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euphratica in a desert oasis,
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Accurate estimation of desert vegetation transpiration is key to regulating desert

water resources of desert ecosystems. Sap flow density (SFD) can indirectly

reflect a tree’s transpiration consumption, and it has been affected by climate

warming and groundwater depths in desert ecosystems. Sap flow responses to

meteorological conditions and groundwater depths are further affected by tree

of different sizes. However, howmeteorological factors and groundwater depths

affects tree sap flow among tree sizes remains poorly understand. In this study, a

50 × 50 m P. euphratica stand was selected as a sample plot in the hinterland of

the Taklamakan Desert, and the SFD of P. euphratica of different sizes was

measured continuously using the thermal diffusion technique from May to

October of 2021 and 2022. The results showed that SFD of large P. euphratica

was consistently higher than that of small P. euphratica in 2021 and 2022. and the

SFD of P. euphratica was significantly and positively correlated with solar

radiation (Rad) and vapor pressure deficit (VPD), and the correlation was higher

than that of the air temperature (Ta) and relative humidity (RH), and also showed a

strong non-linear relationship. Analysis of the hour-by-hour relationship

between P. euphratica SFD and VPD and Rad showed a strong hysteresis.

Throughout the growing season, there was no significant relationship between

SFD of P. euphratica and groundwater depth, VPD and Rad were still the main

controlling factors of SFD in different groundwater depths. However, during the

period of relative groundwater deficit, the effect of groundwater depth on the

SFD of P. euphratica increased, and the small P. euphratica was more sensitive,

indicating that the small P. euphratica was more susceptible to groundwater

changes. This study emphasized that Rad and VPD were the main drivers of SFD

during the growing season, as well as differences in the response of different sizes

of P. euphratica to groundwater changes. The results of the study provide a

scientific basis for future modeling of transpiration consumption in P. euphratica

forests in desert oases, as well as the regulation and allocation of

water resources.
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1 Introduction

Desert vegetation resources are an important part of the

ecosystem in arid desert areas and are of considerable importance in

maintaining ecosystem stability and combating desertification (Lang

et al., 2015; Aishan et al., 2016). Given the shortage of water resources,

the growth and distribution of desert vegetation are severely restricted

(Reynolds et al., 1999; Sun et al., 2009; Si et al., 2014). Accurate

estimation of desert vegetation transpiration, as an important

component of water consumption (Douglas and Sheil, 2018), is key

to regulating desert water resources and quantifying the vegetation

carrying capacity of desert ecosystems. However, Understanding the

environmental mechanism of forest transpiration is a prerequisite for

accurate estimation of vegetation transpiration.

Trunk sap flow measurements can indirectly reflect a tree’s

transpiration consumption. Trunk sap flow is the process of water

loss from the plant body due to leaf transpiration, which causes water

to be transported through the xylem to the leaves (Michael et al., 2006;

Cohen et al., 2001). At present, the method of determining trunk sap

flow is mainly the thermal technique method, which has the

advantages of high sensitivity, low damage to trees, continuous field

observation, and automated data collection (Siqueira et al., 2020). It

can accurately reflect the water transport condition in trees, and the

characteristics of plants’ utilization of water, and their response to the

environment, and is also an important parameter for verifying and

revising the transpiration model and the root system water absorption

model (Wullschleger et al., 1998; Wullschleger and Norby, 2001; Gong

et al., 2006). Therefore, trunk sap flow has become one of the key

indicators for analyzing the water consumption characteristics of trees

and studying the water transport mechanism of trees.

Vegetation trunk sap flow has been studied extensively, with the

focus on transpiration and canopy conductance (Daley and Phillips,

2006; Jung et al., 2011; Wang et al., 2017a; Wan et al., 2020). Others

have studied the relationship between environmental variables and

sap flow, showing that solar radiation (Rad), vapor pressure deficit

(VPD), air temperature (Ta), relative humidity (RH) and soil

moisture are the main factors influencing sap flow (Lagergren and

Lindroth, 2002; Chen et al., 2011; Wang et al., 2017b; Wang et al.,

2020). However, there were differences in influencing factors for sap

flow, mainly depending on the climatic conditions of the

environment in which the tree located, the species, and the age of

the tree. For the study of vegetation in arid zone, Keyimu et al. (2017)

found that Rad, Ta and RH were the main influencing factors for sap

flow density (SFD) of Populus euphratica. Deng et al. (2011) found

that sap flow rates differed significantly between different

groundwater gradients of Toona sinensis. Meanwhile, when there

was sufficient groundwater available, the sap flow rates were

predominantly influenced by Rad and VPD. However, in desert

areas with extremely single water source and scarce rainfall,

groundwater is basically the main water source for vegetation

growth. At present, although studies on the relationship between

groundwater and sap flow have been carried out in some areas, it is

still unclear whether the impact of groundwater decline on sap flow is
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increased, and how sap flow of different tree sizes responds to the

decline in groundwater depth.

Daliyabuyi is a natural pristine oasis formed by the tail of the

Kriya River. The oasis is located in the hinterland of the Taklamakan

Desert in Northwestern China, which is a region with an arid climate

and relatively little rainfall (< 5 mm). Populus euphratica (Salicaceae)

is the dominant species in this oasis and it plays an important

ecological role in maintaining the stability of oasis communities. In

recent years, the construction of large reservoirs in the upper reaches

of Keria River has seriously affected the distribution of water

resources in time, space and volume, and caused serious

degradation of oasis vegetation (Shi et al., 2021). Based on the

above situation, we used isotope techniques to study the water use

characteristics and water use strategies of P. euphratica in oasis (Wan

et al., 2022), However, to date, there has been a lack of research on the

variation in transpiration water consumption and its influencing

factors in P. euphratica.

In this study, our aim was to clarify the variation of SFD in P.

euphratica of different sizes and the relationship with meteorological

factors and groundwater depth. Based on these research objectives,

three hypotheses were proposed, that is, (1) Rad and VPD are the

main driving factors affecting the SFD of P. euphratica. (2) Changes in

groundwater depth always affect changes in SFD of P. euphratica. and

an increase in groundwater depth will result in a greater effect on the

SFD of P. euphratica. (3) Small P. euphratica was affected by the

groundwater depth more than large P. euphratica. In order to test

these hypotheses, we selected a P. euphratica sample plot and

continuously monitored the SFD of different sizes of P. euphratica

in the sample plot using the thermal diffusion technique, while

continuously monitoring the meteorological and groundwater depth

in the sample plot. The study findings can provide scientific guidance

for maintaining the stability of poplar forest communities in arid

desert areas and developing rational water management measures.
2 Materials and methods

2.1 Study area

The study area is located in Yutian County, Xinjiang Uygur

Autonomous Region (38°16’-38°37’ N, 81°05’-81°46’ E, 1100–1300

m above sea level) (Figure 1), a desert hinterland oasis formed by

the confluence of the Kriya River in the Taklamakan Desert. The

core area of the oasis is 324 km2. It has a representative warm

temperate arid desert climate. The average annual temperature is

12.1°C, the average annual precipitation is 2.53 mm, the average

annual potential evaporation is 2480 mm (Wan et al., 2022). The

region is in the desert hinterland, with a high number of sandstorm

days and severe wind and sand hazards. The oasis vegetation is

relatively homogeneous and sparsely distributed, consisting mainly

of xerophytic trees, shrubs and annual or perennial herbs, including

Populus euphratica, Tamarix chinensis, Phragmites communis, and

Alhagi sparsifolia. The main soil type is mainly sandy.
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2.2 Sample plot survey and sample
tree selection

In this study, a groundwater level observation well in the middle of

the oasis was selected, and three 50 × 50 m P. euphratica sample plots

were established near the observation well, and a detailed vegetation

survey was carried out in 2021. Parameters such as the height, diameter

at breast height (DBH), and crown width of each tree in the sample

plots weremeasured by the classical method (Table 1), and it was found

through the analyses of the data from the sample plot surveys that the

P. euphratica growths did not differ much under the same moisture

gradient, and in order to make the sample plots representative, among

the three plots, we selected sample 2, whose basic parameters were at

the middle level, as an intensive sample plot, and carried out the long-

term and continuous observation of the trunk sap flow.

Study area belongs to a natural desert oasis with sparse

distribution of P. euphratica. In order to clarify the characteristics

and influencing factors of the SFD of P. euphratica of different sizes.

We classified P. euphratica into small (DBH ≤27), and large (DBH

>27 cm) trees based on vegetation data of the sample plot. Three
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representative healthy trees were chosen from each DBH ranges,

and six trees in total were monitored for SFD. The basic

characteristics of the sample tree are shown in Table 2.
2.3 Sap flow density measurements
and calculations

SFD in the trunks of six P. euphratica trees was measured

continuously using thermal diffusion with heat dissipation sensors,

with each set of sensor probes (SF-L, Ecomatik, Munich, Germany)

consisting of two probes 1.2 mm in diameter and 30 mm long (three

additional 10 mm probes were added for small trees in 2022). The

equipment was continuously powered by a solar panel connected to a

12 V colloidal battery. To avoid thermal effects caused by direct

sunlight, it was mounted at breast height on the north side of the tree

trunk and wrapped in aluminum foil to protect it from solar radiation.

The trunk SFD was derived from the temperature difference

between the two probes based on the principle established by

Granier that the temperature difference between the thermal
FIGURE 1

Location maps of the research area (A: Xinjiang, B: Daliyabuyi Oasis). Photograph of the landscape: yellow dots represent the vegetation survey plots,
and the red dot represent the intensive plots (C). The intensive plots for continuous measurement sap flow (D).
TABLE 1 The characteristics of three sample plots, Plot 2 was selected as intensive plot.

Sample plot No. Average DBH (cm)
Average tree
height (m)

Average canopy
diameter (m)

Number

1 29.15 10.52 4.40 79

2 27.36 10.34 4.36 92

3 26.54 9.75 3.88 85
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diffusion probes is closely related to the sap flow density, and

calculated according to Equation 1 (Wang et al., 2021):

Js = 0:714 
△TM −△T

△T

� �1:231

(1)

Where Js is the single trunk SFD (ml/cm−2·min-1), DT is the

temperature difference between the heating probe and the sensor

probe (°C), and DTM is the maximum temperature difference

between the two needles during each day (°C).

Data were collected every 30 min using the Logger CR-1000

data logger (Campbell Scientific Co.). Measurements were taken

over two growing seasons (MayO-October) in 2021 and 2022.
2.4 Leaf water content and carbon
isotope measurements

Fully exposed, mature and healthy leaves from the upper part of

the canopy were collected from different orientations of the six sample

trees, two portions were collected from each sample tree, each portion

was about 50 g. One portion was used for the determination of leaf

water content (fresh weight was measured in the field), and the other

portion was used for leaf carbon isotope measurements, and the leaves

were put into handmade paper bags separately and brought back to

the laboratory for the determination of dry weight and carbon isotopes

of the leaves. Sampling time was July 2021. The method of

determination is described in the article (Wan et al., 2022). The

carbon isotope calculation formula was as follows (Equation 2):

d 13C = (
Rsample

Rstandard
− 1)� 1000‰ (2)

The isotopic compositions were reported in standard

d-notation that represent ‰ deviations from the Vienna Standard

Mean Ocean Water (VSMOW). Rsample is the ratio of heavy and

light element richness in the sample (13Csam/12Csam), and Rstadard

is the ratio of heavy and light element richness of the national

universal reference material (13Cstd/
12Cstd).
2.5 Meteorological observations

An automatic weather station (Weatherhawk232, Weatherhawk,

Logan, UT, USA) was set up in an open location near the test site to
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continuously collect three meteorological data, that is, solar radiation

(Rad,W/m2), air temperature (Ta, °C) and relative humidity (RH, %),

with data being recorded at five-minute intervals. Measurements

were taken over two growing seasons (May-October) in 2021 and

2022. Based on the air temperature and relative humidity, the vapor

pressure deficit (VPD, kPa) was calculated according to Equations 3

and 4 (Campbell and Norman, 1998):

E = 0:611� e
17:502�Ta
Ta+240:97 (3)

VPD = E −
E � RH
100

(4)

Where E is the vapor pressure (kPa), Ta is the air temperature

(°C), and RH is the relative humidity of the air (%).
2.6 Measurement of groundwater depth

Groundwater data were obtained from observation wells near

the sample site, in which water level recorders (HOBO U20L-01,

ONSET Company, USA) were deployed for long-term monitoring

of groundwater depth. The groundwater depth was considered as

the depth from the surface to the water surface of the borehole. The

instrument was protected by a PVC cap and data was recorded and

stored every 4 h.
2.7 Statistical analysis

Since the sapwood width of small P. euphratica trees is smaller

than the probe length (30 mm) in 2021 (Table 1), the SFD of small

P. euphratica trees is overestimated or underestimated. In the

growing season of 2022, three additional 10 mm probes will be

added to the small trees, the SFD of small trees in 2021 will then be

corrected based on the sap density determined by the 10 mm and 30

mm probes in 2022. Dix and Aubrey (2021) found that calibration

can improve the accuracy of tree transpiration estimates based on

SF. However, in this study, due to the small sample size of trees, the

data could not be effectively calibrated when estimating

transpiration. Therefore, this study focused on the relationship of

SFD to meteorology and groundwater depth, rather than the study

of the exact absolute values of SF, and the resulting errors do not

have an impact on the results of the study.
TABLE 2 Basic characteristics of the six sample trees of P. euphratica.

Tree No. DBH (cm) Tree Height (m) Canopy diameter (m) Sapwood thickness (cm)

Small P. euphratica

1 14.30 7.32 1.85 2.07

2 16.40 8.81 3.72 2.29

3 21.50 10.50 4.20 2.88

Large P. euphratica

1 30.80 11.43 4.81 3.89

2 43.60 11.85 7.45 5.20

3 48.20 12.15 7.83 5.73
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In this study, when we conducted the analysis of SFD with

environmental factors, the data for May–June were missing because

of a power supply problem in the early days of the weather station in

2021. Therefore, we used the SFD and meteorological factors for

July–October, with the rest of the data fromMay–October, to create

averaged dataset that were used to analyze SFD with meteorological

factors and groundwater depth, respectively. We used pearson

correlation analysis to analyze the SFD and environmental factors

to filter out the main influencing factors. Different models, that is,

linear, S-type, and Gompertz, were tested to fit the data and we only

retained the model based on the highest R2 value. Rad used the S-

type (3 - parameter) equation and VPD used the Gompertz (3 -

parameter) equations. Normalized data, that is, hourly observations

divided by the daily maxima, were used to demonstrate the time lag

between hourly SFD and Rad and VPD during the growing season.

Through years of monitoring by phenological camera, we found

that the time point of P. euphratica germination is basically around

20 April every year, so we take 20 April as the beginning of the

growing season. At the same time, through the monitoring of

groundwater depth in the observation wells for three years, it was

found that at the beginning of the growing season, the groundwater

depth level was basically maintained at the same level, and we took

the average value of the groundwater depth at the beginning of the

growing season for three years as the basic point of groundwater

depth level, and divided the groundwater depth into two periods,

which were the period of relative sufficiency (≤ 3.45 m) and relative

insufficiency (> 3.45 m), to explore the effect of the groundwater

depth on the SFD of P. euphratica (Figure 2).
3 Results

3.1 Variation in meteorological factors and
groundwater depth

Figure 3 shows the characteristics of the meteorological factors

and groundwater depth for the growing seasons (May-October) in

2021 and 2022 in the study area. In 2021, Ta, RH, Rad and VPD all

gradually decreased from July to October. The ranges of Ta and RH

were -6.12–33.61°C and 22.33–62.40%, respectively, with mean

values of 21.41°C and 36.85% (Figure 3A). Meanwhile, the ranges
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of Rad and VPD were 78.34–259.06 W·m−2 and 0.61–4.04 kPa,

respectively, with mean values of 189.82 W·m−2 and 1.75 kPa,

respectively (Figure 3C). In 2022, Ta, RH and VPD showed a trend

of first increasing (May-June) and then decreasing (July-October),

while the change of RAD was different and did not show a

significant increase (Figures 3B, D). From May to October, the

ranges of Ta, RH, Rad and VPD were 8.87–35.94°C, 14.36–67.13%,

29.50–183.36 W·m−2 and 0.92–5.53 kPa, respectively, with mean

values of 24.00°C, 30.89%, 121.25 W·m−2 and 2.55 kPa. Compared

to 2021, Rad in 2022 decreased by 68.57 W·m−2, VPD in 2022

increased by 0.80 kPa.

The groundwater depth differed obviously between the two

study years (Figures 3E, F). In 2021, the groundwater depth showed

a trend of increasing first and then decreasing, ranging from 3.09–

4.29 m, the maximum and minimum values appeared on 22

October and 25 July, respectively, with an average value of 3.65m.

In 2022, the groundwater depth showed a trend of decreasing first,

then increasing, and finally decreasing, ranging from 2.96–4.15 m.

The maximum and minimum values appeared on 18 August and 5

July, respectively, with an average value of 3.50 m. The groundwater

depth in 2022 was 0.15 m higher than that in 2021.
3.2 Variation in sap flow density

There had different seasonal trend of the sap flow density

(SFD) of P. euphratica between different sizes in the growing

seasons of 2021 and 2022, that is, the SFD of large P. euphratica

showed a trend of first increasing and then decreasing, and that of

small P. euphratica showed a decreasing trend. The SFD of large

P. euphratica was always higher than that of small P. euphratica

(Figures 3E, F). Among them, the maximum SFD of large

P. euphratica all appeared in May, with an average value of

0.56L·cm-2·d-1 and 0.41L·cm-2·d-1 in 2021 and 2022, respectively.

while the maximum SFD of small P. euphratica had a slight

difference between the two growing seasons, the maximum SFD

appeared in July in 2021, with an average value of 0.22 L·cm-2·d-1.

In 2022, it appeared in June, with an average of 0.19 L·cm-2·d-1

(Figures 4A, B).

For the growing season (May to October), the mean values of

SFD of the large and small P. euphratica was 0.45 L·cm-2·d-1 and
FIGURE 2

Variations in groundwater depth from 2020 to 2022. The starting point represents the annual germination time of P. euphratica. y=3.45 represents
the average groundwater depth at the beginning of the growing season of P. euphratica in three years.
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0.19 L·cm-2·d-1 in 2021, respectively, and were 0.30 L·cm-2·d-1 and

0.14 L·cm-2·d-1 in 2022, respectively. Compared to 2021, the SFD of

large and small P. euphratica decreased in 2022, with a 30%

decrease in large P. euphratica, and a relatively low 34% decrease

in small P. euphratica (Figure 4C).
3.3 Impact of meteorological factors on
sap flow density

Figure 5 shows the average daily SFD of P. euphratica trees

during representative week of the 2021 and 2022 growing season.

Overall, the SFD profiles of the different sizes of P. euphratica trees
Frontiers in Plant Science 06
were relatively similar and all showed a bell-shaped curve. The

variation in SFD began to rise from near zero after sunrise (8h30),

reached a maximum at around 15h30 and then gradually declined

to near zero (22h00) until midnight.

The daily variation in SFD follows the trend of VPD and Rad.

A comparison of the magnitude of SFD during one week of 2021.

It can be found that VPD and Rad were relatively higher on 29

July, 3 August and 4 August, the days with higher SFD, and low on

the opposite, including on 2 August (Figure 5). Meanwhile, it was

found that the time points of daily peak occurrence of different

sizes of P. euphratica SFD were basically synchronized, and the

daily SFD was consistent with the peak of daily Rad most of time.

However, there was a lag between the daily SFD and the daily VPD
B CA

FIGURE 4

Sap flow density (SFD) characteristics of P. euphratica (S, small; L, large) during the growing season in 2021 and 2022 (A and B: monthly size change,
C: size change throughout the growing season). The error bar represents the mean value and standard deviation.
B

C D

E F

A

FIGURE 3

Characteristics of meteorological factors (Ta, air temperature; RH, relative humidity; Rad, solar radiation; VPD, vapor pressure deficit), groundwater
depths and sap flow density (SFD) of P. euphratica (S, small; L, large) for the growing seasons (May-October) in 2021 and 2022 in the study area (A,
C, E: TA and RH, RAD and VPD, SFD and groundwater depth change characteristics in 2021; B, D, F: TA and RH, RAD and VPD, SFD and groundwater
depth change characteristics in 2022). meteorological data from May-June 2021 are missing.
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peak. In 2022, the SFD showed the same pattern with Rad

and VPD.

Daily sap density was significantly positively correlated with

VPD, Rad and Ta, and significantly negatively correlated with RH

(P<0.001) during the growing season in 2021 and 2022 (Figure 6).

The correlation between small P. euphratica and meteorological

factors was higher than that of large P. euphratica, such as in 2021,

the correlations of SFD with VPD, Rad, Ta, and RH of small P.

euphratica were 0.86, 0.84, 0.79, and -0.69, respectively, while the

corresponding values of large P. euphratica were 0.81, 0.74, 0.66 and

0.61, respectively, and the same results were seen in 2022. At the

same time, we found that the correlation coefficients between SFD

and Rad, VPD were higher than Ta and RH, and the VPD was

calculated from Ta and RH, and its magnitude was determined by

both, that is, the most important meteorological factors affecting

SFD in P. euphratica were Rad and VPD.

By curve fitting the daily SFD with Rad and VPD, we found that

the sigmoidal equation could most effectively describe the

relationship between the daily SFD and Rad, with a fit coefficient

R2 for small P. euphratica of 0.56 and 0.39 in 2021 and 2022,

respectively, large P. euphratica of 0.55 and 0.35 in 2021 and 2022,
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respectively. The Gompertz equation could most effectively describe

the strong non-linear relationship between the daily SFD and VPD,

with a fit coefficient R2 for small P. euphratica of 0.73 and 0.68 in

2021 and 2022, respectively, large P. euphratica of 0.75 and 0.46 in

2021 and 2022, respectively. In general, the fitting effect of small

P. euphratica was higher than that of large P. euphratica (Figure 7).

Strong diel hysteresis (counterclockwise) was observed for

P. euphratica for the relationship SF- VPD. The hysteresis was

clockwise for Rad, but not as strong as for Rad (Figure 8).
3.4 Impact of groundwater depth on sap
flow density

There had obvious seasonal differences for the relationship

between the SFD of P. euphratica and the groundwater depth. In

the first and middle of the growing season (May to August), the two

were basically positively correlated, while in the late growing season

(September to October), they were basically negatively correlated

(Figure 9). For the whole growing season, the relationship between

the SFD of P. euphratica and the groundwater depth was not
FIGURE 6

Coefficient of determination (R2) between daily sap flow density and each meteorological factor (Ta, air temperature; RH, relative humidity; Rad,
solar radiation; VPD, vapor pressure deficit) of P. euphratica (S, small; L, large) during the growing season. All meteorological factors were
significantly correlated with sap flow density at different time points, that is, they were not marked significantly in the figure.
FIGURE 5

An example of sap flow density (SFD) for P. euphratica (S, small; L, large) together with solar radiation (Rad) and vapor pressure deficit (VPD), for one
week (peak transpiration period) in 2021 and 2022. All data are half-hour averages.
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significant. the correlation coefficients between the SFD and the

groundwater depth were 0.02 and -0.12 in 2021, respectively, and

they were -0.19 and 0.01 in 2022, respectively, for large and small

P. euphratica.

To further explore the effect of groundwater depth on the SFD

of P. euphratica, we divided the groundwater depth into two

periods, and found that in the period of relatively sufficient

moisture conditions, the main factors affecting the SFD were Rad

and VPD, and the groundwater depth had almost no effect; whereas

in the period of relatively deficient moisture conditions, the

correlation coefficient of Rad decreased slightly, and the

correlation coefficients of VPD and the groundwater depth

increased significantly. It was also found that during periods of
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relatively deficient moisture conditions, the relationship between

small P. euphratica and groundwater depth was higher than that of

large P. euphratica (Table 2).
4 Discussion

4.1 Main meteorological factors affecting
sap flow density

In forest ecosystems, tree transpiration is an important

component of the water balance of the forest floor and affects the

stability of the forest structure (Raz-Yaseef et al., 2012; Ungar et al.,
B

C D

A

FIGURE 8

Typical hysteresis loop of normalized sap flow density (SFDNORM) data with normalized solar radiation (Rad) and vapor pressure deficit (VPD) on an
hourly basis for the growing season in 2021 (A, B) and 2022 (C, D). Error bars are mean ± standard deviation based on the six probes.
FIGURE 7

Example of the relationship between daily sap flow density (SFD) and solar radiation (Rad) for P. euphratica (S, small; L, large) using the sigmoidal
equation for the growing season in 2021 and 2022. Relationship between daily sap flow density and vapor pressure deficit (VPD) for P. euphratica
using the gompertz equation for the growing season in 2021 and 2022.
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2013). Plant biology, meteorological factors, and the ability of soil

water and groundwater to supply water are the main factors

controlling plant sap flow (Poyatos et al., 2007; Deng et al., 2011;

Pinto et al., 2015; Yan et al., 2021). Meteorological factors control

transient changes in plant sap flow and plant biological structure

determines sap flow potential. The water supply capacity of soil

water and groundwater determines total sap flow (Pinto et al.,

2015), and meteorological factors such as Rad, VPD, Ta, and RH are

the main factors influencing transient changes in plant sap flow.

The sap flow rate of trees has been previously found to be highly

significantly and positively correlated with Rad, VPD and Ta, and

highly significantly and negatively correlated with RH (Tu et al.,

2013; Wu et al., 2017). In addition, sap flow rate can also be

influenced by plant species, age, and growth health status (Forster,

2014; Fang et al., 2018).

In this study, there were significant differences in SFD among

different sizes of P. euphratica trees, with larger P. euphratica having

significantly higher SFD than smaller P. euphratica. This was

predominantly determined by the plant structure, because larger

P. euphratica have larger canopies and require more water to

maintain their growth, which is consistent with the findings of

other studies (Drake et al., 2015; Yan et al., 2016). our study found

that the P. euphratica SFD was significantly smaller in 2022 than in

2021, which was mainly due to the change of environmental factors,

the Rad was smaller in 2022 than in 2021, which led to the decrease

of the SFD of P. euphratica. Meanwhile, we found that the decrease

of large (34%) was larger than that of small (30%) P. euphratica in

2022, which might be related to the water content and the intrinsic

water consumption mechanism of P. euphratica leaves. Plant leaf

water use efficiency can reveal the intrinsic water consumption

mechanism of plants, and carbon isotopes, as the current standard

method to study plant water use efficiency, have an irreplaceable

role in the study of plant response to environmental changes

(Baruch, 2011; Bhusal et al., 2020). Based on the leaf water

content and carbon isotopes of different sizes of P. euphratica in

our sample plots in 2021, and found that the leaf water content and

carbon isotopes of large P. euphratica were higher than that of small
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P. euphratica, this indicated that the water content and water use

efficiency of large P. euphratica were relatively high. And thus, when

the environmental conditions changed, it had a greater effect on the

large P. euphratica than on the small P. euphratica (Figure 10).

Meteorological factors control the temporal variation in the sap

flow rates of trees. For example, Fernandez et al. (2009) found that

VPD was the main environmental factor for the variation of SFD in

different tree species; Zheng et al. (2014) found that solar radiation

was significantly and positively correlated with the sap flow rate of

pike in the arid zone, with the largest correlation coefficient. In this

study, Rad, VPD, and Ta showed highly significant positive

correlations with SFD. Meanwhile, RH showed highly significant

negative correlations with SFD. Among them, the correlation

coefficients of Rad and VPD with SFD were higher than those of

Ta and RH, that is, Rad and VPD were the most important factors

influencing of flow density, which is consistent with the findings of

other studies (Tu et al., 2013; Wu et al., 2017), also consistent with

our hypothesis (1). Meanwhile, in our study, the P. euphratica SFD

had a strong nonlinear relationship with the VPD. However, to

date, there have been a substantial number of reports on this

nonlinear relationship (Ford et al., 2004; Van Herk et al., 2011;

Liu et al., 2015). Similarly, Rad has also shown a strong nonlinear

relationship for sap flow (Wullschleger and Norby, 2001; Chang

et al., 2014; Wang et al., 2017b). Meanwhile, in our study, the

nonlinear relationship between SFD and VPD in P. euphratica was

consistently stronger than that of Rad.

In this study, the daily peaks of SFD were consistent across

different sizes of P. euphratica, and all lagged Rad and advanced

ahead of VPD. In contrast, for the study of peak sap flow in trees of

different DBH, height and age, Guo et al. (2019) found that the sap

flow of Japanese willows with larger DBH peaked later than those

with smaller DBH, and shortened the length of the time lag with the

VPD; Gotsch et al. (2018) found that the taller the tree, the greater

the water stress, the relatively earlier the stomatal regulation time,

and the earlier the time of peak sap flow, leading to an increase in

the time lag between peak sap flow and the VPD. Tsuruta et al.

(2018) found that the peak sap flow of 43-year-old Chamaecyparis
FIGURE 9

Coefficient of determination (R2) between daily sap flow density of P. euphratica (S, small; L, large) and groundwater depth during the growing
season (May to October) in 2021 and 2022.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1330426
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wan et al. 10.3389/fpls.2024.1330426
obtuse was ahead of that of 23-year-old Chamaecyparis obtuse, and

both were ahead of the VPD. However, some studies have also

found that the effects of tree height, DBH and crown width on the

time lag of sap flow are not significant (Yan et al., 2016; Yao et al.,

2018; Zhang et al., 2019). The results of our study were the same as

the latter and opposite to the former, which was mainly due to the

fact that our study area was located in the center of the desert, the

density of P. euphratica stands was low, both large and small

P. euphratica could be fully exposed to sunlight, and the moisture

conditions of the sample site were sufficient, and the effects of BHD

and tree height on the time lag were negligible. We investigated the

time-by-time variation of SFD with Rad and VPD in P. euphratica

and found that the normalized curve of SFD and VPD in

P. euphratica exhibited a strong time-lag effect (clockwise).

Meanwhile, there was a less prominent relationship with Rad

(counterclockwise), which is consistent with the results of Li et al.

(2016) for P. euphratica, Wang et al. (2017a) for Populus cathayana,

and Xu and Yu. (2020) for Haloxylon ammodendron. However, a

substantial number of studies have been conducted on time lag

effects for different species in different ecosystems (Zeppel et al.,

2004; Zheng et al., 2014; Pappas et al., 2018). For the causes of time

lag, different researchers have attempted to investigate the causes of

time lag in terms of nocturnal transpiration (Yu et al., 2017),

delayed transport distance between trunk and leaves (Cermák

et al., 2007), and tree water storage (Zhou et al., 2012). In the arid

zone, Han et al. (2018) studied the phenomenon of sap flow time lag

in vegetation trunks of arid sand areas and found that the

relationship between sap flow time lag and nighttime water

replenishment was not significant. The correlation with daytime

water consumption was highly significant. Meanwhile, our study

area was located in a desert area with high temperature and little

rainfall. Here, vegetation transpiration water consumption is

relatively high, canopy transpiration exceeds vegetation water

absorption capacity, and root water absorption replaces water loss

in tree tissues, which then results in a time lag effect.
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4.2 Effect of groundwater depth on sap
flow density

In arid desert areas, groundwater is an important source of

water for vegetation growth (Zhao et al., 2017; Wu et al., 2018).

previous studies on groundwater depth and plant sap flow

concluded that the shallower the water table, the greater the plant

sap flow (Zhang et al., 2017). In this study, there were seasonal

differences in the relationship between P. euphratica SFD and

groundwater depth, a result that differs from our hypothesis (2).

This may be due to the fact that the sample site is located in the

upper reaches of the river, which is recharged by the river water, the

groundwater depth fluctuates greatly, and the moisture conditions

are relatively good in some seasons, so the relationship with the

groundwater depth shows seasonal differences. At the same time, we

found that the effect of groundwater depth on P. euphratica SFD

increased when moisture conditions were relatively insufficient, a

result consistent with our hypothesis (2). However, the effect of

meteorological factors was always much greater than that of

groundwater depth. Some studies have confirmed that the

groundwater depth less than 3 m is the optimal condition for the

growth and development of P. euphratica, and 3 ~ 5 m is the better

depth for P. euphratica growth (Zhao et al., 2012). The average

groundwater depths of the two growing seasons in the sample plots

of our study were 3.65 and 3.50 m, respectively, with the lowest

groundwater depth of 4.29 m, it was much less than 5 m. Therefore,

in this study, the relationship between P. euphratica SFD and

groundwater depth was not significant and was mainly controlled

by meteorological factors.

In addition, we found that the effect of groundwater depth on

the SFD of small P. euphratica was higher than that of large

P. euphratica when the moisture conditions were relatively

deficient (Table 3). Previous studies have found that trees of

different sizes have different responses to drought (Pretzsch et al.,

2018; Stovall et al., 2019; Lopez et al., 2021). For example, Stovall
FIGURE 10

Variation in leaf d13C values and leaf water content of P. euphratica (S, small; L, large) in 2021.
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et al. (2019) studied 2 million trees in California and found that

large trees were more sensitive to drought. Lopez et al. (2021)

studied European forests and found that pine sap flow was more

sensitive in large trees during drought, while the exact opposite was

true in spruce. The above studies were carried out in temperate

forests. However, in arid desert areas, where precipitation is scarce,

groundwater is the main water source for vegetation survival, and

the distribution of roots determines the ability of vegetation to cope

with drought. At the root level, the size of trees is related to the

distribution of roots, and the root biomass of large trees is higher

than that of small ones (Persson, 1983; Canadell et al., 1996),

therefore, the response of small trees to groundwater was more

sensitive, which was consistent with our hypothesis (3).
4.3 Deficiencies and prospects

The oasis is located in the center of the Taklamakan Desert, and

the P. euphratica, as the most important species of this oasis, can

block the flow of sand and dust and reduce the frequency of

sandstorm disasters in cities on the edge of the desert. Therefore,

it is very important to maintain the healthy growth of oasis

vegetation. While the groundwater that maintains the survival of

oasis P. euphratica mainly comes from surface water, the

completion of the upstream reservoir in 2018 led to a great

restriction on the amount of groundwater recharge in the oasis.

At this time, it is particularly important to estimate the water

demand of oasis vegetation. In this study, we determined the SFD of

P. euphratica of different sizes, which can provide basic data

support for the calculation of P. euphratica water demand, and at

the same time, we carried out a study on the relationship between

SFD and environmental factors, so as to provide a basis for the

establishment and optimization of the water demand model of the

whole oasis. In this study, it was found that the relationship between

the SFD of P. euphratica and meteorological factors was significant,

while the relationship with the groundwater depth was weak.

However, in environments with insufficient water conditions, is it

possible that P. euphratica sap flow is mainly affected by

groundwater depth? It has been shown that in flooded habitats,

P. euphratica uses higher water for transpiration, less water for

synthesizing organic matter, and low water use efficiency (Liu et al.,
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2021). Meanwhile, due to the small sample size in this study, the

accuracy of the sap flow calculation for large and small trees may be

biased. Therefore, we need to set up P. euphratica sample plots with

different groundwater depths in the later period, monitor more

P. euphratica trees, and further explore the relationship between

P. euphratica sap flow and groundwater, so as to achieve accurate

estimation of sap flow of P. euphratica. Eventually, based on our

multi-site monitoring, we can determine the groundwater level with

higher water utilization efficiency of P. euphratica under the

premise of ensuring the healthy growth of P. euphratica, so as to

make a reasonable plan for the regulation of water resources by the

upstream reservoir and the allocation of water resources in

the oasis.
5 Conclusion

In this study, the relationship between the SFD of P. euphratica of

different sizes and environmental factors in arid desert areas was

investigated. It was concluded that the SFD of P. euphratica was

controlled by Rad and VPD, and the SFD showed a significant

nonlinear relationship with Rad and VPD. We also found a strong

hysteresis between the SFD and VPD, while the hysteresis with Rad

was less pronounced. Throughout the growing season, the

relationship between SFD and groundwater depth was not

significant, whereas it showed a negative correlation with SFD

when groundwater depth increased, in which the small

P. euphratica showed more sensitivity, but the effect on SFD was

much smaller than that of Rad and VPD. P. euphratica is the main

dominant species in the region, it is particularly important to carry

out regional-scale water consumption estimation of P. euphratica

forests and to establish transpirationmodeling. This study proves that

it is reasonable to establish a model based onmeteorological factors to

estimate the water demand of P. euphratica forest in the area with

groundwater depth less than 5 m. However, for the estimation of

water consumption in the whole oasis, there are still some limitations

in our study, such as the lack of monitoring of the SFD of P.

euphratica growing in deeper groundwater level. In the future,

more studies on the SFD of multiple groundwater level samples

should be conducted to further improve the accuracy of water

consumption estimation of the whole oasis P. euphratica forest.
TABLE 3 Correlation analysis of sap flow density of P. euphratica (S, small; L, large) and environmental factors (Ta, air temperature; RH, relative
humidity; Rad, solar radiation; VPD, vapor pressure deficit) under different water conditions (Pearson correlation).

Year Sizes Rad VPD
Groundwater
Depth Rad VPD

Groundwater
Depth

Relatively sufficient Relatively deficient

2021
S 0.908** 0.815** 0.047 0.799** 0.897** -0.361**

L 0.799** 0.694** 0.054 0.759** 0.863** -0.204**

2022
S 0.876** 0.752** 0.153* 0.805** 0.907** -0.254**

L 0.735** 0.543** 0.066 0.836** 0.899** -0.147*
*P< 0.05.
**P< 0.01.
frontiersin.org

https://doi.org/10.3389/fpls.2024.1330426
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wan et al. 10.3389/fpls.2024.1330426
Data availability statement

The original contributions presented in the study are included

in the article/supplementary material. Further inquiries can be

directed to the corresponding author.
Author contributions

YW: Formal Analysis, Writing – original draft, Writing – review

& editing. LP: Conceptualization, Writing – review & editing. AA:

Investigation, Writing – review & editing. HS: Investigation, Writing

– review & editing. DL: Investigation, Writing – review & editing.

YM: Writing – review & editing. QS: Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This study
Frontiers in Plant Science 12
was supported financially by National Natural Science Foundation

of China (U1703237).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
Aishan, T., Halik, Ü., Betz, F., Gärtner, P., and Cyffka, B. (2016). Modeling height–
diameter relationship for Populus euphratica in the Tarim riparian forest ecosystem,
Northwest China. J. For. Res. 27, 889–900. doi: 10.1007/s11676-016-0222-5

Baruch, Z. (2011). Leaf trait variation of a dominant neotropical savanna tree across
rainfall and fertility gradients. Oecologica 37, 455–461. doi: 10.1016/j.actao.2011.05.014

Bhusal, N., Lee, M., Han, A. R., Han, A., and Kim, H. S. (2020). Responses to drought
stress in prunus sargentii and larix kaempferi seedlings using morphological and
physiological parameters. For. Ecol. Manag. 465, 118099. doi: 10.1016/
j.foreco.2020.118099

Campbell, G. S., and Norman, J. M. (1998). Introduction to environmental biophysics,
2nd ed (New York: Springer).

Canadell, J., Jackson, R. B., Ehleringer, J. B., Mooney, H. A., Sala, O. E., and Schulze,
E. D. (1996). Maximum rooting depth of vegetation types at the global scale. Oecologia
108 (4), 583–595. doi: 10.1007/BF00329030

Cermák, J., Kucera, J., Bauerle, W. L., Phillips, N., and Hinckley, T. M. (2007). Tree
water storage and its diurnal dynamics related to sap flow and changes in stem volume
in old-growth Douglas-fir trees. Tree Physiol. 27, 181–198. doi: 10.1093/treephys/
27.2.181

Chang, X., Zhao, W., and He, Z. (2014). Radial pattern of sap flow and response to
microclimate and soil moisture in Qinghai spruce (Picea crassifolia) in the upper Heihe
River Basin of arid northwestern China. Agric. For. Meteorol. 187, 14–21. doi: 10.1016/
j.agrformet.2013.11.004

Chen, L., Zhang, Z., Li, Z., Tang, J., Caldwell, P., and Zhang, W. (2011). Biophysical
control of whole tree transpiration under an urban environment in Northern China. J.
Hydrol. 402, 388–400. doi: 10.1016/j.jhydrol.2011.03.034

Cohen,, Goldhamer, D. A., Fereres,, Girona.,, andMata., (2001). Assessment of peach
tree responses to irrigation water deficits by continuous monitoring of trunk diameter
changes . J . Hort i c . Sc i . B io technol . 76 ((1) ) , 55–60 . doi : 10 .1080/
14620316.2001.11511327

Daley, M. J., and Phillips, N. G. (2006). Interspecific variation in nighttime
transpiration and stomatal conductance in a mixed New England deciduous forest.
Tree Physiol. 26, 411–419. doi: 10.1093/treephys/26.4.411

Deng, H. Z., Wang, W. K., and Cheng, D. H. (2011). Analysis on the change laws of
evapotranspiration and its influencing factors in arid areas. Int. Symposium. Water
Resour. Environ. Protect. IEEE 1, 346–349. doi: 10.1109/ISWREP.2011.5893015

Dix, M. J., and Aubrey, D. P. (2021). Recalibrating best practices, challenges, and
limitations of estimating tree transpiration via sap flow. Curr. Forestry. Rep. 7, 31–37.
doi: 10.1007/s40725-021-00134-x

Douglas.,, and Sheil., (2018). Forests, atmospheric water and an uncertain future: the
new biology of the global water cycle. For. Ecosyst. 5, 19. doi: 10.1186/s40663-018-0138-y

Drake, J. E., Davis, S. C., Raetz, L. M., and Delucia, E. H. (2015). Mechanisms of age-
related changes in forest production: the influence of physiological and successional
changes. Global Change Biol. 17 ((4)), 1522–1535. doi: 10.1111/j.1365-
2486.2010.02342.x

Fang, W. W., Nu, N., and Fu, B. J. (2018). Research advances in nighttime sap flow
density, its physiological implications, and influencing factors in plants. Acta Ecol. Sin.
38, 7521–7529. doi: 10.5846/stxb201802080337

Fernandez., M. E., Gyenge, J., and Schlichter, T. (2009). Water flux and canopy
conductance of natural versus planted forests in Patagonia, South America. Trees 23
((2)), 415–427. doi: 10.1007/s00468-008-0291-y

Ford, C. R., Goranson, C. E., Mitchell, R. J., Will, R. E., and Teskey, R. O. (2004).
Diurnal and seasonal variability in the radial distribution of sap flow: Predicting total
stem flow in Pinus taeda trees. Tree Physiol. 24, 941–950. doi: 10.1093/treephys/
24.9.951

Forster, M. A. (2014). How significant isgnificiant is nocturnal sap flow? Tree Physiol.
34, 757–765. doi: 10.1093/treephys/tpu051

Gong, D., Kang, S., Zhang, L., Du, T., and Yao, L. (2006). A two-dimensional model
of root water uptake for single apple trees and its verification with sap flow and soil
water content measurements. Agric. Water Manage. 83 ((1–2)), 119–129. doi: 10.1016/
j.agwat.2005.10.005

Gotsch, S. G., Dragulji, D., and Williams, C. J. (2018). Evaluating the effectiveness of
urban trees to mitigate storm water runoff via transpiration and stemflow. Urban.
Ecosyst. 21 (1), 183–195. doi: 10.1007/s11252-017-0693-y

Guo, J. R., Bai, T. J., Deng, W. P., Chen, Q., Zou, Q., Zhang, Z. J., et al. (2019).
Differences in sap flow and transpiring water consumption of Cryptomeria japonica
with different DBH. J. SW. For. Univ. ((Nat. Sci. Ed). 39 ((2)), 70–77. doi: 10.11929/
j.swfu.201802012

Han, L., He, J., Qi, T. Y., Tian, J., Sun, Z. J., and Zhan, X. L. (2018). Responses and
modeling of canopy stomatal conductance of Platycladus orientalis to environmental
factors in Hedong sandy land, Ningxia. J. Ecol. 37 ((09)), 2862–2868. doi: 10.13292/
j.1000-4890.201809.032

Jung, E. Y., Otieno, D., Lee, B., Lim, J. H., Kang, S. K., Schmidt, M.W. T., et al. (2011).
Up-scaling to stand transpiration of an Asian temperate mixed-deciduous forest from
single tree sapflow measurements. Plant Ecol. 212, 383–395. doi: 10.1007/s11258-010-
9829-3

Keyimu, M., Halik, Ü., and Kurban, A. (2017). Estimation of water consumption of
riparian forest in the lower reaches of Tarim River, northwest China. Environ. Earth Sci.
76 (16), 547. doi: 10.1007/s12665-017-6801-8

Lagergren, F., and Lindroth, A. (2002). Transpiration response to soil moisture in
pine and spruce trees in Sweden. Agric. For. Meteorol. 112, 67–85. doi: 10.1016/S0168-
1923(02)00060-6

Lang, P., Jeschke, M., Wommelsdorf, T., Backes, T., Lv, C., Zhang, X., et al. (2015).
Wood harvest by pollarding exerts long-term effects on Populus euphratica Stands in
riparian forests at the Tarim River, NW China. For. Ecol. Manage. 353, 87–96.
doi: 10.1016/j.foreco.2015.05.011
frontiersin.org

https://doi.org/10.1007/s11676-016-0222-5
https://doi.org/10.1016/j.actao.2011.05.014
https://doi.org/10.1016/j.foreco.2020.118099
https://doi.org/10.1016/j.foreco.2020.118099
https://doi.org/10.1007/BF00329030
https://doi.org/10.1093/treephys/27.2.181
https://doi.org/10.1093/treephys/27.2.181
https://doi.org/10.1016/j.agrformet.2013.11.004
https://doi.org/10.1016/j.agrformet.2013.11.004
https://doi.org/10.1016/j.jhydrol.2011.03.034
https://doi.org/10.1080/14620316.2001.11511327
https://doi.org/10.1080/14620316.2001.11511327
https://doi.org/10.1093/treephys/26.4.411
https://doi.org/10.1109/ISWREP.2011.5893015
https://doi.org/10.1007/s40725-021-00134-x
https://doi.org/10.1186/s40663-018-0138-y
https://doi.org/10.1111/j.1365-2486.2010.02342.x
https://doi.org/10.1111/j.1365-2486.2010.02342.x
https://doi.org/10.5846/stxb201802080337
https://doi.org/10.1007/s00468-008-0291-y
https://doi.org/10.1093/treephys/24.9.951
https://doi.org/10.1093/treephys/24.9.951
https://doi.org/10.1093/treephys/tpu051
https://doi.org/10.1016/j.agwat.2005.10.005
https://doi.org/10.1016/j.agwat.2005.10.005
https://doi.org/10.1007/s11252-017-0693-y
https://doi.org/10.11929/j.swfu.201802012
https://doi.org/10.11929/j.swfu.201802012
https://doi.org/10.13292/j.1000-4890.201809.032
https://doi.org/10.13292/j.1000-4890.201809.032
https://doi.org/10.1007/s11258-010-9829-3
https://doi.org/10.1007/s11258-010-9829-3
https://doi.org/10.1007/s12665-017-6801-8
https://doi.org/10.1016/S0168-1923(02)00060-6
https://doi.org/10.1016/S0168-1923(02)00060-6
https://doi.org/10.1016/j.foreco.2015.05.011
https://doi.org/10.3389/fpls.2024.1330426
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wan et al. 10.3389/fpls.2024.1330426
Li, W., Si, J. H., Yu, T. F., and Li, X. Y. (2016). Response of Populus euphratica Oliv.
sap flow to environmental variables for a desert riparian forest in the Heihe River Basin,
Northwest China. J. Arid. Land. 8, 591–603. doi: 10.1007/s40333-016-0045-4

Liu, M. X., Shi, J. H., Wang, X. Y., and Aijier, A. (2021). Photosynthetic and
transpiration characteristics of natural populus euphratica forests in different habitats
in the middle reaches of the tahe river. J. Northwest. A&F. Univ. 36 ((06)), 9–15.
doi: 10.3969/j.issn.1001-7461.2021.06.02

Liu, X., Li, Y., Chen, X., Zhou, G., Cheng, J., Zhang, D., et al. (2015). Partitioning
evapotranspiration in an intact forested watershed in southern China. Ecohydrology 8,
1037–1047. doi: 10.1002/eco.1561

Lopez, J. G., Tor-Ngern, P., Oren, R., Kozii, N., Laudon, H., and Hasselquist, N. J.
(2021). How tree species, tree size, and topographical location influenced tree
transpiration in northern boreal forests during the historic 2018 drought. Global
Change Biol. 27 (13), 3066–3078. doi: 10.1111/gcb.15601

Michael, J., Daley, Nathan, G., and Phillips. (2006). Interspecific variation in
nighttime transpiration and stomatal conductance in a mixed new england
deciduous forest. Tree Physiol. 26 (4), 411–419. doi: 10.1093/treephys/26.4.411

Pappas, C., Matheny, A. M., Baltzer, J. L., Barr, A. G., Black, T. A., Bohrer, G., et al.
(2018). Boreal tree hydrodynamics: Asynchronous, diverging, yet complementary. Tree
Physiol. 38, 953–964. doi: 10.1093/treephys/tpy043

Persson, H.Å. (1983). The distribution and productivity offine roots in boreal forests.
Plant Soil 71 (1), 87–101. doi: 10.1007/BF02182644

Pinto, C. A., Nadezhdina, N., David, J. S., Kurz-Besson, C., caldeira, M. C., and
Henriques, M. O. (2015). Transpiration in Quercus suber trees under shallow water
table conditions: the role of soil and groundwater. Hydrol. Processes. 28 ((25)), 6067–
6079. doi: 10.1002/hyp.10097

Poyatos, R., Cermák, J., and Llorens, P. (2007). Variation in the radial patterns of sap
flux density in pubescent oak (Quercus pubescens) and its implications for tree and stand
transpiration measurements. Tree Physiol. 27, 537–548. doi: 10.1093/treephys/27.4.537

Pretzsch, H., Schütze, G., and Biber, P. (2018). Drought can favour the growth of
small in relation to tall trees in mature stands of Norway spruce and European beech.
For. Ecosyst. 5 (1), 20. doi: 10.1186/s40663-018-0139-x

Raz-Yaseef, N., Yakir, D., Schiller, G., and Cohen, S. (2012). Dynamics of
evapotranspiration partitioning in a semi-arid forest as affected by temporal rainfall
patterns. Agric. For. Meteorol. 157, 77–85. doi: 10.1016/j.agrformet.2012.01.015

Reynolds, J. F., Virginia, R. A., Kemp, P. R., de Soyza, A. G., and Tremmel, D. C.
(1999). Impact of drought on desert shrubs: Effects of seasonality and degree of
resource island development. Ecol. Monogr. 69, 69–106. doi: 10.1890/0012-9615(1999)
069[0069:IODODS]2.0.CO;2

Shi, H. B., Shi, Q. D., Zhou, X. L., Imin, B., Li, H., Zhang, W. Q., et al. (2021). Effect of
the competition mechanism of between co-dominant species on the ecological
characteristics of Populus euphratica under a water gradient in a desert oasis. Glob.
Ecol. Conserv. 27, e01611. doi: 10.1016/j.gecco.2021.e01611

Si, J., Feng, Q., Cao, S., Yu, T., and Zhao, C. (2014). Water use sources of desert
riparian Populus euphratica forests. Environ. Monit. Assess. 186, 5469–5477.
doi: 10.1007/s10661-014-3796-4

Siqueira, J. M., Teresa, A. P., Silva, J. M., and Silvestre, J. C. (2020). Biot-Granier
sensor: a novel strategy to measuring sap flow in trees. Sensors 20 (12), 3538.
doi: 10.3390/s20123538

Stovall, A. E. L., Shugart, H., and Yang, X. (2019). Tree height explains mortality risk
during an intense drought. Nat. Commun. 10 (1), 4385. doi: 10.1038/s41467-all019-12380-6

Sun, Z. D., CHRISTIAN, O., and Wang, R. (2009). Vegetation response to ecological
water diversion in the lower tarim river, xinjiang, China. Basic. Appl. Dryland. Res. 3
((1)), 1–16. doi: 10.1127/badr/3/2009/1

Tsuruta, K., Kume, T., Komatsu, H., and Otsuki, K. (2018). Effects of soil water decline
on diurnal and seasonal variations in sap flux density for differently aged Japanese cypress
(Chamaecyparis obtusa) trees. Ann. Res. 61 ((1)), 5–18. doi: 10.15287/afr.2017.938

Tu, J., Liu, Q. Z., Wang, H. M., Liao, Y. C., and Li, Y. Y. (2013). Sap flow
characteristics of Cyclobalanopsis glauca and its correlation with meteorological
factors in Subtropical red soil area. J. Northeast For. Univ. 41, 38–42. doi: 10.13759/
j.cnki.dlxb.2013.09.024

Ungar, E. D., Rotenberg, E., Raz-Yaseef, N., Cohen, S., Yakir, D., and Schiller, G.
(2013). Transpiration and annual water balance of Aleppo pine in a semiarid region:
Implications for forest management. For. Ecol. Manage. 298, 39–51. doi: 10.1016/
j.foreco.2013.03.003

Van Herk, I. G., Gower, S. T., Bronson, D. R., and Tanner, M. S. (2011). Effects of
climate warming on canopy water dynamics of a boreal black spruce plantation. Can. J.
For. Res. 41, 217–227. doi: 10.1139/X10-196

Wan, Y., Shi, Q., Dai, Y., Marhaba, N., Peng, L., Peng, L., et al. (2022). Water use
characteristics of Populus euphratica Oliv. and Tamarix chinensis Lour. at different
growth stages in a desert oasis. Forests 13, 236. doi: 10.3390/f13020236
Frontiers in Plant Science 13
Wan, Y. F., Yu, P. T., Wang, Y. H., and Xiong, W. (2020). The variation in water
consumption by transpiration of qinghai spruce among canopy layers in the qilian
mountains, Northwestern China. Forests 11 (8), 845. doi: 10.3390/f11080845

Wang, D., Gao, G. Y., Li, J. R., Yuan, C., Lü, Y. H., and Fu, B. J. (2020). Sap flow
dynamics of xerophytic shrubs differ significantly among rainfall categories in the Loess
Plateau of China. J. Hydrol. 585, 124815. doi: 10.1016/j.jhydrol.2020.124815

Wang, H., He, K. N., Li, R. J., Sheng, Z. P., Tian, Y., Wen, J., et al. (2017a). Impact of
time lags on diurnal estimates of canopy transpiration and canopy conductance from
sap-flow measurements of Populus cathayana in the Qinghai–Tibetan Plateau. J. For.
Res. 28, 481–490. doi: 10.1007/s11676-016-0333-z

Wang, H., Tetzlaff, D., Dick, J. J., and Soulsby, C. (2017b). Assessing the
environmental controls on Scots pine transpiration and the implications for water
partitioning in a boreal headwater catchment. Agric. For. Meteorol. 240–241, 58–66.
doi: 10.1016/j.agrformet.2017.04.002

Wang, L., Liu, Z., Guo, J., Wang, Y., Ma, J., Yu, S., et al. (2021). Estimate canopy
transpiration in larch plantations via the interactions among reference
evapotranspiration, leaf area index, and soil moisture. For. Ecol. Manage. 481,
118749. doi: 10.1016/j.foreco.2020.118749

Wu, P., Yang, W. B., Cui, Y. C., Zhao, W. J., Shu, D. Y., Hou, Y. J., et al. (2017).
Characteristics of sap flow and correlation analysis with environmental factors of Acer
wangchii in the karst area. Acta Ecol. Sin. 37, 7552–7567. doi: 10.5846/
stxb201609251934

Wu, Y. Z., Zhang, Y.k., An, J., Liu, Q. J., and Lang, Y. (2018). Sap flow of black locust
in response to environmental factors in two soils developed from different parent
materials in the lithoid mountainous area of North China. Trees 32, 675–688.
doi: 10.1007/s00468-018-1663-6

Wullschleger, S. D., Meinzer, F. C., and Vertessy, R. A. (1998). A review of whole-
plant water use studies in tree. Tree Physiol. 1998 ((8-9)), 499–512. doi: 10.1093/
treephys/18.8-9.499

Wullschleger, S. D., and Norby, R. J. (2001). Sap velocity and canopy transpiration in
a sweetgum stand exposed to free-air co2 enrichment (face). New Phytol. 150 (2), 489–
498. doi: 10.1046/j.1469-8137.2001.00094.x

Xu, S., and Yu, Z. (2020). Environmental control on transpiration: A case study of a
desert ecosystem in Northwest China. Water 12, 1211. doi: 10.3390/w12041211

Yan, D., Song, W., Jing, K., and Aijun, Z. (2021). Effects of meteorological factors and
groundwater depths on plant sap flow velocities in karst critical zone. Sci. Total.
Environ. 781, 146764. doi: 10.1016/j.scitotenv.2021.146764

Yan, M. J., Zhang, J. G., He, Q. Y., Shi, W., Yu.,, Otsuki, K., et al. (2016). Sapflow-
based stand transpiration in a semiarid natural oak forest on China's loess plateau.
Forests 7 ((10)), 227. doi: 10.3390/f7100227

Yao, Z. W., Chu, J. M., Wu, L. L., Yuan, Q., Dang, H. Z., Zhang, X. Y., et al. (2018).
Time lag characteristics of the stem sap flow ofHaloxylon ammodendron in the Minqin
oasis desert ectone, China. Chin. J. Appl. Ecol. 29 (7), 2339–2346. doi: 10.13287/j.1001-
9332.201807.023

Yu, T. F., Feng, Q., Si, J. H., Zhang, X. Y., and Zhao, C. Y. (2017). Transpiration of
Populus euphratica authenticated by measurements of stem sap flux, leaf gas exchange and
stomatal microstructure. J. Beijing For. Univ. 39, 8–16. doi: 10.13332/j.1000-1522.20160332

Zeppel, M. J. B., Murray, B. R., Barton, C., and Eamus, D. (2004). Seasonal responses
of xylem sap velocity to VPD and solar radiation during drought in a stand of native
trees in temperate Australia. Funct. Plant Biol. 31, 461–470. doi: 10.1071/FP03220

Zhang, H. L., Ding, Y. L., Chen, H. S., Wang, K. L., and Nie, Y. P. (2017). Characteristics
of sap flow of two typical trees in exposed bedrock habitat of karst region, China. Chin. J.
Appl. Ecol. 28, 2431–2437. doi: 10.13287/j.1001-9332.201708.013

Zhang, R., Xu, X., Liu, M., Zhang, Y., Xu, C., Yi, R., et al. (2019). Hysteresis in sap
flow and its controlling mechanisms for a deciduous broad-leaved tree species in a
humid karst region. Sci. China Earth Sci. 62 (11), 1744–1755. doi: 10.1007/s11430-018-
9294-5

Zhao, C. Y., Si, J. H., Feng, Q., Yu, T. F., and Li, P. D. (2017). Comparative study of
daytime and nighttime sap flow of Populus euphratica. Plant Growth Regul. 82, 353–
362. doi: 10.1007/s10725-017-0263-6

Zhao, Y., Zhao, C. Y., Xu, Z. L., Liu, Y. X., Wang, Y., Wang, C., et al. (2012).
Physiological responses of Populus euphratica Oliv. to groundwater table variations in
the lower reaches of Heihe River, Northwest China. J. Arid. Land. 4, 281–291.
doi: 10.3724/SP.J.1227.2012.00281

Zheng, H., Wang, Q., Zhu, X., Li, Y., and Yu, G. (2014). Hysteresis responses of
evapotranspiration to meteorological factors at a diel timescale: Patterns and causes.
PloS One 9, e98857. doi: 10.1371/journal.pone.0098857

Zhou, C. M., Zhao, P., Ni, G. Y., Wang, Q., Zeng, X. P., Zhu, L. W., et al. (2012).
Water recharge through nighttime stem sap flow of Schima superba in Guangzhou
region of Guangdong Province, South China: Affecting factors and contribution to
transpiration. J. Appl. Ecol. 23, 1751–1757. doi: 10.13287/j.1001-9332.2012.0233
frontiersin.org

https://doi.org/10.1007/s40333-016-0045-4
https://doi.org/10.3969/j.issn.1001-7461.2021.06.02
https://doi.org/10.1002/eco.1561
https://doi.org/10.1111/gcb.15601
https://doi.org/10.1093/treephys/26.4.411
https://doi.org/10.1093/treephys/tpy043
https://doi.org/10.1007/BF02182644
https://doi.org/10.1002/hyp.10097
https://doi.org/10.1093/treephys/27.4.537
https://doi.org/10.1186/s40663-018-0139-x
https://doi.org/10.1016/j.agrformet.2012.01.015
https://doi.org/10.1890/0012-9615(1999)069[0069:IODODS]2.0.CO;2
https://doi.org/10.1890/0012-9615(1999)069[0069:IODODS]2.0.CO;2
https://doi.org/10.1016/j.gecco.2021.e01611
https://doi.org/10.1007/s10661-014-3796-4
https://doi.org/10.3390/s20123538
https://doi.org/10.1038/s41467-all019-12380-6
https://doi.org/10.1127/badr/3/2009/1
https://doi.org/10.15287/afr.2017.938
https://doi.org/10.13759/j.cnki.dlxb.2013.09.024
https://doi.org/10.13759/j.cnki.dlxb.2013.09.024
https://doi.org/10.1016/j.foreco.2013.03.003
https://doi.org/10.1016/j.foreco.2013.03.003
https://doi.org/10.1139/X10-196
https://doi.org/10.3390/f13020236
https://doi.org/10.3390/f11080845
https://doi.org/10.1016/j.jhydrol.2020.124815
https://doi.org/10.1007/s11676-016-0333-z
https://doi.org/10.1016/j.agrformet.2017.04.002
https://doi.org/10.1016/j.foreco.2020.118749
https://doi.org/10.5846/stxb201609251934
https://doi.org/10.5846/stxb201609251934
https://doi.org/10.1007/s00468-018-1663-6
https://doi.org/10.1093/treephys/18.8-9.499
https://doi.org/10.1093/treephys/18.8-9.499
https://doi.org/10.1046/j.1469-8137.2001.00094.x
https://doi.org/10.3390/w12041211
https://doi.org/10.1016/j.scitotenv.2021.146764
https://doi.org/10.3390/f7100227
https://doi.org/10.13287/j.1001-9332.201807.023
https://doi.org/10.13287/j.1001-9332.201807.023
https://doi.org/10.13332/j.1000-1522.20160332
https://doi.org/10.1071/FP03220
https://doi.org/10.13287/j.1001-9332.201708.013
https://doi.org/10.1007/s11430-018-9294-5
https://doi.org/10.1007/s11430-018-9294-5
https://doi.org/10.1007/s10725-017-0263-6
https://doi.org/10.3724/SP.J.1227.2012.00281
https://doi.org/10.1371/journal.pone.0098857
https://doi.org/10.13287/j.1001-9332.2012.0233
https://doi.org/10.3389/fpls.2024.1330426
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Effects of meteorological factors and groundwater depths on sap flow density of Populus euphratica in a desert oasis, Taklamakan Desert, China
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Sample plot survey and sample tree selection
	2.3 Sap flow density measurements and calculations
	2.4 Leaf water content and carbon isotope measurements
	2.5 Meteorological observations
	2.6 Measurement of groundwater depth
	2.7 Statistical analysis

	3 Results
	3.1 Variation in meteorological factors and groundwater depth
	3.2 Variation in sap flow density
	3.3 Impact of meteorological factors on sap flow density
	3.4 Impact of groundwater depth on sap flow density

	4 Discussion
	4.1 Main meteorological factors affecting sap flow density
	4.2 Effect of groundwater depth on sap flow density
	4.3 Deficiencies and prospects

	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


