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Populus euphratica counteracts drought stress through the dew coupling and 
root hydraulic redistribution processes
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• Background In arid and semi-arid areas, plants can directly absorb and use dew through their leaves, and some 
plants have the ability for hydraulic redistribution of their roots. Therefore, in arid areas, plants may redistribute 
dew to the soil, using the soil as a reservoir for short-term dry seasons, i.e. dew may participate in the hydraulic 
redistribution process of plants. This process plays an important role in plant survival and community stability.
• Methods To verify this hypothesis, we investigated the water use mechanism of Populus euphratica through a 
comprehensive observation of sap flow, water potential and soil water content using a heavy water tracer experi-
ment under in situ field conditions.
• Results and Discussion Dewdrops contributed 28.3 % of soil moisture near the roots, and applying dew on leaves 
for several days significantly improved soil moisture status. Hydraulic redistribution in the roots mainly occurred from 
2200 h at night to 800 h the following day and mainly occurred in the 20- to 80-cm soil layer. Water storage in the 
trunk is the intermediate link in the coupling process of foliar water uptake and hydraulic redistribution; water storage 
in the trunk is mainly replenished from May to July and consumed throughout the rest of the year. In conclusion, dew 
redistributes water into soil through the coupling process of foliar water uptake and hydraulic redistribution. Populus 
euphratica uses the trunk and soil for water storage to cope with water stress during short-term drought periods. Our 
findings provide a scientific basis for the restoration of different species in water-deficient areas, which is conducive to 
maintaining vegetation ecosystem stability in areas of desertification and improving the soil water balance.
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INTRODUCTION

Burgess et al. first confirmed the downward transmission of 
water in roots in 1998 and defined the regulation of soil water 
by roots as ‘hydraulic redistribution’ (HR) (Burgess et al., 
1998). Ever since the concept was put forward, it has been 
widely considered in studies on plant water use (Alagele et 
al., 2021; Gerjets et al., 2021). Hydraulic redistribution can 
improve the drought resistance of temperate forests and is an 
important factor for forest growth and stability (Töchterle et 
al., 2020; Hafner et al., 2021). It helps plants absorb water 
in tropical rainforests and contributes to their growth and de-
velopment (Eller et al., 2016). In arid areas, plants make up 
for soil moisture deficiency through HR (Hill et al., 2021). 
Studies have shown that the root water redistribution process 
has multiple manifestations, including HR of fog water (FHR), 
hydraulic lift, hydraulic descent, lateral redistribution and 
tissue dehydration (Richards and Caldwell, 1987; Burgess and 
Dawson, 2004). FHR refers to the process wherein fog water 
or dew absorbed by leaves is transported to the dry root–soil 
interface through the trunk and root xylem, and this process 
mostly occurs at night when precipitation and air humidity 
are high (Burgess and Dawson, 2004; Zhang et al., 2019). 

Some studies have shown that FHR can reverse the sap flow 
from the trunk and roots, and the water absorbed by leaves 
can be transported through the trunk to the soil near the root 
system, improving the plant’s water status (Eller et al., 2013; 
Cassana et al., 2016). FHR is a significant factor affecting 
plant water storage; it can effectively alleviate water deficits, 
prolong water availability and the growing periods of plants 
with deeper roots, maintain the physiological activity of plant 
tissues and improve the soil water content of neighbouring 
plants, and plays a key role in promoting plant growth (Huang 
et al., 2017; Gerjets et al., 2021). However, it is difficult to 
simulate falling dew and collect samples from trees in situ, 
and most of these studies observed the response mechanism 
of seedlings to dew by transplanting them into flowerpots; be-
sides, most trees growing in flowerpots are young and have 
limited growth conditions (limited root depth, low nutrient 
utilization rate, fixed irrigation sequence) (Gerjets et al., 2021; 
Liu et al., 2021). Further, at short distances, the moisture con-
tent of the moist and dry parts of the soil varies greatly, and 
soil conditions are extreme (Gerjets et al., 2021). Therefore, 
the response of plants grown in situ to precipitation should be 
further studied. There are several ways to determine whether 
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FHR has occurred, such as sap flow observation (Burgess et 
al., 2000), apoplastic tracer experiments and gravimetric ana-
lysis (Limm et al., 2009; Eller et al., 2013). However, as these 
methods cannot accurately quantify the contribution rate of 
FHR, many studies have combined stable isotope labelling 
experiments with these methods for quantitative research 
(Eller et al., 2013; Zhang et al., 2019). Therefore, studies on 
the effect of plant FHR under natural field conditions require 
comprehensive observations of plant sap flow, the water poten-
tial of the soil–plant–atmosphere continuum (SPAC) and soil 
moisture, and these observations should be combined with iso-
tope tracer experiments.

A prerequisite for the FHR process is foliar water uptake 
(FWU). Studies have shown that in tropical and temperate for-
ests, as well as in semi-arid and sub-humid regions, trees can 
absorb dew through their leaves (Eller et al., 2013; Berry et al., 
2019; Liu et al., 2021; Tianshi and Chau, 2022). In extreme arid 
areas, the leaves of Populus euphratica seedlings can also ab-
sorb condensed water directly to cope with short-term droughts 
and soil water stress (Zhang et al., 2019). In addition, signifi-
cant root HR was observed in P. euphratica growing under ex-
treme drought conditions (Hao et al., 2013). Therefore, this 
species is likely to absorb dew and redistribute water from the 
roots at the same time. However, there is still no direct evidence 
to support this hypothesis. This study was based on an in situ 
experiment and aimed to: (1) reveal whether P. euphratica can 
directly absorb dew and redistribute it under in situ conditions; 
this was studied by comprehensive observation and a controlled 
experiment; and (2) describe the dynamic relationships among 
root HR, dew absorption and trunk water storage processes. We 
expect our results to help us better understand the water-use 
mechanism of trees in arid areas and provide a scientific basis 
for the formulation of restoration measures in degraded riparian 
forest ecosystems.

MATERIALS AND METHODS

Experimental design

The experiments and observational studies were carried out 
at the Akesu National Station of Observation and Research 
for Oasis Agro-ecosystem, Chinese Academy of Sciences 
(80°51ʹE, 40°37ʹN). The station is located in the upper reaches 
of the Tarim River, where the climate is warm temperate con-
tinental arid and solar radiation is high (total annual solar radi-
ation 6000 MJ m2). The average annual temperature is 11.84 °C. 
Evaporation is intense and precipitation is scarce; the annual 
potential evaporation is 2300–3000  mm and annual average 
precipitation is 45.7 mm. There are various types of soil in the 
lower reaches of the Tarim River, including Populus euphratica 
forest soil, meadow soil, new soil, saline soil and Aeolian soil. 
The soil texture is mainly silty loam soil, and groundwater depth 
is mostly <8 m, but even <12 m in some sections. The natural 
vegetation in this area mainly includes P. euphratica, Tamarix 
ramosissima, Halimodendron halodendron, Alhagi sparsifolia 
and Phragmites communis (Zhu et al., 2021). This vegetation 
forms the ecological corridor of the Tarim River basin, and 
plays an important role as a windbreak, in sand-fixation and in 
maintaining the balance of ecosystems in this arid area.

Based on the field investigation, we selected two P. 
euphratica trees with a spacing of 4–5 m as standard trees A 
and B [standard tree A: diameter at breast height (DBH) 40 cm, 
height 10.3 m; standard tree B: DBH 32.6 cm, height 8 m]. The 
observations and experiment were carried out as follows: (1) 
from 1 October 2020 continuous monitoring of P. euphratica 
sap flow was carried out; based on these results, the change 
characteristics of P. euphratica sap flow were analysed; (2) 
from 1 May 2021 to 31 December 2021 continuous monitoring 
of the volumetric water content of P. euphratica roots was car-
ried out to compare the changes in soil volumetric water con-
tent near the roots in different soil layers; (3) from 7 July 7 
2021 to 6 August 2021 the water potential of P. euphratica 
roots and leaves was determined, and a stable isotope tracer 
experiment simulating dew transport was carried out simul-
taneously. Soil and water samples were analysed from 17 July 
2021 to 17 August 2021.

Isotope tracer experiment with dew

From 8 July 2021, two P. euphratica trees under sap flow ob-
servation were selected as the sample trees. In order to eliminate 
interference from rainfall and dew under natural conditions, 
steel shelters were established for each of the two sample trees. 
Transparent polyethylene film was spread above and around the 
steel structure canopy, and a spraying system was set up in the 
direction of P. euphratica canopy growth. At night, the canopy 
was completely closed with this film and during the day it was 
opened around the canopy in order to ventilate it to mimic the 
external environmental conditions of the canopy. Soil irrigation 
was stopped for 1 week prior to the dew treatment, and the soil 
was covered with tarpaulins and isolated from the outer envir-
onment to prevent water from entering it (Fig. 1A–C).

Tagged water (δD = 795.8 ± 4.7‰) was prepared using 
heavy (δD = 99.9  %) and distilled water (δD = −54‰) at a 
volume ratio of 1:15 000. At 0500 h every day, the configured 
tracer water was transported to the top of the P. euphratica 
canopy through the spray system, and dew-marked water was 
automatically, continuously and unidirectionally sprayed onto 
the P. euphratica canopy. Before each traced water treatment, 
soil samples from the P. euphratica root soil layers of 0–20, 
20–40, 40–60, 60–80 and 80–100 cm were collected with a soil 
drill at 2100 h on the previous day, and each layer was sampled 
three times. Immediately after sampling, the soil samples were 
sealed and stored at −20 °C in a self-sealing bag in a refrigerator 
to prevent isotopic fractionation caused by water evaporation.

Populus euphratica soil water was extracted into a small test 
tube with a low-temperature vacuum extraction device. The 
heating temperature of low-temperature vacuum extraction was 
set to 95 °C, and the soil sample was extracted for 100 min. 
After extraction, it was sealed and stored in a 2-mL glass bottle 
at a low temperature (4 °C), and the content of soil water was 
determined using a Los Gatos Research liquid water isotope in-
strument (LGR, DLT-100, USA). The δD value was determined 
using the following equations (Phillips, 2001):

δ D () = [(Rsample/Rstandard)− 1]× 1000

δ18O () = [(Rsample/Rstandard)− 1]× 1000
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where Rsample denotes the hydrogen and oxygen isotope values 
of corresponding samples, and Rstandard denotes the hydrogen 
and oxygen isotope values of International Standard Seawater 
samples. The ratios of heavy to light isotope abundances of 
elements in samples and international standard seawater D/H 

are δD and δ18O. The measurement precision for 18O/16O was 
>0.1 ‰ and that for D/H was >0.3 ‰. The measurement error 
for δD was <1 ‰ and that for δ18O was <0.2 ‰. The contri-
bution rate of the dew to P. euphratica root soil was calculated 
according to the isotope mixing model (Phillips, 2001):

δt = fA × δA + (1 − fA)× δB

where δt denotes the δD values of the soil water around P. 
euphratica roots, δA and δB denote the δD values of dew 
source A and irrigation water source B, respectively, and fA is 
the utilization ratio of dew source A, which was calculated as 
follows (Zhang et al., 2019):

fA =
δt − δB

δA − δB (4)

The absorption of canopy dew by P. euphratica was analysed 
by isotope tracing.

Measurement of volumetric water content

From 14 June 2021 to 14 October 2021 the volumetric 
water content of P. euphratica root soil was measured using 
the SM-300 soil moisture sensor (Delta-T, UK; measurement 
range 0–1 m3 m−3; measurement accuracy 0.025 m3 m−3). On 
14 June 2021 the soil moisture sensor was calibrated indoors. 
Then, the root soil of two P. euphratica trees was divided into 
layers of 0–20, 20–40, 40–60, 60–80, 80–100, 100–150 and 
150–200  cm, and soil moisture sensors were buried in each 
layer. The sensors were connected to two CR 1000 data acqui-
sition boxes (Campbell Scientific, United States). The sensors 
were used to measure the soil volumetric water content quickly 
and in real time to explore the influence of soil volumetric water 
content difference on the water redistribution of P. euphratica.

Measurement of canopy and root water potential

From 8 July 2021 to 12 September 2021, three intact fine 
root samples were collected daily at 0030, 0830 and 1630  h 
in a 1-m profile of P. euphratica root soil, while three healthy 
leaves from the upper part of the canopy were collected on the 
sunny side of the sample trees and sealed in polyethylene bags 
immediately after collection was completed. The samples were 
brought back to the laboratory for determination within 3 min 
after collection was completed.

Root (ψ, MPa) and leaf (ψ, MPa) water potentials were 
measured with a 3115 portable pressure chamber water poten-
tial tester (SEC, USA). The measuring range of the water po-
tential tester was 0–10 MPa and its accuracy was 0.01 MPa. 
The blades and roots were wrapped with wet gauze to prevent 
water loss and placed in the pressure chamber of the water po-
tential tester. Then, the cover was tightened and pressurized 
with nitrogen at the speed of 0.02–0.05 MPa s−1 until sap started 
flowing from the incision of the blade or root. After this, the 
pressure was immediately reduced by 0.15–0.20 MPa, and it 
was increased again until sap started flowing again from the in-
cision; then, the water potential was read and recorded. The leaf 
and root water potentials of P. euphratica were continuously 
monitored, and the trunk water transport was analysed.

A

B

C

Fig. 1. Layout of control experiment. (A) Internal arrangement of the two 
sample trees’ canopies. (B) and (C) Arrangement with the canopies opened 

and closed.
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Measurement of sap flow

Trunk water storage is the main reason for the difference in 
sap flow rates between different parts of the trunk. Based on the 
assumption that the daily cumulative value of the crown and 
trunk base sap flow is equal every day, when the value obtained 
by subtracting the trunk base sap flow from the crown base sap 
flow was positive, water was being pumped from the trunk be-
tween the crown base and trunk base (Maherali and DeLucia, 
2001).

Therefore, the change in the amount of water stored in the 
trunk can be determined by comparing the difference in the 
sap flow flux between the crown and trunk base. In the pre-
sent study, sapwood (R1) and heartwood radiuses (R2) were de-
termined by a growth cone. A set of sapwood trunk sap flow 
probes (TDP) using Granier thermal diffusion was installed at 
the crown and trunk base of each sample tree (Granier et al., 
1996). The probe was inserted, and clay was smeared over and 
around it to form a waterproof seal. A 1/4 spherical foam was 
installed and fixed on both sides of the probe to increase the 
adiabatic effect around it. Reflective foam aluminium film was 
used to wrap the trees, foam balls and TDP installation parts 
to form shading, sealed by tape, and prevent moisture from 
reaching the sensor along the tree trunk. The PC400 measure-
ment program was started and connected to the data collector 
CR1000. From October 2020 to October 2021, the sap flow was 
measured every 1 min and the data were recorded every 15 min. 
The measured sample tree data were processed; the daily dtM 
was calculated using the measured dt value every 15 min, and 
the dimensionless sap flow index K was introduced to calculate 
the sap flow rate V (cm s−1). The equations used were as follows 
(Granier et al., 1996):

K = (dtM − dt)/dt

V = 0.0119 × K1.231

Sapwood area SA (cm2) was calculated from sapwood (R1) and 
heartwood radiuses (R2) of the trees (Granier et al., 1996):

SA = π(R1
2 − R2

2)

Sap flow flux F (g h−1) was calculated as follows (Granier et 
al., 1996):

F = SA × V × 3600
The change in sap flow flux of P. euphratica was analysed ac-
cording to the sap flow flux of the trunk and crown bases.

Data analysis

The volume water content and sap flow data were sorted and 
analysed using Loggernet 4.6 and Excel software. In SPSS 26.0 
software, ANOVA was used to analyse whether the difference 
in stable isotopes in the soil water of P. euphratica root be-
fore and after the dew treatment was significant (the signifi-
cance level was 0.05, and an extremely significant difference 
was determined at 0.01). Origin 2019b software was used to 
draw charts.

RESULTS

Impact of dew on soil moisture

Results of the isotope tracing experiment showed that after 
dew labelled with stable isotope deuterium was sprayed on the 
canopy of P. euphratica, the value of δD in the 0–100 cm soil 
layer near the roots of P. euphratica A showed an increasing 
trend (Fig. 2A). Significant differences were observed between 
the soil water content near the roots of P. euphratica A 6 d after 
the labelled water treatment and near the roots of untreated P. 
euphratica A (P < 0.05). After 12 d of labelled water treatment, 
the δD value of soil water in P. euphratica A increased to a 
positive value of 99.62  ‰, which was significantly different 
compared with the soil water of P. euphratica treated with la-
belled water for 6 d (P < 0.05). After 24 d of the labelled water 
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Fig. 2. Value of δD in soil water of P. euphratica under condensed water treatment (n = 3). Lower-case letters indicate significant differences between treatments 
at different times (P < 0.05).
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treatment, the δD value of soil water of P. euphratica A reached 
the maximum value of 138.83 ‰. The δD value of soil water 
of P. euphratica A decreased slightly on 6 August, 6 d after the 
maximum value was reached, but it was still higher than that 
on 25 July and was not significantly different from that of soil 
water of P. euphratica A on 19 July. From 19 July, the canopy 
of P. euphratica B was also sprayed with a condensate labelled 
with stable isotope deuterium, and its soil water δD values also 
changed significantly (Fig. 2B). After the marked water treat-
ment, the δD value of soil water in P. euphratica B increased 
continuously, reaching a maximum value of 105.73 ‰ on day 
12 after the treatment, with a significant difference between the 
maximum value and the soil water control value (P  <  0.05). 
The δD value of soil water in P. euphratica B decreased on the 
18th day after the condensate treatment (6 August), but it was 
still higher and significantly different from the control value 
(P < 0.05). According to the analysis of the experimental setup, 
the only way to replenish heavy water in P. euphratica soil is 
through canopy absorption, transporting water to the trunk and 
root system, after which the root system releases heavy water 
to the soil through the water barrier made of polyethylene film, 
which can indicate water redistribution of canopy dew in P. 
euphratica.

On the sixth day after the dew treatment, the soil water δD 
value near P. euphratica A roots was increasing, and the con-
tribution of dew to soil water near the root of P. euphratica A 
was 10.3 % (Fig. 3A). After 12 d of dew treatment, the con-
tribution of dew to soil water in the vicinity of the root of P. 
euphratica A nearly doubled to 24.02 % compared with that 
6 d before. After 24 d of dew treatment, the maximum contri-
bution of dew to soil water reached 28.3 %. After 30 d of dew 
treatment (on 6 August), the experimental area started to cool 
down and the leaves started to turn yellow. At this time, the con-
tribution of dew to soil water near the root of P. euphratica A 
decreased to 23.84 %. In general, the contribution of dew to soil 
water near the root of P. euphratica A  fluctuated from 10.03 to 
28.3 % during the 30 d of dew treatment, but it still showed an 
increasing trend as dew treatment progressed. For P. euphratica 

B, the contribution of dew to the soil water increased rapidly to 
17.08 % after 6 d of dew treatment (Fig. 3B). After 12 d of dew 
treatment, it increased to 23.03 %. However, after 18 d of dew 
treatment (in August) it decreased to 10.73 %. During the 18 d 
of dew treatment, the maximum value of dew contribution to 
soil water near the root of P. euphratica A  occurred after 12 d, 
and the minimum value occurred after 18  d (August 6). The 
contribution rate fluctuated from 10.73 to 23.02 %. These find-
ings indicated that continuous spraying of canopy dew signifi-
cantly improved the soil water status of P. euphratica. Besides 
absorbing dew through leaves, the plants also transported dew 
through their leaves, trunk and root systems to the soil near the 
roots and stored it together with soil water, increasing the soil 
moisture content near the roots and using the soil as a reservoir 
of underground moisture.

Changes in soil volumetric water content

During July to August, the volumetric moisture content of 
the 20–40  cm soil layer around P. euphratica roots was the 
highest, at 34.86 %, and that of the 40–60 cm soil layer was the 
lowest, at 20.64 % (Fig. 4H). In general, the volumetric mois-
ture content of the deeper soil layer (60–150 cm) was higher 
than that of the surface soil layer (0–20  cm) and the bottom 
of the observation surface (150–200 cm) (Fig. 4H). The volu-
metric water content of the 0–20 cm soil layer increased from 
1000 to 1830 h during the day and reached a maximum value 
(24.85 %) at 1830 h. It then decreased from 1830 to 1000 h the 
next day and remained at a minimum value of 24.66 % from 
0830 to 1000 h the next day (Fig. 4A). In contrast, the trend of 
soil volumetric water content in the 20–40 cm soil layer was 
the opposite of that in the 0–20 cm soil layer: it increased from 
2200 to 0800 h and reached the maximum value of 34.89 % at 
0700 and 0800 h (Fig. 4B). The trends of soil volumetric water 
content in the 40–60 and 60–80 cm soil layers were similar to 
that in the 20–40 cm soil layer (Fig. 4C, D). In general, the volu-
metric water content of the 40–60 cm soil layer was replenished 
from 2000 to 0530 h, while the rest of the day was dominated 
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by water depletion. However, the volumetric water content of 
the 60–80 cm soil layer during this period was still higher than 
the average volumetric water content of the soil from 0830 to 
2200 h during the day, indicating that the 60–80 cm soil layer 
was replenished with water during the night in the period from 
2200 to 0830 h. In the 80–100 cm soil layer, the water content 
varied less during the night, and water replenishment occurred 
mainly during the daytime (Fig. 4E), as in the 100–150 cm soil 
layer (Fig. 4F). In the 150–200 cm soil layer, at the bottom of 
the soil observation surface, the soil volumetric water content 
generally showed a decreasing trend and was higher at night 
from 0000 to 0830 h than during the daytime, with an average 
value of 23.19 %. During the daytime, from 0830 to 0000 h, the 
soil volumetric water content was lower than during the night, 
with an average of 23.17  % (Fig. 4G). In general, the volu-
metric water content of P. euphratica roots increased at night 
from 0030 to 0830 h. During this time, the volumetric water 
content of the 20–80 and 150–200  cm soil layers increased. 
In contrast, the volumetric water content of the 0–20, 80–100 
and 100–150 cm soil layers decreased at night, increased after 
1000 h in the morning, and increased again at 1630 h in the 
afternoon.

Driver of sap flow

The water potential gradient across the SPAC system drives 
sap flow transport in plants (Kamakura et al., 2021). In the pre-
sent study, the water potential of P. euphratica A leaves fluc-
tuated from −2.55 to −0.4  MPa, and its root water potential 
fluctuated from −2.6 to −0.4 MPa (Fig. 5A). The leaf water po-
tential of P. euphratica B fluctuated from −3.88 to −0.37 MPa, 
and its root water potential fluctuated from −3.43 to −0.58 MPa 
(Fig. 5B). The maximum difference between P. euphratica 
A leaf and root water potential was 2.13  MPa, while in P. 
euphratica B it was 0.4 MPa. Both of these maximum differ-
ences occurred at 0030 h at night, when the leaf water poten-
tial was greater than the root water potential, and the water in 
P. euphratica had the driving force required for transport from 

leaves to roots. In the early morning at 0830 h the leaf water 
potential of P. euphratica A and B was still higher than the root 
water potential, but the difference between them was reduced 
at this time compared with that at 0030 h. This indicated that 
at 0830 h, with the increase in light and transpiration, the trunk 
flow reversal of P. euphratica was reduced. By 1630 h, the leaf 
water potential of the two sample trees was lower than the root 
water potential, and the water in P. euphratica was transported 
from the roots to the canopy leaves.

The relative change in the sap flow of P. euphratica has 
a certain seasonal pattern (Fig. 6). The monthly average 
value of trunk base sap flow reached the maximum value of 
126.67 kg d−1 in May, and that of crown sap flow reached the 
maximum value of 79.27 kg d−1 in June. From May to July, the 
difference between crown and trunk base sap flow was nega-
tive, indicating that P. euphratica replenished a large amount of 
trunk storage water during this period, with a monthly average 
of 36.41 kg d−1. From August to April, P. euphratica canopy 
leaves were sparse and its canopy sap flow decreased, with 
a monthly average of 33.18 kg d−1. Except for a short period 
of trunk water replenishment in January, when P. euphratica 
warmed up, it continuously consumed trunk water to maintain 
normal life activities, with a monthly average of 14.88 kg d−1.

DISCUSSION

Ecological effects of leaf surface absorption and trunk storage

In the present study, we combined trunk flow monitoring with 
stable isotope tracing to reveal the existence of FWU and trunk 
water storage in P. euphratica under in situ conditions in the 
field. Previous studies have shown that in arid and semi-arid 
areas with low soil water content, FWU is useful for many 
plants, such as Platycladus orientalis and Pinus torreyana 
(Liu et al., 2021; Tianshi and Chau, 2022). The FWU of P. 
euphratica is ecologically important, as the rapid uptake of 
dew on the foliar surface helps maintain the water content in 
the leaves, promotes plant growth, increases plant survival, 
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and effectively mitigates the adverse effects of drought stress 
on plants (Liu et al., 2021; Tianshi and Chau, 2022). The redis-
tribution rate of water absorbed by plant leaves in arid regions 
is higher than the transport rate of water absorbed by the root 
system, so the water absorbed by leaves is important for plant 
growth (Gui et al., 2021). In the California coast redwood eco-
system, 80 % of the dominant species in redwood forests can 
absorb water through the leaves, increasing the leaf water con-
tent by 2–11 %. Although the amount of water absorbed by 
leaves is relatively small compared with the total amount of 
water used by plants, the absorbed water can rehydrate plant 
leaves, increase water potential and contribute to plant develop-
ment (Limm et al., 2009). Water absorbed by the leaves is usu-
ally retained or transported to secondary branches and trunks 
(Limm et al., 2009). It has been reported that, under precipita-
tion, plants develop a water potential gradient from the leaf sur-
face to the interior parts of the leaves, and passive water uptake 
occurs on the leaf surface. After water uptake on the leaf sur-
face, reverse sap flow occurs within the tree, and water is trans-
ported from the canopy to the trunk; when rainfall continues, 
the trunk water potential becomes higher than the root water 
potential, causing the water stored in the trunk to flow towards 
the roots and soil (Schreel et al., 2019). In the present study, 
we demonstrated that the water absorbed by the foliage of P. 
euphratica reverses the water transfer to the soil, and during 

this process, when the condensate absorbed by the leaves en-
ters the trunk, it is integrated with trunk water storage, and the 
water absorbed by the canopy directly promotes trunk growth 
(Steppe et al., 2018). When root water uptake is insufficient, 
the change in trunk water storage is sufficient to meet the tran-
spiration of the canopy (Čermák et al., 2007). The results of the 
present study showed that, for 8 months of the year, the canopy 
sap flow of P. euphratica was much higher than the trunk sap 
flow, and the plants mainly consumed water from the trunk, 
which can lead to water shortage and stomatal closure if they 
only rely on the water absorbed by the root system (Williams 
et al., 2021). In the remaining 4 months, under high tempera-
ture and strong light, P. euphratica stored the water in the trunk 
in addition to supplying canopy transpiration, with an average 
storage of 29.65 kg d−1. Transpiration water consumption of 
P. euphratica A from May to July accounted for 66.73 % of 
the change in trunk water storage. When transpiration occurs, 
the first water consumed comes from the water stored in the 
main tree trunk, and during summer the water stored in the 
tree branches contributes little to transpiration (Williams et 
al., 2021). Generally speaking, the more water is stored in the 
trunk of an individual tree, the more drought-resistant the tree 
is, as physiological activities can remain stable during seasonal 
changes, thus ensuring normal tree growth and development 
(Jiang et al., 2021). Therefore, FWU and trunk water storage 
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are the most important water sources for the growth and devel-
opment of P. euphratica.

Coupling process between leaf water absorption and hydraulic 
redistribution

In the process of leaf wetting, dew forms a water film on 
the leaf surface, which is then passively absorbed by the leaves 
through the FWU process. Subsequently, part of the water ab-
sorbed by the leaves enters the soil through the trunk and root 
system, resulting in reverse sap flow inside the trunk, which is 
the FHR process (Goldsmith, 2013). Many studies have shown 
that coupled FWU and FHR processes are common in dry-
season plants in areas where canopy dew is frequent (Fu et al., 
2018; Steppe et al., 2018; Zhang et al., 2019; Gui et al., 2021). 
Through this coupling process, trees in the subtropics can dir-
ectly improve the water status of their trunks and soil near 
their roots and promote their trunk growth, which is important 
for the ecosystem of the site (Goldsmith, 2013; Steppe et al., 
2018). In tropical Brazil, this coupling process allows young 
trees exposed to fog to transport the water absorbed by their 
leaves to the soil near the roots during drought periods, which 
improves the water status of plant roots (Cassana et al., 2016). 
In addition, the desert plant tamarisk also has the ability for 
FWU, and when humidity is high FHR occurs. As the sap flow 
rate is closely related to the humidity level, this coupling pro-
cess plays an important role in improving plant physiological 
conditions (Li et al., 2014). In the present study, stable isotope 
tracing of canopy condensate revealed that adult P. euphratica 
trees can absorb the condensate deposited on the leaf surface 
and transfer it to the soil around their roots under in situ condi-
tions in the wild, indicating the occurrence of a coupling pro-
cess of FWU and FHR. The contribution of dew to soil water 
near the roots was up to 28.3 % in P. euphratica A and up to 
23.03 % in P. euphratica B. This was similar to the findings of 
the outdoor pot control experiment on P. euphratica seedlings, 
which showed that the contribution of dew to the soil water 
was up to 30.8 % (Zhang et al., 2019). Sampling soil near the 
roots of P. euphratica under in situ conditions is more prone to 
errors, which may lead to underestimation or overestimation of 
the contribution of FHR. Therefore, there are differences in the 
contribution of labelled water to soil under in situ conditions 
and pot conditions. However, the experimental results of in situ 
experiments strongly prove that in desert riparian forests dew 
was involved in the FHR process of P. euphratica. Dew contrib-
uted water to the root soil of P. euphratica and was an important 
potential water source.

Driving mechanism of hydraulic redistribution in P. euphratica

Our study confirmed that P. euphratica has a water poten-
tial difference between 2200 and 0800 h at night, with a max-
imum difference of 2.13 MPa between the water potential of 
leaves and roots of P. euphratica A and a maximum difference 
of 0.4 MPa between the water potential of leaves and roots of 
P. euphratica B (Fig. 6). As long as a certain water potential 
gradient exists, the root system can redistribute water vertically 
or horizontally, which is driven by the water potential differ-
ence (Fu et al., 2018). Therefore, P. euphratica is capable of 

downward distribution of water, and may transfer water from 
the leaves or trunk to the roots, and from the top to the bottom 
of the P. euphratica and to the soil around their roots (Burgess 
and Bleby, 2006). Although the water potential of P. euphratica 
trunk and soil was not monitored in the present study, the re-
sults of monitoring the volumetric water content of the soil 
around the roots showed that the volumetric water content of 
surface (0–20 cm) and deep (80–150 cm) soil decreased con-
tinuously from 2200 at night to 0800 h the next day, while that 
of the middle soil (20–80 cm) increased continuously, and the 
deuterium value of the soil under dew-treated plants was sig-
nificantly different from that of the soil under non-dew-treated 
plants. We suggest that the water potential difference drives the 
downward transfer of atmospheric condensate absorbed by the 
leaves, and the condensate is stored in the trunk, thus trans-
forming it into trunk water storage. The trunk water storage is 
driven by the difference in water potential between the trunk 
and the soil, and the water is transferred to the dry root–soil 
interface through the trunk and the root system, which increases 
the soil water content around the plant roots, i.e. the water stored 
in the trunk is transferred down to the root–soil interface by the 
FHR process (Kobayashi and Tanaka, 2001; Burgess and Bleby, 
2006). Damage to desert riparian forests in inland river basins 
in arid regions is mainly related to the rapid decline in ground-
water and lack of soil moisture caused by river cut-offs (Chen 
et al., 2009). Studies have shown that hydraulic lift occurs in 
woody plants in different regions, such as trees in desert areas 
as well as temperate and tropical forests, and that hydraulic 
lift can draw water from deep, moist soil layers and transfer 
it upwards to drier, shallow soil layers at night, which has im-
portant implications for plant–plant interactions (Richards and 
Caldwell, 1987; Neumann and Cardon, 2012). As a dominant 
species in the lower Tarim River, P. euphratica exhibits high 
hydraulic lift capacity, and its hydraulic lift process has been 
shown to provide water for the 0–120 cm soil layer around its 
roots (Hao et al., 2013; Sun et al., 2020). Therefore, the FHR 
and hydraulic lift processes of P. euphratica may occur simul-
taneously in the 20–80 cm soil layer around its roots to store 
water, and the plants can use the water stored in the soil during 
short-term drought. At the same time, it can increase the root 
soil biological activity in dry soil, accelerate the decomposition 
of soil organic matter, and promote the growth and development 
of P. euphratica and surrounding plants, which is important for 
the restoration of riparian forest ecosystems with P. euphratica 
as a dominant species in arid areas (Fu et al., 2018).

Conclusions

The main conclusions of this study, which combined in situ 
integrated monitoring in the field with stable isotope tracing 
experiments, are as follows.

Populus euphratica has the ability to redistribute water from 
the canopy to the root soil through the leaves, trunk and root 
system, and a part of the trunk water can be transferred to the 
soil, resulting in additional depletion of trunk water storage. 
The contribution of dew to P. euphratica root soil water was 
found to be up to 28.3 %.

The water potential of P. euphratica leaves was higher than 
that of the root at night from 0000 h to 0830 h. Water stored in 
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the leaves and trunk has the drive to move from top to bottom 
inside the P. euphratica, and water redistribution mainly oc-
curred at night in the 20–80 cm soil layer around P. euphratica 
roots.

Populus euphratica can provide water for transpiration 
through trunk water storage and root water uptake. The plants 
mostly replenished their trunk water storage from May to July, 
averaging 36.41 kg d−1. During the rest of the year, they mainly 
consumed the water stored in the trunk, averaging 14.88 kg d−1. 
At night and during periods of low biomass, the plants main-
tained a certain sap flow rate to replenish their trunk water 
storage and maintain water balance.
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