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ABSTRACT
Urban trees are sensitive to extreme weather events under climate change. Freeze-thaw induced hydraulic failure
could induce urban tree dieback and nullify the services they provide. Plant height is a simple but signiﬁcant trait
for plant ecological strategies. Understanding how urban trees with different heights adapt to freeze-thaw stress is
increasingly important under climate change. We investigated the relationship between tree height and stem
hydraulic functional traits of six common urban tree species in North China to explore tree height-related
hydraulic strategies to cope with freeze-thaw stress. Results showed that tall trees had wider vessels, higher hydraulic conductivity, more winter embolism, but lower vessel and wood densities. Positive relationships were found
between tree height and vessel diameter, hydraulic conductivity, and freeze-thaw induced embolism, and negative
relationships were found between tree height and vessel and wood densities, which implied that short trees
employ more conservative ecological strategies than tall trees. Tall and short tree species were well separated
by multiple stem hydraulic functional traits; this is consistent with the fact that tall and short trees occupy different niches and indicates that different hydraulic strategies for freeze-thaw stress exist between them. Tall trees
might face more pressure to survive under extreme cold weather caused by climate change in the future. Therefore, more attention should be paid to tall urban tree management in North China to cope with extreme cold
weather.
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1 Introduction
Frequent occurrence of extreme climatic events has been observed under the context of global climate
change. People in cities are very vulnerable to extreme weather events, and the urban heat island effect
exacerbates this adverse effect. Urban trees can effectively cool the air and surfaces [1] through shading
effects and the evapotranspiration process [2,3]. However, urban forests are very sensitive to climate
change [4]. The scale and effectiveness of ecosystem services provided by urban forests are determined
by their size, structure, and species composition [4]. Urban trees can be damaged by extreme weather
events, after which they cannot provide relevant services. Drought and freeze-thaw-induced hydraulic
failure is an important factor that can cause tree dieback [5]. Urban trees with different heights contribute
to the biodiversity of urban ecosystems, thereby enhancing the resistance of urban forests to climate
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change. Hence, exploring the hydraulic strategy of tree species with diverse heights to adapt to drought and
freeze-thaw stress is of great signiﬁcance to ecological function provision of urban forests under climate
change.
Plant height is a key component of plant ecological strategies [6]. The maximum potential height has
profound implications for photosynthesis, growth, and hydraulic conductance [7]. Many researchers have
attempted to understand the underlying mechanisms that determine tree height growth. Dry-mass
allocational allometry and hydraulic limitation, as mechanisms, have explained the universal patterns of
plant height [8]. The widely accepted hypothesis of hydraulic limitation arises from the increased gravity
of the water column constraining water transport from the root to the leaf along longer hydraulic
pathways [9], which could induce hydraulic failure and limit plant growth.
In addition to the physiological limitations of plant height, environmental factors are also important in
affecting plant height. For example, canopy leaves are often exposed to harsh environments (e.g., drought
and cold), and they often have a strong stomatal control ability to reduce water loss and embolism
induced by drought or cold stress, respectively, which in turn will decrease the photosynthetic and growth
rates [8,10]. Water conduction through narrow vessels in the plant xylem system is a key link between
plant height and climate change [8,11]. Drought or freeze-thaw stress can disrupt the conductive stream
and block vessels with gas embolisms [12]. Abundant embolisms are often associated with branch
dieback or even whole plant death [11]. Different tree species would have different strategies to adapt to
embolism by adjusting hydraulic traits, which are tightly associated with tree height [8]. Numerous
studies have found that tree height is a key predictor of mortality during extreme droughts [13,14].
However, few studies have been conducted to explore the tree height-related hydraulic strategies to
respond to freeze-thaw stress under climate change.
In some warm temperate forests, freeze-thaw stress could interrupt the normal function of xylem water
transport [15]. If the embolized vessels cannot recover in the next spring, they would inhibit the growth of
trees. A previous study showed that freeze-thaw-induced embolism causes the death of large-scale trees in
temperate forests [16]. Therefore, the study of hydraulic strategies in response to freeze-thaw stress of trees
with different heights is helpful to understand the relationship between plant height and freeze-thaw stress
under climate change. Co-occurring tree species often exhibit large variations in height within a given
ecosystem, which indicates that different ecological strategies are involved in adapting to the
microenvironment along the vertical height gradient within the ecosystem. The microenvironment
differences from the tree canopy to the understory often have signiﬁcant effects on stem and leaf
physiological traits [17–19]. Stems and leaves in higher tree canopies are often exposed to increased
radiation, strong winds, and low air temperature, and must cope with possible stem and leaf desiccation
or frost, whereas the short plants experience relatively milder and wet microenvironments, that determine
a lower irradiance, constant temperature, and higher humidity [19]. Tall and short trees should have
different strategies to cope with environmental stress by regulating stem and leaf physiological traits.
Many studies have regarded stem hydraulic traits as proxies for understanding the water use strategies of
species with different plant heights [20–22]. Traits, such as xylem anatomical structure, are essential metrics
for vessels to maintain functionality and provide sufﬁcient water to the canopy for plants growing taller.
Vessel diameter is a key trait for xylem water transport efﬁciency, which is positively correlated with the
fourth power of vessel diameter [23]. Previous studies have shown that xylem water transport efﬁciency
is coordinated with transpiration, photosynthesis, and growth [24,25]. For a given sapwood area, fewer
wider vessels provide higher transport conductivity than many small vessels, but wider vessels are more
vulnerable to freeze-thaw stress [26], which can result in reduced growth or even diebacks [27]. Although
small vessels are more resistant to freeze-thaw-induced embolism, they might limit the photosynthesis
and growth of plants under favorable conditions [28]. Short plants, such as shrubs and small trees, often
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have narrow vessels and higher vessel and wood densities, suggesting a conservative water use strategy
[22,29]. Furthermore, previous studies mainly focused on the relationship between plant height and
functional traits in intraspeciﬁc comparisons [30,31], but the interspeciﬁc comparisons of relationships
between tree height and hydraulic traits have often been ignored.
In this study, we examined nine stem hydraulic traits on six co-occurring tree species to compare
different hydraulic strategies among tree species with different heights in urban forests of the Botanical
Garden, Zhengzhou, Central China. The purpose of this study was to test the following hypothesis: 1) tall
trees have wider vessels and higher hydraulic conductivity, but more winter embolism than short trees,
and 2) trees of different heights can be well separated by multiple hydraulic functional traits, thus
implying different hydraulic strategies.
2 Materials and Methods
2.1 Study Site and Plant Materials
This study was conducted in the Zhengzhou Botanical Garden, Henan Province, central China (112°42′
−114°14E, 34°16′−34°58 N). It belongs to the northern temperate zone and has a continental monsoon
climate with four distinct seasons and a frost-free period of 210 days. The mean annual air temperature
and precipitation are 14.4°C and 640.9 mm, respectively. The zonal vegetation belongs to the broadleaved temperate deciduous-evergreen mixed forest zone, and the ﬂora belongs to the north-central
temperate distribution and the East Asian distribution.
Six mature broad-leaf tree species, which are common urban trees in North China, were selected for this
study. Species included Bischoﬁa polycarpa (Bp), Pterocarya stenoptera (Ps), Salix babylonica (Sb), Prunus
cerasifera (Pc), Chaenomeles sinensis (Chs), and Cerasus serrulate (Ces) (Table 1). For each species, six
trees with similar ages and height were selected. The actual adult tree height was measured using a
multifunctional tree height measuring instrument (LD6172). In the present study, trees differing in height
were classiﬁed into two growth forms based on the system classiﬁcation of plant life forms proposed by
Christen Raunkier [32] as follows: Tall trees (height ranging from 12 to 21 m, including Bp, Ps, and Sb),
and short trees (height ranging from 5 to 6 m, including Pc, Chs, and Ces) (Table 1). The hourly mean air
temperature from October 2017 to October 2018 was obtained from the nearest meteorological station
(Fig. S1). In addition, the botanical garden vegetation is not watered from mid-fall to the early next
spring (i.e., from November to April in the following year).
Table 1: Basic characteristics of the six tree species selected in the experiment
Tree species

Abbreviation Family

Wood
type

Height (m)

Bischoﬁa polycarpa (H. Lévl.) Airy Shaw
Pterocarya stenoptera C. DC
Salix babylonica L.
Prunus cerasifera f. atropurpurea (Jacq.) Rehd
Chaenomeles sinensis (Thouin) Koehne
Cerasus serrulata var. lannesiana (Carri.) Makino

Bp
Ps
Sb
Pc
Chs
Ces

SR
SR
D
D
D
D

15b ± 0.29
21a ± 0.61
12c ± 0.59
6d ± 0.2
5d ± 0.52
5d ± 0.19

Phyllanthaceae
Juglandaceae
Salicaceae
Rosaceae
Rosaceae
Rosaceae

Note: SR and D are abbreviations for semi-ring-porous and diffuse porous tree species, respectively. Values are the mean  SE; n = 6.

2.2 Xylem Hydraulic Conductivity
We measured the xylem hydraulic conductivity (Kh) in February 2018 (late winter) and June 2018
(summer). Kh was measured for six stem segments on each tree species. Six branches of each species
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were cut before sunrise, which were approximately 1 m long, straight enough, and growing on the sun side.
The branches were immediately placed in black plastic bags that were sprayed with water to keep the samples
moist. The stem segment, approximately 20 cm long and 0.6 cm in diameter, was cut under water in the
laboratory. We measured the xylem native Kh via gravimetric analysis using a degassed KCl solution (20
mmol L−1) ﬁltered through a ﬁlter (0.2 μm in pore size) [33]. A 50 cm hydraulic head was used to
generate stable low pressure, which was used to promote the ﬂow of water and calculate the ﬂow rate
(Jv, kg s−1) of the liquid through the segments. The calculation formula for Kh (kg m s−1 MPa−1) was as
follows:
Kh ¼ Jv =ðDP=DLÞ

(1)

ΔP/ΔL (MPa m−1) is the pressure per unit length of the segment. Formula (1) was used to calculate the native
Kh, and the maximum hydraulic conductivity (Khmax) was measured using the ﬂush method [33]. The
segments that were used to obtain the native Kh were ﬂushed with degassed KCl solution (20 mmol L−1)
ﬁltered through a ﬁlter (0.2 μm in pore size) at 0.1 MPa for 20 min. Khmax was then determined using the
maximum Jv of the segments.
The percent loss of hydraulic conductivity (PLC) per segment was obtained by the increase in native Kh
after xylem embolism removal through the high-pressure ﬂushing method [33]. The PLC formula was as
follows:
PLC ¼ 100  ðKhmax  Kh Þ=Khmax

(2)

The xylem sapwood area was obtained using the dye method [34]. We selected both ends (c. 5 cm) of
the segments that were used to determine Kh as the material. We infused the segments with basic fuchsin
under low pressures of a 50 cm hydraulic head overnight. A sharp razor blade was used to cut a 50 μm
cross section for each end of the segment. An optical scanner (LaserJet M1136 MFP, Hewlett-Packard
Development Co., Beijing, China) was used to capture images of the stained sections. ImageJ (US
National Institutes of Health, Bethesda, MD, USA) was used to calculate the sapwood area. The Kh
divided by sapwood area was equal to the sapwood-speciﬁc hydraulic conductivity (Ks, kg m−1 s−1 MPa−1).
2.3 Anatomical Analysis
Six short stem segments (c. 2 cm) per tree species were selected to measure the wood density (ρwood).
The stem bark and pith were removed and submerged in clean water overnight. The displacement method
was used to measure wood volume [35]. The segments that were submerged in the water overnight were
removed with dry paper towels to remove moisture from the wood surface. They were then submerged in
a beaker of water and thereafter placed on a four-digit analytical balance (CPA225D, Sartorius Inc.,
Göttingen, Germany). The fresh segment volume was equal to the water mass replaced by the wood. The
dry mass of the segment was obtained by oven drying at 75°C for 3 days. The dry mass divided by the
fresh volume was the ρwood.
Six short fresh segments (c. 3 cm) per species were used to measure the sapwood moisture content
(SMC). Stem bark and pith were removed, and the fresh mass was determined using a four-digit
analytical balance. After that, the fresh segment was oven-dried at 75°C until a constant weight was
reached. The constant weight represents the dry mass of the segment. The formula for SMC was as follows:
SMC ¼ ðfresh mass  dry massÞ  100%=dry mass

(3)

The stem segments that were used to measure Kh were selected to determine the mean vessel diameter
(Dv, μm), hydraulically weighed vessel diameter (Dh, μm), and vessel density (VD, No. per mm2). Stem bark
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and pith were removed, and a slicer was used to obtain cross sections (approximately 20 μm) of sapwood.
A 0.1% toluidine blue solution was used to stain the sapwood cross-sections, and a light microscope
(Leica ICC50, Wetzlar, Germany) with a digital camera was used to take photos at a magniﬁcation
of 40×. The radial sectors with three recent growing rings were selected to take pictures. The lumen
area of vessels was calculated as a circular shape using the Image-J program. The mean vessel
diameter was determined using the circle diameter. The vessel fraction (F, %) was calculated as
the proportion of the section occupied by the vessel lumen areas. The Dh was calculated using equation
2(Σr5/Σr4), where r is the radius of the conduit [34]. VD was calculated as the number of vessels per
sapwood area.
2.4 Data Analysis
Trait differences between species were tested by one-way analysis of variance with LSD post-hoc tests.
The trait differences between growth forms were tested using the independent samples test. The relationships
between functional traits across all six species were determined by linear regression analyses with SigmaPlot
10.0 (Software, Inc., San Jose, CA, USA). All pairwise functional trait relationships were tested by Pearson
correlation analysis. Multivariate associations among traits and species were determined using principal
component analysis (PCA). All statistical analysis was implemented by SPSS Statistics (version 20.0;
SPSS Inc., Chicago, IL, USA).
3 Results
3.1 Hydraulic Conductivity and Wood Anatomical Traits in Different Species and Growth Form
Signiﬁcant differences in Ks were observed among the six tree species. The values of Ks ranged from
0.023 kg m−1 s−1 MPa−1 in P. cerasifera to 1.786 kg m−1 s−1 MPa−1 in P. stenoptera (Fig. 1). Ks in
P. stenoptera, B. polycarpa and C. serrulata were signiﬁcantly higher than that in S. babylonica,
P. cerasifera and C. sinensis. Ks in S. babylonica was signiﬁcantly higher than that in P. cerasifera. No
signiﬁcant difference in Ks was found between S. babylonica and C. sinensis (Fig. 1). In addition, wood
anatomical traits showed signiﬁcant differences among the six species (Fig. 2). Dv and Dh in
P. stenoptera was signiﬁcantly higher than that in the other ﬁve tree species (Figs. 2a, 2b). Dv in
S. babylonica was signiﬁcantly higher than that in three short tree species (Fig. 2a). No signiﬁcant
difference in Dv was found among three short tree species (Fig. 2a). Dh in B. polycarpa was signiﬁcantly
higher than that in three short tree species (Fig. 2b). No signiﬁcant difference in Dv and Dh was found
between B. polycarpa and S. babylonica Figs. 2a, 2b). VD in C. serrulata was signiﬁcantly higher than
that in the other ﬁve tree species (Fig. 2c). VD in P. cerasifera was signiﬁcantly higher than that in
C. sinensis and P. stenoptera. No signiﬁcant difference in VD was found among B. polycarpa,
S. babylonica and C. sinensis (Fig. 2c). F in C. sinensis was signiﬁcantly lower than that in the other ﬁve
tree species (Fig. 2d). No signiﬁcant difference in F was found among B. polycarpa, S. babylonica and
C. serrulata (Fig. 2d). The mean value of Ks, Dv and Dh of tall trees were higher than those of short
trees, and VD was signiﬁcantly lower in tall than short trees (Table 2, P < 0.05). In addition, there was
no signiﬁcant difference in F among tall and short trees (Table 2).
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Figure 1: Sapwood-speciﬁc hydraulic conductivity of the six tree species. Each histogram represents the
mean value of Ks and the vertical error bars show the standard errors (n = 4–6). Species abbreviations
were deﬁned in Table 1. Different lowercase letters on the histograms represent signiﬁcant differences
between tree species (P < 0.05)

Figure 2: Mean vessel diameter (a), hydraulically weighted vessel diameter (b), mean vessel density (c), and
vessel fraction (d) of six tree species. Each histogram represents the mean values of DV, Dh, VD and F, and
the vertical error bars show the standard errors (n = 4–6). Species abbreviations were deﬁned in Table 1.
Different letters on the bars represent signiﬁcant differences between tree species (P < 0.05)
3.2 Winter Embolism and Wood Density between Different Species
The PLC of the six tree species ranged from 5.4% to 31.9% (Fig. 3). PLC in P. stenoptera and
P. cerasifera were signiﬁcantly higher than that in the other tree species (Fig. 3). No signiﬁcant difference
in PLC was found between P. stenoptera and P. cerasifera. S. babylonica possessed the lowest PLC
among the six tree species. No signiﬁcant difference in PLC was found between B. polycarpa and C.
serrulata. In addition, PLC in S. babylonica and C. sinensis was not signiﬁcant different (Fig. 3).
Although there was no signiﬁcant difference in PLC between different growth forms (Table 2), the mean
value of PLC from three tall tree species was higher than that from three short trees (Table 2).
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Table 2: Stem hydraulic traits of tall and short trees. Different letters after the values represent signiﬁcant
differences between the two growth forms (P < 0.05). Ks, sapwood speciﬁc hydraulic conductivity; Dv, mean
vessel diameter; Dh, hydraulically weighted vessel diameter; VD, vessel density; F, vessel lumen fraction;
PLC, percent loss of hydraulic conductivity; ρwood, wood density; SMC, sapwood moisture content
Species
Bp
Ps
Sb

Growth form
Tall trees

Ks
1.07a
± 0.14

PLC
21.1a
±3.61

DV
31.38a
± 0.83

Dh
43.38a
± 1.15

VD
181.2b
± 30.7

F
12.15a
± 1.19

ρwood
0.421b
± 0.01

SMC
1.07a
± 0.02

Pc
Chs
Ces

Short trees

0.28b
±0.04

15.6a
±3.11

19.35b
± 0.56

25.51b
± 1.58

334.5a
± 40.6

10.85a
±1.39

0.596a
± 0.02

0.77b
± 0.03

Figure 3: Percent loss of hydraulic conductivity among the six tree species. Species abbreviations were
deﬁned in Table 1
Wood density ranged from 0.393 g cm−3 (S. babylonica) to 0.648 g cm−3 (C. serrulata) (Fig. 4a). Wood
density of three short trees was signiﬁcantly higher than that of three tall trees (Fig. 4a, Table 2). In addition,
SMC in B. polycarpa and S. babylonica was signiﬁcantly higher than that in the other four tree species, and
no signiﬁcant difference was found between P. stenoptera and the other three short tree species (Fig. 4b). The
mean value of SMC in three tall trees was signiﬁcantly higher than that in three short tree species (Table 2).
3.3 Relationships among Functional Traits
According to the linear regression models, Dv and Dh were positively correlated with PLC (Figs. 5a, 5b;
P < 0.05). Furthermore, Ks was positively correlated with Dv and Dh and negatively correlated with VD
(Table 3; P < 0.05). In addition, tree height was positively correlated with PLC, Ks, Dh, and Dv (Fig. 6;
Table 3; P < 0.05), but negatively correlated with VD and ρwood (Table 3; P < 0.05).
In addition, PCA axis 1 showed strong positive loadings for sapwood water transport efﬁciency (e.g., H,
Ks, Dv, and Dh) and negative loadings for VD and ρwood (Fig. 7a). The SMC comprised positive loads of PCA
axis 2, and ρwood comprised negative loads of PCA axis 2 (Fig. 7a). The three tall tree species (Ps, Bp, and Sb)
and short tree species (Pc, Chs, and Ces) were well separated along PCA axis 1 (Fig. 7b).
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Figure 4: Wood density (a) and sapwood moisture content (b) of six tree species. Each bar represents the
mean value of ρwood and SMC, and the error bars show standard error (n = 4–6). Species abbreviations
were deﬁned in Table 1. Different letters on the bars represent signiﬁcant differences between tree species
(P < 0.05)

Figure 5: Relationships between percent loss of hydraulic conductivity (PLC) and (a) mean vessel diameter
(Dv) and (b) hydraulically weighted vessel diameter (Dh). The ﬁlled black circle (●), square (▪), diamond
(◆), triangle up (▴), triangle down (▾) and star (★) represent B. polycarpa, P. stenoptera, S. babylonica,
P. cerasifera, C. sinensis, and C. serrulata, respectively
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Table 3: Pearson correlation analysis of hydraulic functional traits studied. Values in bold show signiﬁcant
correlations (*P < 0.05; **P < 0.01). Traits are deﬁned in Table 2
Parameters

PLC

Ks

Dv

Dh

VD

ρwood

SMC

F

Ks
Dv
Dh
VD
qwood
SMC
F
H

0.151
0.455*
0.433*
−0.328
−0.132
0.181
−0.224
0.518*

0.697**
0.664**
−0.514*
−0.200
0.149
0.120
0.615**

0.983**
−0.721**
−0.129
0.004
−0.068
0.583*

−0.703**
−0.171
0.076
−0.045
0.626**

0.185
−0.190
0.593**
−0.658**

−0.607**
−0.096
−0.794*

0.010
0.187

−0.254

Figure 6: Relationship between tree height and (a) sapwood speciﬁc hydraulic conductivity (Ks) and (b)
hydraulically weighted vessel diameter (Dh). Symbols are deﬁned in Fig. 5. Error bars represent the
standard error (n = 4–6)
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Figure 7: Principal component analysis (PCA) of all functional traits. (a) Arrangements of the functional
traits; (b) species loading along PC axes 1 and 2. Functional traits are deﬁned in Table 2. Species codes
are deﬁned in Table 1 and symbols are as deﬁned in Fig. 5
4 Discussion
4.1 Different Tree Height-Associated Hydraulic Strategies in Response to Freeze-Thaw Stress
Ecologists found that tree height is the main driver of vessel diameter [36], and vessel diameter is an
important trait inﬂuencing xylem water transport efﬁciency and vulnerability to embolism, and thus, plant
adaptation to freeze-thaw stress inevitably involves tree height [36–39]. For example, in cold
environments, narrow vessels are regarded as key adaptations because of their resistance to freezinginduced embolism [26]. However, the xylem vessels of trees with various heights in cold regions are not
exceptionally narrow. Trees with different heights are often classiﬁed into different wood types based on
differential wood anatomy, such as ring-porous [40] and diffuse-porous [41]. Trees with different heights
employ different strategies to adapt to cold environments. Our study found that tall trees (B. polycarpa, P.
stenoptera, and S. babylonica) and short trees (P. cerasifera, C. sinensis, and C. serrulata) were well
separated by PC axis 1 (Fig. 7b), which suggests that tree height is an important trait that is tightly
associated with hydraulic strategies to adapt to winter freeze-thaw stress. Previous studies found that there
are three hypothetical solutions to cope with the winter embolism problems, avoidance, re-ﬁlling, and
tolerance [34]. Short trees with relatively small vessels (Figs. 2a and 2b; Table 2) exhibited greater
avoidance of embolism with lower PLC (Fig. 3, Table 2). In contrast, tall trees with fewer but wider
vessels (Figs. 2a–2c; Table 2) exhibited higher PLC levels (Fig. 3, Table 2) in winter. Tall trees
abandoned larger proportion of wider vessels in wither and relied on the new growing wider earlywood
vessels and narrow vessels that not embolized in last winter to conduct water in the next growing season
[42]. Short trees have narrow vessels to resist freeze-thaw induced embolism (Fig. 3; Table 2).
In addition, vessel diameter is an important trait for xylem water transport efﬁciency, which is positively
correlated with the fourth power of vessel diameter [23]. Tall trees with wider vessels exhibited higher Ks
(Fig. 1), which is necessary to obtain high photosynthetic rates for the fast growth of tall trees [43].
Furthermore, tree height was positively correlated with vessel diameter and hydraulic conductivity
(Figs. 6a and 6b; P < 0.05), which suggested a fast strategy for tall trees to move water rapidly and
maintain high rates of resource acquisition during the growing season [44]. Meanwhile, the short trees
with narrow vessels showed lower xylem water transport efﬁciency involving a slow-growing strategy
during the growing season, which indicates a “fast-slow” strategy between tall and short trees [44].
There are also some other xylem structural differences between tall trees and short ones, which might be
attributed to different strategies associated with plant height. For example, wood density can reﬂect the
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construction cost of wood. A low wood density means less resources to construct [45]. Trees with low wood
density often have a high growth rate, but they often have a high rate of mortality owing to susceptibility to
stem breakage or pathogens [45–47]. In our study, wood density was negatively correlated with tree height
(Table 3), which suggested that short trees were more resistant to stem breakage and had a slower growth rate
than tall trees. Furthermore, a previous study showed that dense wood is more resistant to embolism across
species [48]. Our results are consistent with this. The results showed that short trees have higher wood
density and lower PLC than tall trees, which indicates that short trees would be more resistant to extreme
low-temperature weather caused by global climate change in the future.
4.2 Ecological Relationships between Tree Height and Hydraulic Traits
In this study, tree height was tightly correlated with xylem hydraulic traits (Table 3, Fig. 6). Tall trees had
wider vessels and a lower vessel density than short ones (Fig. 2a, 2b), which is consistent with a previous
study in which trees exhibited wider vessel diameters and lower vessel densities than shrubs [29]. The
low vessel density and wider vessel diameter would allow trees to maintain strong mechanical support
and defense [49]. In addition, the risk of cavitation increases with plant height because of the gravity of
suspended water and greater fraction along water transport pathways [9], which could induce hydraulic
failure and limit plant growth, especially under stressful conditions such as drought and frost. Hydraulic
limitation is one of the mechanisms that determine tree height, and short trees with many narrow vessels
are more resistant to freeze-thaw-induced embolism [50]. Tall trees require larger vessels to maintain fast
growth but are also more vulnerable to freeze-thaw-induced embolism [36]. Consistent with this, our results
showed that tree height was positively correlated with vessel diameter (Dv, Dh), hydraulic conductivity (Ks),
and winter embolism (PLC) (Table 3, Fig. 6, P < 0.05), which indicated that tree height was aligned with
the trade-off between hydraulic conductivity and resistance to freeze-thaw stress [51].
Moreover, a negative correlation was found between tree height and vessel and wood density, and a
positive correlation was found between tree height and vessel diameter (Table 3), which suggested that
tree height evolution is closely associated with trait integration. Tall trees invest more energy in sapwood
water transport efﬁciency because the carbon ﬁxation and water transfer required for rapid growth are
closely coordinated. Meanwhile, the vessel diameter increases and the wood density decreases because of
the lower investment in the cell wall material. In our study, the relationship between vessel diameter and
wood density was weak (Table 3). Wood density is mainly determined by the ﬁber size, ﬁber wall
thickness, and wall-to-lumen ratio [51]. Furthermore, sapwood moisture content was negatively correlated
with wood density (Table 3, P < 0.05), and similar results have been reported in many tree species from
diverse ecosystems [52].
The ecological correlation between tree height and hydraulic traits should be the result of long-term
adaptation to selective pressure evolution [53]. It is more difﬁcult for tall trees to transport water to upper
leaves because the total path length resistance increases proportionately with increasing height [10].
Moreover, micro-environment differences might contribute to hydraulic trait variations between tall and
short trees. For example, canopy stems and leaves of tall species are often exposed to higher radiation,
stronger wind, and higher air temperature and must cope with possible stem and leaf desiccation or frost,
whereas short plants experience relatively milder and wetter microenvironments, that is, lower irradiance,
a constant temperature, and higher humidity. Consequently, tall trees would face a higher risk of
embolism caused by drought or frost than short trees, unless this is compensated for by larger root
systems or the enhanced narrowing of tapered vessels of stem segments in the canopy of tall trees [54,55].
5 Conclusion
Our study suggests that tree height is tightly correlated with xylem hydraulic functional traits; thus,
different hydraulic strategies in response to freeze-thaw stress are inevitable with tree height. Tree height
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was positively correlated with vessel diameters and xylem hydraulic conductivity, but was negatively
correlated with freeze-thaw induced embolism, which indicated that tree height was aligned with the
trade-off between sapwood water transport efﬁciency and freeze-thaw-induced embolism. Short trees
were more resistant to freeze-thaw stress and showed lower hydraulic conductivity, indicating a more
conservative strategy in response to freeze-thaw stress than tall trees. Furthermore, tall trees and short
trees could be well separated based on different xylem hydraulic functional traits, which indicate that
differences in tree height resulted in different hydraulic strategies in response to freeze-thaw stress. Tall
trees in urban cities might face large challenges to grow well, as global climate change results in more
drought in the growing season and extremely low temperatures in winter. More attention should be paid
to tall trees in urban garden tree management. It is also worth noting that future research should include
the leaf gas exchange characteristics across tree species that differ in height, and future research should
be carried out on a large number of common urban tree species that co-occur in North China.
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Figure S1: Hourly mean air temperature from October 2017 to October 2018

