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Abstract: Stable hydraulic conductivity in forest trees maintains healthy tree crowns and contributes
to productivity in forest ecosystems. Drought conditions break down this relationship, but the
mechanisms are poorly known and may depend on drought severity. To increase the understanding
of changes in hydraulic conductivity during drought, we determined hydraulic parameters in
Populus euphratica Oliv. (P. euphratica) in naturally arid conditions and in a simulated severe drought
using a high-pressure flow meter. The results showed that leaf-specific hydraulic conductance (LSC)
of leaf blades was less variable in mild drought, and increased significantly in severe drought. Plants
attempted to maintain stability in leaf blade LSC under moderate water stress. In extreme drought,
LSC was enhanced by increasing hydraulic conductance in plant parts with less hydraulic limitation,
decreasing it in other parts, and decreasing leaf area; this mechanism protected the integrity of water
transport in portions of tree crowns, and induced scorched branches and partial mortality in other
parts of crowns. We conclude that limitation in water supply and elastic regulation of hydraulic
characteristics may drive the mortality of tree branches as a result of severe drought. Evaluation
of adaptive water transport capacity in riparian plants in arid areas provides a scientific basis for
riparian forest restoration.

Keywords: Populus euphratica; riparian tree; hydraulic characteristic; hydraulic segmentation; survival
strategy; drought

1. Introduction

River basins in the arid inland region of China exhibit downstream oases formed by riparian
forests. Populus euphratica Oliv. (P. euphratica), a dominant riparian tree species, plays a vital role
in maintaining ecosystem functions in these oases [1–3]. However, extensive branch scorching and
mortality are commonly found in the crowns of otherwise healthy P. euphratica trees, indicating a
degrading ecological function. The reasons for canopy mortality are unclear, but may be related to
water transport within the trees and how that changes in drought conditions.

The flow of water through plants has important effects on plant hydraulics, growth, structure,
function, and ecology [4]. Past studies have shown that hydraulic properties are related to plant
drought resistance [5]. Plant responses to drought include combinations of characteristics that allow
plants to cope; these are xylem cavitation, morphological characteristics, photosynthetic responses,
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and hydraulic conductance [6]. An important feature of the survival and normal growth of a plant
in an oasis environment that fluctuates from dry to wet is the adjustability and the ability to sustain
effective hydraulic conductance under drought stress [7,8]. Because hydraulic conductance is a critical
factor affecting plant performance in an adverse water environment, it can successfully predict the
degree of canopy mortality in some species [9,10].

Research on variability in hydraulic conductance can provide additional information on the
coordination of hydraulic functional traits, and on plant ecological strategy to survive or exhibit normal
growth in water-deficit conditions [11]. Hydraulic conductance is highly variable and dynamic during
the plant life cycle, with different plant parts exhibiting their own water transferability [12].

In addition to absolute hydraulic conductance, water transfer efficiency expressed by leaf-specific
hydraulic conductance, is an important index of water supply capacity per leaf area defining water
supply to the evaporating surfaces [13,14]. The ability of plants to supply water to their leaves is
ultimately linked with survival, therefore, leaf-specific hydraulic conductance can directly affect plant
competition. The hydraulic segmentation hypothesis indicates that distal plant parts should be more
vulnerable to cavitation than stems; in that, the hypothesis highlights the distribution of relative
hydraulic resistance (inverse of conductance) in woody plants, and reflects the hydraulic contribution
of each part to whole-plant hydraulics [15].

Previous studies of P. euphratica have failed to demonstrate the change of plant hydraulic capacity
during the growing season. There is also no evidence for the coordination of water transport capacity
among plant organs in P. euphratica. However, research on hydraulic conductance has been generally
conducted on sections of specific plant parts (e.g., stems, leaves, shoots) in isolation from each
other [16,17]. We know that water supply from roots to leaves depends on the integrity of flow in
the xylem [18]. Accordingly, changes in hydraulic conductance measured in sections of specific parts
cannot explain those observed in intact parts. Hydraulic conductance of the roots can undergo changes
independently of shoots due to the lower vulnerability and stronger water absorption in roots than
in shoots [19,20]. Moreover, available water moving from roots to the top branches must overcome
greater gravity resistance than the lower parts, so leafy twigs, as the most peripheral plant parts, are
vulnerable to negative water potentials experienced as hydraulic bottlenecks [21]. Therefore, both
hydraulic characteristics of the whole plant and of leafy twigs at the terminal need to be examined
simultaneously to explain the presence of canopy mortality branches caused by water deficiency.

To address hydraulic variability in naturally arid and severe drought conditions in P. euphratica,
we measured hydraulic properties in live plant parts and simulated plant dehydration. We aimed to
answer the following questions: (1) How do hydraulic characteristics vary with tree characteristics?
(2) What is the variability in hydraulic contributions of individual tree parts to the total? (3) How do
hydraulic characteristics change under water stress? We hypothesized that hindered water transport
from roots to shoots is responsible for the mortality of branches in crown tops of otherwise healthy
P. euphratica, and that the variability in hydraulic characteristics in some parts of the tree affects the
ability of top branches—or even the whole plant—to transport water in years of extreme drought.

2. Materials and Methods

2.1. Study Sites

Our study was conducted in the Alxa Desert Eco-hydrology Experimental Research Station of The
Chinese Academy of Sciences, located in the lower reaches of the Heihe River Basin, in northwestern
China (42◦01′ N, 100◦21′ E, altitude 883.54 m). The research area is one of the typical hyper-arid regions
of China, exhibiting severe salinization and desertification. Local groundwater originates mainly from
discharge water from the middle and upper reaches of the river [17]. Annual average temperature is
8.2 ◦C, and annual precipitation is 38 mm, of which 75% occurs between June and August. In this area,
annual evaporation exceeds 3390 mm and surpasses precipitation by a factor of 90. The soil in the area
is derived from fluvial sediment, with gray-brown desert sediments [22].
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2.2. Plant Materials

Populus euphratica saplings were used to examine the temporal–spatial characteristics of hydraulics.
Saplings of P. euphratica were grown in a nursery for about one and a half years before they were
transplanted into the field. About two hundred saplings were originally transplanted to the research
station area in the middle of April 2017 in the naturally arid conditions. Saplings were planted at
a spacing of about 50–60 cm to ensure that roots remained independent of each other. We chose 60
saplings at 2–3 years of age that were healthy, straight, non-stressed, and growing well in 2018. Main
stems were excised from roots at 3 cm above the ground, and one or two branches (2–3 mm in diameter,
80 mm in length) were obtained from each main stem for measurements.

2.3. Measurement of Hydraulic Conductance

We determined hydraulic conductance (k, kg s−1 MPa−1) with the water perfusion method and a
high-pressure flow meter (HPFM-GEN3, Dynamax Inc., Houston, USA) [23]. The HPFM consists of an
apparatus forcing distilled water into the base of the root system or into the shoot, and measuring
the corresponding flow simultaneously; hydraulic conductance is then obtained from a relationship
between applied pressure and flow rate. Flow measurements in the root system were made with
the HPFM operating in the “transient mode”, with pressure rapidly increasing from 0 to 500 kPa;
values were then calculated from the slope of the linear regression. Flow measurements in the shoot
system were made with the HPFM operating in the “steady mode” with stable pressure of 350 kPa
until the rate of water flow entering the shoot stabilized. Each sequence of flow measurements lasted
about 10 minutes. Data were corrected by an operating system for a reference temperature of 25 ◦C
to compensate for changes in water viscosity due to differences in measurement temperatures [23].
Monthly measurements of k were determined at 06:00, 10:00, 14:00, 18:00, and 24:00 h from June to
September on typical sunny days for three independent plants at a time.

Hydraulic conductance of the whole-shoot (kshoot) and whole-root (kroot) was measured in the
field when whole-shoots were excised from roots for the 60 saplings. The ends of whole-shoots and
whole- roots were attached to the instrument to determine kshoot and kroot, respectively. Then, one or
two branches obtained from each whole-shoot were enclosed in dark plastic bags with wet towels, and
immediately transported to the laboratory. The bases of branches were re-cut under water to prevent
air from entering into the xylem. Leaf blades were removed to obtain new hydraulic conductance
values. The following measurements were performed after detaching the petioles, current-year shoots,
and finally, one-year shoots.

Leaf hydraulic conductance is an integral measure of total-leaf transpiration flow-paths from
the petiole–leaf junction to evaporation points [24]. Hydraulic conductance of leaf blades (kl) was
calculated on the basis of Ohm’s law hydraulic pressure analog, as follows [25]:

kl =
(
kb
−1
− kc+x+p

−1
)−1

(1)

where kb was the hydraulic conductance of a fully-leaved branch, and kc+x+p was the hydraulic
conductance of a bare branch with petioles. Hydraulic conductance of the petiole (kp) was calculated as:

kp =
(
kc+x+p

−1
− kc+x

−1
)−1

(2)

where kc+x was the hydraulic conductance of the bare branch. Hydraulic conductance of current-year
shoots (kc) was calculated as:

kc =
(
kc+x

−1
− kx

−1
)−1

(3)

where kx was the hydraulic conductance of a one-year shoot, measured directly.
Hydraulic segmentation represented by the hydraulic resistance ratio (R, %) could reflect the

hydraulic contribution of each part, which was calculated with the hydraulic resistance (1/k) of each
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part as a percentage of the total. The measured hydraulic conductance was adjusted to the total leaf
area to obtain leaf-specific hydraulic conductance (LSC, kg s−1 MPa−1 m−2). In addition, the calculation
method of the total leaf area is described below.

2.4. Tree Characteristics

Tree characteristics were determined along with hydraulic conductance. The tree height of 60
trees was measured with a steel measuring tape before the measurement of hydraulic conductance.
After the whole-shoot/root hydraulic conductance was measured, the diameter at the tree base was
measured with a digital caliper in two perpendicular directions; then the xylem cross-sectional area
was calculated as a circular area given the very small portion of the core material of saplings. Total leaf
area was estimated from total leaf biomass and specific leaf weight (SLW, leaf area/biomass) without
petiole. Ten leaves were obtained from each of the 60 saplings for this purpose. These leaves were
pasted on grid paper to draw the outline. We counted the number of grids in which leaf covered >50%
of the grid area. Then, leaf area was calculated by the number of grids multiplied by the area of a
single grid. Leaves were then dried at 80 ◦C, and weighed on an electronic balance to obtain biomass
and SLW (leaf area/biomass) of each tree. Finally, total leaf area was determined by adding dry weights
of all leaves assuming the same SLW for each individual tree [20]. Huber value (HV) as a hydraulic
structural parameter was calculated as the cross-sectional area of xylem divided by leaf area supported
by the shoot.

2.5. Measurement of Water Status

A nitrogen-driven pressure chamber (PMS Instruments, Corvallis, Oregon, USA) was used to
measure water potential (Ψx, MPa) of small shoots (2–3 mm in diameter, 80 mm in length). The shoots
were excised from the middle of the canopy between the hours 13:00–14:00 using a sharp blade. The
Ψx was determined in the presence of foliage; leaves were sealed with aluminum foil and encased with
a plastic bag to prevent transpiration [26]. The Ψx was recorded when the first drop of xylem sap flow
was observed emerging from the cut end of the shoot. Measurements were repeated using six samples
taken from different trees.

2.6. Dehydration Treatment

To simulate an extremely dry environment, 30 leafy shoots obtained from 10 trees were collected
at noon in a day for a dehydration treatment. Those shoots were enclosed in dark plastic bags with wet
towels, then transported to the laboratory. These branches were then exposed to the air horizontally
on a test bench for dehydration treatments lasting about 0, 0.5, 1, 2, 4, and 6 h to develop a series of
decreasing water potentials. We used 3–6 branches in each treatment duration. Then both hydraulic
conductance and water potential were simultaneously determined.

Immediately following the dehydration treatment, we measured net photosynthesis (A, µmol
CO2 m−2 s−1) and transpiration (E, mmol H2O m−2 s−1) using a LI-6400 portable photosynthesis
system (LI-COR, Lincoln, Nebraska, USA). We used three fully-elongated leaves on each shoot for the
measurements. LI-COR settings were 1200 µmol m−2 s−1 for light intensity (with 6400-02B red-blue LED
Light Source), and 400 µmol mol−1 for CO2 concentration (using 6400-01 CO2 mixer). Corresponding
water use efficiency (WUE, µmol CO2 mmol H2O−1) under severe water stress was estimated as the
ratio between A and E.

2.7. Meteorological Data

Measured meteorological variables, including relative humidity (RH, %) and air temperature (Ta,
◦C) were recorded from June to September using a Zeno-3200-A-D Data Logger every 60 minutes.
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2.8. Data Treatment and Statistical Analysis

Analysis of variance (ANOVA) was performed to test for differences in hydraulic values of
different plant parts (e.g., whole-root/shoot, leaf blades, petiole, current-year shoot, and one-year shoot)
based on post hoc means using the least significant difference test (LSD). Regression analysis between
hydraulic parameters and tree characteristics was performed. Regression analysis was also used with
xylem water potential of the dehydration treatment and hydraulic parameters and water use efficiency.
Pearson product moment correlation was selected to test the statistical significance of correlations
between these parameters. A probability value of p < 0.05 was used to indicate statistically significant
differences. Meteorological data were analyzed using time series analysis. Data were presented as
means with standard error, and statistically analyzed using SPSS 19.0. Figures were plotted using
Origin 8.0.

3. Results

3.1. Relationships of Hydraulic Conductance with Tree Parameters

There was no relationship between whole-root hydraulic conductance (kroot) and ecological
variables (p > 0.05). On the contrary, kshoot was highly significantly correlated with total leaf area, plant
height, basal stem diameter, and xylem cross-sectional area (p < 0.01). Total leaf area had the greatest
influence on kshoot (R2 = 0.579, Figure 1a), while xylem cross-sectional area had the smallest influence
(R2 = 0.278, Figure 1d). Correlation coefficients between kshoot and plant height and basal stem diameter
were 0.409 and 0.349, respectively (Figure 1b,c). This indicated that water conductivity was higher in
trees that were taller and had larger diameters; the regulation of leaf biomass had the greatest effect on
whole-shoot conductance for the same tree.
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Figure 1. Regression relationships of whole-shoot hydraulic conductance (kshoot) and ecological
variables: (a) total leaf area, (b) plant height, (c) basal stem diameter, and (d) xylem cross-sectional area.
All regressions shown were statistically significant (p < 0.01).

Huber value (HV) changed considerably in different months, with a significant increase between
July and September (p < 0.01, Figure 2c). The single-tree trends in HV indicated that the total leaf area
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decreased from July to September, and that leaf growth peaked in June and July. Due to relatively high
precipitation and low daily average temperature (Figure 2a,b), leaf senescence occurred in August, and
September was the end of the leaf growing season.Forests 2019, 10, x FOR PEER REVIEW 6 of 14 
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Figure 2. (a) Variability in daily mean temperature (Ta, ◦C) and (b) daily mean relative humidity (RH,
%), and (c) seasonal change in Huber value (HV). Lower-case letters denote significance levels from
Analysis of variance (ANOVA) based on post hoc means using least significant difference test (LSD)
analysis (p < 0.05). Data in (c) are means with standard error.

3.2. Characteristics of Hydraulic Segmentation

The differences in hydraulic segmentation at different times of the day were not statistically
significant (p > 0.05). The differences in hydraulic segmentation across months were highly significant
(p < 0.01). The hydraulic resistance ratio of the whole-shoot (Rs) was about 60%–82%, which was much
larger than that of the whole-root (Rr). Rs increased from June to August and then decreased from
August to September; that trend was reversed for Rr (Figure 3a). The root contribution to hydraulic
resistance (Rr) had the same trend as twig water potential. Water potential was lower in July and
August and higher in June and September, with a decreasing, and later, increasing trend (Figure 4).
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Figure 3. Seasonal changes in hydraulic segmentation for (a) whole-root/shoot and (b) parts of the
leafy branch. (a): Rr (open boxes) indicates hydraulic resistance ratio for whole-roots, Rs (light-shaded
boxes) for whole shoots. (b): Rx (open boxes) indicates hydraulic resistance ratio for one-year shoots,
Rc (dark-shaded boxes) for current-year shoots, Rl (cross-hatched boxes) for leaf blades, and Rp

(light-shaded boxes) for petioles. Lower-case letters over the bars denote significance levels based on
ANOVA post hoc means using LSD analysis (p < 0.05).

The order of hydraulic segmentation from largest to smallest for different plant parts was as
follows: leaf blades, shoots, and petioles. The hydraulic resistance ratio of leaf blades (Rl) was about
50%–76%, noticeably more than that of the other parts in each month. The hydraulic resistance ratio of
current-year shoots (Rc) and petioles (Rp) increased respectively from 8% and 6% in June to August
to 24% and 11% in September. On the contrary, one-year shoots (Rx) exhibited a notable decline in
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hydraulic resistance ratio from 28% to 12% in July, with little change in the other months. The hydraulic
resistance ratios of one-year shoots (Rx) were higher than those of current-year shoots (Rc), and those
of petioles (Rp) and Rc stabilized before the end of leaf growth. However, at the end of leaf growth, Rc

and Rp sharply increased and eventually Rc exceeded Rx (Figure 3b). This indicated that roots played
the role with less hydraulic limitation and leaves were the parts with the greatest hydraulic limitation
of the branches.Forests 2019, 10, x FOR PEER REVIEW 7 of 14 
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Figure 4. Change in twig water potential (Ψx). Lower-case letters denote significance levels based on
ANOVA post hoc means using LSD analysis (p < 0.05). Data are means with standard error.

Hydraulic conductance of whole-roots (kroot) increased with increasing kshoot (R2 = 0.222, p < 0.05,
Figure 5a). Hydraulic conductance of one-year (kx) and current-year shoots (kc) was highly significantly
and positively correlated with the hydraulic conductance of leaf blades (kl) and petioles (kp), with
correlation coefficients of 0.335 and 0.630, respectively (p < 0.01, Figure 5b,c). Variability in water
transfer capacity in the leaf was in accordance with one-year shoots, and that in the petioles was in
accordance with current-year shoots.
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Figure 5. Regression analysis of hydraulic conductance of specific plant parts. (a) whole-roots (kroot) and
whole-shoots (kshoot); (b) leaf blades (kl) and one-year shoots (kx); and (c) petioles (kp) and current-year
shoots (kc). All regressions shown were highly significant (p < 0.05).

3.3. Characteristics of Leaf-Specific Hydraulic Conductance (LSC)

Strong diurnal trends in LSC were absent in all parts of the plant (p > 0.05), while the effect of
the month was significant (p < 0.05). LSC of whole-shoots (ksl) remained stable across consecutive
months (Figure 6b). Unlike ksl, LSC of whole-root (krl) remained stable until it markedly increased in
August (Figure 6a). Most notably, there was a small monthly change in LSC of leaf blades (kll). The
value was about 1.14 (± 0.09) × 10−3 kg s−1 MPa−1 m−2 (Figure 6e). LSC of current-year shoots (kcl) did
not change until a notable decrease in September (Figure 6d). LSC of one-year shoots (kxl) increased
from June to July, and then stabilized (Figure 6c). Moreover, LSC of petioles (kpl) decreased from July
to September (Figure 6f). This indicated that changes in LSC in other plant parts occurred to ensure
relative stability of LSC in leaf blades, which maintained a stable water supply per leaf area.
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Figure 6. Seasonal changes in leaf-specific conductance (LSC) of (a) whole-roots (krl), (b) whole-shoots
(ksl), (c) one-year shoots (kxl), (d) current-year shoots (kcl), (e) leaf blades (kll), and (f) petioles (kpl).
Lower-case letters denote significance levels based on ANOVA post hoc means using LSD analysis
(p < 0.05). Data are means with standard error.

LSCs of both leafy branches and leaf blades showed a highly negative correlation with xylem
water potential (Ψx) after dehydration treatments (p < 0.01, Figure 7a,b). LSC of leaf blades (kll)
increased with increasing LSC of leafy branches (kbl) (R2 = 0.97, p < 0.01, Figure 7c). Water use efficiency
(WUE) increased with a decrease in xylem water potential (Ψx) (R2 = 0.439, p < 0.01, Figure 7d). This
demonstrated that leaf blades acted as the restriction point and limitation of the water supply had a
great effect on both hydraulic regulation and water use efficiency under severe drought.
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Figure 7. Regression analysis for dehydration treatments: (a) twig water potential (Ψx) and LSC of
leafy branches (kbl), (b) twig water potential (Ψx) and LSC of leaf blades (kll), (c) LSC of leafy branches
(kbl) and LSC of leaf blades (kll), and (d) twig water potential (Ψx) and water use efficiency (WUE). All
regressions shown were highly significant (p < 0.01).
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4. Discussion

4.1. Effects of Tree Characteristics on Hydraulics

In our study, kshoot strengthened with increases in total leaf area, plant height, basal stem diameter,
and xylem cross-sectional area. Hydraulic conductance is the most commonly used parameter
of pressure gradient, calculated as the ratio of velocity of water flow in the plant stem to the
pressure gradient. Typically, velocity of water flow in the stem increases with increasing stem
diameter—increasing water transport capacity as a result [27–29]. Tall trees often have large stem
diameters and large shoots. Large shoots maintain large transport areas and provide higher water flux;
therefore, a positive relationship between the dimension of shoots and water transport capacity is a
universal law [15,30]. More leaves require the enhancement of shoot capacity for transpiration, and
a greater water transport capacity. Thus, for different trees, the more biomass or the larger the tree
trunks, the greater the water conductivity. Within a tree, changes in leaf biomass can have the greatest
effect on whole-shoot conductance, and whole-plant conductance.

4.2. Hydraulic Contributions of Individual Tree Parts to the Total

Roots are considered to be a restraining link in the soil–plant–atmosphere continuum. Root
resistance accounted for 20% to 90% of the resistance of the whole plant [31]. Previous research showed
that kroot was typically the lowest among all of the water transport components in grapevine; root
resistance accounted for 66% of the resistance in maple trees (Acer saccharinum) [31,32]. In this study,
kroot was much greater than kshoot, with values one order of magnitude larger. The root system is the
main facilitator of water transport in plants in desert areas, due to strong water absorption [33]. Though
kroot lacked strong relationships with tree characteristics of plants, kroot was significantly related to kshoot,
which is highly correlated with tree characteristics. The purpose of hydraulic efficiency in plants is
to meet their evaporation demand [25]. Enhancement of water transfer capacity in shoots requires a
corresponding enhancement of water transfer capacity in roots. The hydraulic resistance contribution
of roots (Rr) exhibited the same trend as the twig water potential. That is, water transferability of the
root system was consistent with the degree of water stress. Studies have shown that low water potential
can force plants to enhance root hydraulic conductance in order to absorb more water. Consequently,
plants tended to control root water uptake against water deficit conditions by regulating root hydraulic
conductance [34]. This indicates that root hydraulic characteristics play an important role in plant
adaptation or resistance to drought.

We found clear evidence that the major hydraulic resistance in P. euphratica was concentrated in
leaf blades. Earlier research has shown that leaf resistance contributed approximately 30%–80% to
total plant resistance [14,35]. As a result, defoliation has a great effect on hydraulic characteristics
of plants, driven by decreased resistance following leaf removal. The resistance in petioles was the
smallest among the tested plant parts, and this can be expected given the short distance of water
transport in petioles. The change in water transfer capacity in the leaf was consistent with that in
one-year shoots, and the variability in water transfer capacity in petioles was consistent with that of
current-year shoots. Leaf blades and petioles had different rules of change in k, reflecting results of
earlier studies that have shown that petiole hydraulic conductance can undergo changes regardless of
the lamina [36]. At the end of leaf growth, the hydraulic resistance ratios of current-year shoots (Rc)
sharply increased and eventually became the highest. The decrease in k could directly reflect the level
of cavitation and embolization of xylem vessels [37]. The progressive decrease in petiole conductance
could be associated with partial cavitation in petioles. Similarly, if current-year shoots (and petioles
on these shoots) were more vulnerable to cavitation, conductance may be reduced there first. The
decrease in the hydraulic resistance ratio of the leaf blade indicated that the contribution of the leaf
blade to the complete hydraulic conductance was enhanced, and the leaf blade was less vulnerable
than the petiole and the current-year shoot induced by cavitation. Inevitably, current-year shoots may
be the first section of branches in which xylem cavitation occurs at the end of the leaf growing season.
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Under unfavorable growth conditions, shorter-lived organs had stronger resistance than longer-lived
organs according to the construction economics of plants because shorter-lived organs required less
construction-economy resources and could be easily rebuilt [11]. In favorable growth conditions,
plants can retain shorter-lived sections with weaker resistance; however, in adverse growth conditions,
shorter-lived parts with heightened hydraulic resistance may senesce.

4.3. Hydraulic Characteristics in Naturally Arid and Severe Drought Conditions

Leaf-specific hydraulic conductance (LSC) did not exhibit diurnal variability, indicating that
hydraulic conductance (k) was independent of the light regime. This result contradicts previous reports
showing that k was sensitive to changes in light intensity in some plants. Previous research has found
that saplings of some species grown under severe shading showed decreased k responses [38–40].
This may be due to possible plant modification of hydraulic parameters with light regulation of root
production [25]. Plants can form high-density veins within a large-diameter stem to satisfy their water
transport demands; this response, however, needs an extended time to develop under a high-irradiance
environment [13,41]. Consequently, light dependence of hydraulic conductance is probably not a
general phenomenon, although it may be essential in some species.

LSC of whole shoot (ksl) remained stable in consecutive months, but whole-root LSC (krl) in August
increased as an exception. This resulted from high-frequency rain events in August, with approximately
three times the average annual precipitation of previous years, which led to the elimination of root
xylem embolisms. Consequently, krl greatly increased, consistent with previous findings [42]. These
results showed that the changes in krl and ksl were independent as a result of the stronger water
absorption capacity of roots than of whole shoots. Throughout the growing season, krl and ksl remained
relatively stable, except for August.

LSC of leaf blades did not differ (kll) among months. This was consistent with a recent study
which showed that leaf-specific conductance of ash trees remained stable, while carbon allocation to
the current-year xylem decreased due to production of fewer but wider vessels in dry conditions [43].
The appearance of stable kll combined with increasing HV indicated a decreasing kl. Some authors
hypothesized that the seasonal decline of kl was a trigger for leaf senescence, resulting in the loss of
photosynthetic capacity and carbon uptake. Leaves with stems that experience decreased k are often
described as no longer green, or may abscise while green [44]. Carbon limitations affect petioles first,
because they are nearer xylem than leaves, and then current-year shoots. Accordingly, LSC of petioles
(kpl) decreased before the end of leaf growth, and LSC of current-year shoots (kcl) decreased at the end
of leaf growth. This could also explain why petioles detached very easily from current-year shoots at
the end of leaf growth. In contrast, LSC of one-year shoots (kxl) increased noticeably in the period of
leaf growth and then remained stable, illustrating that one-year shoots had priority over other parts in
the water supply. Low LSC is likely to amplify the effect of a water deficit [45]; a change in LSC in
other parts maintains the relative stability of leaf-blade LSC for water balance in the plant.

Values of inherent Ψx reflected moderate drought stress, and kll had no relationship with drought
at this level of water stress (p > 0.05). The decrease in water potential reflected drought stress. This
indicated a negative feedback mechanism for plant survival in arid areas, and P. euphratica utilized two
strategies for regulating different conditions. Increased hydraulic characteristics could increase leaf
water potential as an important transpiration-regulation factor, possibly by magnifying the hydraulic
signal, aimed at keeping the water balance throughout the whole plant [8,46,47]. P. euphratica can
improve its water use efficiency accompanied by an increase in hydraulic capacity when it encounters
severe water shortage. More specifically, the change in kll in P. euphratica demonstrated an elastic LSC
coincident with a conservative strategy in relatively moderate conditions, and a bolder strategy in
relatively extreme conditions [16]. Plants can adapt to challenging conditions using their adaptive
functional properties, resulting in the improvement of performance [48,49]. Meanwhile, water transport
strategy in severe drought stress had offered further evidence for P. euphratica survival in an extremely
arid zone.
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Leaf blade LSC (kll) increased with increasing LSC of leafy branches (kbl), demonstrating that leaf
blades acted as a bottleneck, and could determine water transferability of whole branches, and even
whole shoots. All plant portions were arranged in a series with each other—and water conductivity of
the whole was determined by the lowest value among the components [11]. The leaves could remain
turgid and functional with a more negative Ψx; this may prevent cells from shrinking and buffer against
rapid water potential fluctuations during water stress [50,51]. Meanwhile, leaves have the capacity
to initiate an alteration of aquaporins which affects whole-plant hydraulic characteristics; variability
in aquaporin activity may be the vital component that exerts influence on water transport under
osmotic stress conditions [52–54]. Leaf proline was an important component of aquaporins, which
accumulated with an increase in drought stress; water permeability largely controlled by the activity of
aquaporins during osmotic stress could alter the physiology of branches or whole shoots [55–57]. We
concluded that osmotic adjustment by physiological and, possibly, biochemical substances contributes
to the response of P. euphratica to a water deficit. Thus, further work is needed to elucidate intrinsic
mechanisms of drought response in cells and tissues.

We hypothesized that hindered water transport from roots to shoots was responsible for the
mortality of branches in crown tops of otherwise healthy P. euphratica in years of extreme drought.
During extreme water stress, LSC of leaf blades was enhanced by an increase in conductance in whole
shoots. Defoliation was a natural consequence because leaves provided the greatest resistance. The
whole plant was affected when the whole-shoot hydraulic conductance weakened with a decrease
in total leaf area, so the plants have to reduce those parts with greater hydraulic limitation. Further,
parts of branches may be removed from circulation, based on their degree of hydraulic limitation.
Plants could enhance hydraulic conductance of parts with less hydraulic limitation; this would entail
abandoning parts with greater hydraulic limitation and limiting productivity with the aim of increasing
water transport ability in remaining plant tissues. Then the ability of top branches—even the whole
plant—to transport water was affected by variability in hydraulic characteristics. As a result, branch
scorching and mortality may appear on apical branches.

5. Conclusions

The hydraulic characteristics of P. euphratica were studied based on data analysis of whole root,
whole shoot, and branch components in riparian tree species. Plants strive to maintain the stability of
leaf-specific hydraulic conductance (LSC) of leaf blades under mild water stress. Nonetheless, there is
a negative feedback in the LSC of leaf blades in response to severe drought. Its change reflects the
adaptive water supply strategy of riparian plants in arid areas in different drought stress conditions.
P. euphratica enhances LSC by enhancing hydraulic conductance of parts with less hydraulic limitation
and diminishing parts with greater hydraulic limitation to avoid total loss of hydraulic efficiency
to survive severe drought. Generally, limitation in water supply and a corresponding response in
hydraulic regulation that is aimed at plant survival may be responsible for branch scorching and
mortality in P. euphratica trees during severe drought. Water transport capacity of riparian plants in
arid areas in different drought stress conditions provides a scientific basis for restoration in desert
riparian forests. Further research on P. euphratica should address plant physiology and anatomy to
increase the understanding of internal mechanisms of drought acclimation.
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