2017). Evolutionary trade-offs
between drought resistance mechanisms across a precipitation gradient in
a seasonally dry tropical oak (Quercus oleoides). Tree Physiol. 37, 889-901.
doi: 10.1093/treephys/tpx040

Reich, P. B. (2014). The world-wide ‘fast-slow’ plant economics spectrum: a
traits manifesto. J. Ecol. 102, 275-301. doi: 10.1111/1365-2745.12211

Rita, A., Borghetti, M., Todaro, L., and Saracino, A. (2016). Interpreting the climatic
effects on xylem functional traits in two Mediterranean oak species: the role
of extreme climatic events. Front. Plant Sci. 7:1126. doi: 10.3389/fpls.2016.
01126

Rodriguez-Ramirez, E. C., Terrazas, T., and Luna-Vega, I. (2019). The influence
of climate on the masting behavior of Mexican beech: growth rings and
xylem anatomy. Trees 33, 23-35. doi: 10.1007/s00468-018-1755-3

Rose, R., and Hertel, L. (2013). Management alters interspecific leaf trait
relationships and trait-based species rankings in permanent meadows. J.
Veg. Sci. 24, 239-250. doi: 10.1111/j.1654-1103.2012.01455.x

Rosell, J. A., and Olson, M. E. (2014). Do lianas really have wide vessels?
Vessel diameter—-stem length scaling in non-self-supporting plants. Perspect.
Plant Ecol. Evol. Syst. 16, 288-295. doi: 10.1016/j.ppees.2014.08.001

Rowland, L., da Costa, A. C. L., Galbraith, D. R., Oliveira, R. S., Binks, O. J.,
Oliveira, A. A. R, et al. (2015). Death from drought in tropical forests is
triggered by hydraulics not carbon starvation. Nature 528, 119-122. doi:
10.1038/nature15539

Sack, L., and Holbrook, N. M. (2006). Leaf hydraulics. Annu. Rev. Plant Biol.
57, 361-381. doi: 10.1146/annurev.arplant.56.032604.144141

Sack, L., and Scoffoni, C. (2013). Leaf venation: structure, function, development,
evolution, ecology and applications in the past, present and future. New
Phytol. 198, 983-1000. doi: 10.1111/nph.12253

Sande, M. T. V. D., Poorter, L., Schnitzer, S. A., Engelbrecht, B. M. J., and
Markesteijn, L. (2019). The hydraulic efficiency-safety trade-off differs between
lianas and trees. Ecology 100:e02666. doi: 10.1002/ecy.2666

Santiago, L. S., De Guzman, M. E., Baraloto, C., Vogenberg, J. E., Brodie, M.,
Hérault, B, et al. (2018). Coordination and trade-offs among hydraulic
safety, efficiency and drought avoidance traits in amazonian rainforest canopy
tree species. New Phytol. 218, 1015-1024. doi: 10.1111/nph.15058

Schuldt, B., Knutzen, E, Delzon, S., Jansen, S., Miiller-Haubold, H., Burlett, R.,
et al. (2016). How adaptable is the hydraulic system of european beech in
the face of climate change-related precipitation reduction? New Phytol. 210,
443-458. doi: 10.1111/nph.13798

Schulte, P. J. (1999). Water flow through a 20-pore perforation plate in vessels
of Liquidambar styraciflua. J. Exp. Bot. 50, 1179-1187. doi: 10.1093/
jxb/50.336.1179

Suter, M., and Edwards, P. J. (2013). Convergent succession of plant communities
is linked to species’ functional traits. Perspect. Plant Ecol. Evol. Syst. 15,
217-225. doi: 10.1016/j.ppees.2013.05.001

Tanaka-Oda, A., Kenzo, T., Koretsune, S., and Fukuda, K. (2010). Ontogenetic
changes in water-use efficiency (8"°C) and leaf traits differ among tree species
growing in a semiarid region of the loess plateau, China. For. Ecol. Manag.
259, 953-957. doi: 10.1016/j.foreco.2009.11.037

Togashi, H. E, Prentice, I. C., Evans, B. ], Forrester, D. I., Drake, P.,, Feikema, P,
et al. (2015). Morphological and moisture availability controls of the leaf
area-to-sapwood area ratio: analysis of measurements on australian trees.
Evol. Ecol. 5, 1263-1270. doi: 10.1002/ece3.1344

Toledo, M., Pefia-Claros, M., Bongers, E, Alarcon, A., Balcazar, J., Chuvina, J., et al.
(2012). Distribution patterns of tropical woody species in response to climatic
and edaphic gradients. J. Ecol. 100, 253-263. doi: 10.1111/j.1365-2745.2011.01890.x

Tomasella, J., Hodnett, M. G., Cuartas, L. A., Nobre, A. D., Waterloo, M. J.,
and Oliveira, S. M. (2008). The water balance of an Amazonian micro-
catchment: the effect of interannual variability of rainfall on hydrological
behaviour. Hydrol. Process. 22, 2133-2147. doi: 10.1002/hyp.6813

Tyree, M. T, Davis, S. D., and Cochard, H. (1994). Biophysical perspectives
of xylem evolution: is there a tradeoff of hydraulic efficiency for vulnerability
to dysfunction? JAWA J. 15, 335-360. doi: 10.1163/22941932-90001369

Tyree, M. T., and Hammel, H. T. (1972). The measurement of the turgor
pressure and the water relations of plants by the pressure-bomb technique.
J. Exp. Bot. 23, 267-282. doi: 10.1093/jxb/23.1.267

Villagra, M., Campanello, P. I, Bucci, S. J., and Goldstein, G. (2013). Functional
relationships between leaf hydraulics and leaf economic traits in response
to nutrient addition in subtropical tree species. Tree Physiol. 33, 1308-1318.
doi: 10.1093/treephys/tpt098

Wright, L J., Reich, P. B., Westoby, M., Ackerly, D. D., Baruch, Z., Bongers, F,
et al. (2004). The worldwide leaf economics spectrum. Nature 428, 821-827.
doi: 10.1038/nature02403

Xiong, D., Flexas, J., Yu, T, Peng, S., and Huang, J. (2017). Leaf anatomy
mediates coordination of leaf hydraulic conductance and mesophyll conductance
to CO, in Oryza. New Phytol. 213, 572-583. doi: 10.1111/nph.14186

Xu, X., Medvigy, D., Powers, J. S., Becknell, J. M., and Guan, K. (2016). Diversity
in plant hydraulic traits explains seasonal and inter-annual variations of
vegetation dynamics in seasonally dry tropical forests. New Phytol. 212,
80-95. doi: 10.1111/nph.14009

Yin, Q, Wang, L., Lei, M. L., Dang, H., Quan, J. X, Tian, T. T, et al. (2018).
The relationships between leaf economics and hydraulic traits of woody

Frontiers in Plant Science | www.frontiersin.org

May 2022 | Volume 13 | Article 902509


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1111/j.1365-3040.2010.02231.x
https://doi.org/10.1111/nph.12912
https://doi.org/10.1111/pce.12251
https://doi.org/10.1093/treephys/21.4.251
https://doi.org/10.1007/s004420050931
https://doi.org/10.1111/pce.12970
https://doi.org/10.1111/pce.12970
https://doi.org/10.1111/ele.12670
https://doi.org/10.3724/SP.J.1011.2011.00353
https://doi.org/10.3390/f6072281
https://doi.org/10.3390/f6072281
https://doi.org/10.1111/1365-2435.12246
https://doi.org/10.1890/0012-9658(2001)082[0453:GSCCOL]2.0.CO;2
https://doi.org/10.1126/science.1231574
https://doi.org/10.1038/nature01286
https://doi.org/10.1038/nature01286
https://doi.org/10.1111/ele.12559
https://doi.org/10.1111/ele.12559
https://doi.org/10.1111/geb.12668
https://doi.org/10.1111/geb.12668
https://doi.org/10.1111/j.1469-8137.2007.02061.x
https://doi.org/10.1093/treephys/tpx040
https://doi.org/10.1111/1365-2745.12211
https://doi.org/10.3389/fpls.2016.01126
https://doi.org/10.3389/fpls.2016.01126
https://doi.org/10.1007/s00468-018-1755-3
https://doi.org/10.1111/j.1654-1103.2012.01455.x
https://doi.org/10.1016/j.ppees.2014.08.001
https://doi.org/10.1038/nature15539
https://doi.org/10.1146/annurev.arplant.56.032604.144141
https://doi.org/10.1111/nph.12253
https://doi.org/10.1002/ecy.2666
https://doi.org/10.1111/nph.15058
https://doi.org/10.1111/nph.13798
https://doi.org/10.1093/jxb/50.336.1179
https://doi.org/10.1093/jxb/50.336.1179
https://doi.org/10.1016/j.ppees.2013.05.001
https://doi.org/10.1016/j.foreco.2009.11.037
https://doi.org/10.1002/ece3.1344
https://doi.org/10.1111/j.1365-2745.2011.01890.x
https://doi.org/10.1002/hyp.6813
https://doi.org/10.1163/22941932-90001369
https://doi.org/10.1093/jxb/23.1.267
https://doi.org/10.1093/treephys/tpt098
https://doi.org/10.1038/nature02403
https://doi.org/10.1111/nph.14186
https://doi.org/10.1111/nph.14009

Zhang et al.

Hydraulic and Economic Traits

plants depend on water availability. Sci. Total Environ. 621, 245-252. doi:
10.1016/j.scitotenv.2017.11.171

Yue, M. (1998). Species diversity of higher plant of Quercus wutaishanica forests
in Qinling Mountain and loess plateau. Acta Botan. Boreali-Occiden. Sin.
18, 124-131.

Zhang, Y. J., Cao, K. E, Sack, L., Li, N., Wei, X. M., and Goldstein, G. (2015).
Extending the generality of leaf economic design principles in the cycads,
an ancient lineage. New Phytol. 206, 817-829. doi: 10.1111/nph.13274

Zhang, L., Di, M., Xu, J. S., Quan, J. X., and Yue, M. (2017). Economic trade-
offs of hydrophytes and neighbouring terrestrial herbaceous plants based
on plant functional traits. Basic Appl. Ecol. 22, 11-19. doi: 10.1016/j.
baae.2017.06.004

Zhang, Y., Liu, X,, Lv, Z., Zhao, X,, and Zhu, Y. (2019). Animal diversity
responding to different forest restoration schemes in the Qinling Mountains,
China. Ecol. Eng. 136, 23-29. doi: 10.1016/j.ecoleng.2019.05.020

Zhang, S. B., Sun, M., Cao, K. E, Hu, H,, Zhang, J. L., and Ng, C. (2014).
Leaf photosynthetic rate of tropical ferns is evolutionarily linked to water
transport capacity. PLoS One 9:e84682. doi: 10.1371/journal.pone.0084682

Zhao, W. L., Chen, Y. J., Brodribb, T. J., and Cao, K. E (2016). Weak co-
ordination between vein and stomatal densities in 105 angiosperm tree
species along altitudinal gradients in Southwest China. Funct. Plant Biol.
43, 1126-1133. doi: 10.1071/FP16012

Zhao, J. B., and Yue, M. (1996). Oak forest and climate in Qinling Mountain
and loess plateau. J. Earth Sci. Environ. 18, 67-73.

Zhao, J. L., Zhang, Y. H,, Xu, J. S., Chai, Y. E, Liu, P. L,, Cao, Y., et al. (2021).
Strong environmental filtering based on hydraulic traits occurring in the
lower water availability of temperate forest communities. Front. Plant Sci.
12:698878. doi: 10.3389/fpls.2021.698878

Zheng, S., and Shangguan, Z. (2007a). Spatial patterns of foliar stable carbon
isotope compositions of C, plant species in the loess plateau of China.
Ecol. Res. 22, 342-353. doi: 10.1007/s11284-006-0024-x

Zheng, S., and Shangguan, Z. (2007b). Spatial patterns of leaf nutrient traits
of the plants in the loess plateau of China. Trees 21, 357-370. doi: 10.1007/
500468-007-0129-z

Zheng, S., and Shangguan, Z. (2007c). Spatial patterns of photosynthetic
characteristics and leaf physical traits of plants in the loess plateau of China.
Plant Ecol. 191, 279-293. doi: 10.1007/s11258-006-9242-0

Zhu, Z. C. (1982). A preliminary studies on the Quercus liaotungensis forests
in the Qinling Mountain and the loess plateau of northern part of the
Shanxi Province. Chin. J. Plant Ecol. 6, 95-104.

Zhu, S. D., Chen, Y. J, Fu, P. L, and Cao, K. E (2017). Different
hydraulic traits of woody plants from tropical forests with contrasting soil
water availability. Tree Physiol. 37, 1469-1477. doi: 10.1093/treephys/
tpx094

Zhu, S. D., Chen, Y. ], Ye, Q, He, P. C, Liu, H,, Li, R. H,, et al. (2018).
Leaf turgor loss point is correlated with drought tolerance and leaf carbon
economics traits. Tree Physiol. 38, 658-663. doi: 10.1093/treephys/
tpy013

Zimmermann, M. H. (1983). Xylem Structure and the Ascent of Sap. Berlin,
Germany, New York, USA: Springer-Verlag.

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Zhang, Zhao, Xu, Chai, Liu, Quan, Wu, Li and Yue. This is
an open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

14

May 2022 | Volume 13 | Article 902509


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://doi.org/10.1016/j.scitotenv.2017.11.171
https://doi.org/10.1111/nph.13274
https://doi.org/10.1016/j.baae.2017.06.004
https://doi.org/10.1016/j.baae.2017.06.004
https://doi.org/10.1016/j.ecoleng.2019.05.020
https://doi.org/10.1371/journal.pone.0084682
https://doi.org/10.1071/FP16012
https://doi.org/10.3389/fpls.2021.698878
https://doi.org/10.1007/s11284-006-0024-x
https://doi.org/10.1007/s00468-007-0129-z
https://doi.org/10.1007/s00468-007-0129-z
https://doi.org/10.1007/s11258-006-9242-0
https://doi.org/10.1093/treephys/tpx094
https://doi.org/10.1093/treephys/tpx094
https://doi.org/10.1093/treephys/tpy013
https://doi.org/10.1093/treephys/tpy013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Effects of Water Availability on the Relationships Between Hydraulic and Economic Traits in the Quercus wutaishanica Forests
	Introduction
	Materials and Methods
	Study Sites and Plant Materials
	Trait Selection
	Economic Traits
	Hydraulic Traits
	Data Analysis

	Results
	Congeneric Species Differ in Hydraulic Traits Across Regions
	Relationships Between Hydraulic and Economic Traits Differ Across Two Regions
	Relationships Between Hydraulic and Economic Traits Changed in Common Species

	Discussion
	The Trade-Off Between Hydraulic Efficiency and Safety in Congeneric Species
	Relationships Were Closer in Drought Region (LP) Than in Humid Region (QM)
	Common Species Changed Relationships Within Different Soil Water Availability

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material

	 References

