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Abstract: Under extreme drought and climate change, golden pear trees have experienced problems
such as yield reduction, dryness and death. This suggests that we know very little about the
mechanisms regulating pear tree growth, assuming that meteorological factors positively influence
plant sap flow. Based on this, we used the heat ratio method to monitor the sap flow of pear trees
from June to December 2020, and recorded the changes in various environmental factors. The results
showed that: (1) Sap flow velocity has obvious radial variability in tree sections; the sap flow velocity
during the day was significantly higher than that at night (p < 0.05) and was higher in the growing
season than in the non-growing season. (2) All environmental factors, except relative humidity and
precipitation, were positively correlated with sap flow, vapor pressure deficit and photosynthetically
active radiation, which are the key factors affecting daytime flow, and vapor pressure deficit and
plant water potential are the key factors affecting nighttime flow. The linear regression results also
showed that the daytime sap flow had a significant positive effect on the nighttime sap flow (p < 0.05).
(3) The contribution of night flow to total daily flow varied from 17.3% to 50.7%, and most of the
non-growing season values were above 40%. The results show that nighttime sap flow accounts for a
significant portion of the pear tree’s water budget. Continuous irrigation during fruit enlargement
and non-growing seasons will increase fruit yield and maintain plant sap flow activity to avoid death
due to drought.

Keywords: sap flow; drought stress; environmental factors; principal component analysis

1. Introduction

Extreme drought conditions will seriously affect the survival and growth of vegetation
and may jeopardize the sustainability of agriculture, forestry and other surface systems [1].
The main path of plant water loss, transpiration, is also an important part of the water
budget of forest ecosystems, and is affected by both environmental factors and species
characteristics [2]. The monitoring of tree trunk sap flow provides the water use status
of plants throughout the year and also shows the characteristics of plant transpiration
under different meteorological conditions and soil moisture environments. This helps
us understand the response of plants to the external environment and avoid the death
of plants due to climate change. The water support of transpiration mainly comes from
soil water sources, and sufficient soil water can accelerate stand transpiration; the two are
positively correlated on an interannual time scale [3–8]. The physiological responses of
trees to soil moisture changes and drought varied significantly among different species.

In sap flow measurement based on instantaneous data, daily sum, or average, it can
be found that on a daily scale, tree sap flow has a very significant relationship with meteo-
rological factors, especially PAR (photosynthetically active radiation) and VPD (saturated
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water pressure difference) [2,4]. In addition, it is also closely related to physiological fac-
tors such as canopy width and leaf area index, and environmental factors such as solar
radiation, RH (relative humidity), Ta (air temperature), and VWC (soil water content) [9].
In most studies, sap flow rates decreased when vapor pressure deficit, air temperature,
and soil moisture decreased, while relative humidity changed in the opposite direction.
Environmental factors such as a strong evaporation effect and high temperature become
driving factors of tree sap flow activities in arid areas [10]. In addition, wind can damage
the tree canopy and dry out the available moisture on the leaves, and air temperature
may also have a significant effect on stomata conductance, which will lead to changes
in sap flow rates. However, the interaction between different environmental factors is
complex, and there is often a high correlation between many meteorological variables
that affect sap flow rates [11,12]. However, previous studies have found that even during
the non-growing season, when leaves are falling, there is still weak fluid flow activity. In
evergreen plants, night-time transpiration occurs because their stomata are not completely
closed at night; the transpiration of deciduous plants in the leafless state is more likely due
to water redistribution driven by water potential differences in plants, especially in arid
environments [11].

Studies have shown that plants’ water relationships change in arid environments;
under the response of stomata to external factors, sap flow can decrease, remain constant,
or increase [13]. Stomata closure due to severe plant water loss or leaf loss due to severe
drought will result in decreased fluid flow. Plant leaf shedding maintains the hydraulic
conductivity of the whole plant, reducing the water use of plants at specific vapor pressure
deficits; however, increased evaporation may also drive water use of the whole plant [14,15].
A significant relationship has also been found between tree stem water storage and tree
size. The water storage of larger trees could alleviate the damage caused by soil drying,
and the sap flow value of larger trees was always to be higher than that of smaller trees,
so soil water content had a greater impact on smaller trees, which may be related to the
root depth of trees [16]. The theory of hydraulic niche separation suggests that different
plant species can coexist continuously because they can adopt different hydraulic strategies
in complex environments; deep-rooted plants can obtain underground water to maintain
their hydraulic balance, while shallow-rooted plants rely on rain and are greatly affected
by external influences [17,18]. In addition, xylem characteristics also affect plant hydraulic
transport, such as catheter size, intact branching density, and fiber size [19]. Trees in
arid regions have narrow xylem ducts and dense intact branches, which will increase
resistance to water flow during precipitation and reduce transpiration rates and plant
growth; however, narrow ducts also reduce xylem resistance to cavitation, resulting in high
plant mortality.

Large-scale estimates of regional vegetation growth rely on remote sensing techniques,
while the sap flow monitoring of specific trees mainly relies on the heat ratio method
(HRM), heat field deformation (HFD), thermal dissipation probe (TDP) and other means.
The HRM was developed by scientists at the University of Western Australia in the late
1990s in response to the limitations of existing sap flow measurement techniques. This
technique is a modification of the Compensated Thermal Pulse Method (CHPM) that allows
the measurement of very slow flow rates and even reverse sap flow to improve CHPM,
allowing the monitoring of water flow in stems and roots of a wide variety of species, sizes
and environmental conditions. It can detect and quantify low flow more reliably than other
techniques [20,21]. Zhao et al. have relied on this technology to study the trend in liquid
flow of Populus euphratica in the Heihe River Basin of China [11].

The golden pear (Latin name: Pyrus pyrifolia Nakai, hereinafter referred to as golden
pear) is a new variety of pear bred in the 20th century. It has the reputation of “fruit
family” and “natural mineral water”. It usually blooms in late February to early March
and mid-March to early April. Leaf buds sprout in early April and begin to sprout in
mid-April. They bear fruit and ripen from late August to mid-September. At this time, in
order to ensure high and stable yields, the requirement for irrigation is relatively high as



Water 2022, 14, 1707 3 of 21

the trees require a huge amount of water. The fruit growth period is about 135 days and
leaves fall in mid-November [22]. In the economically barren and backward karst areas,
golden pears are an important industry to support local economic development. They
have broad market prospects and are sought after by surrounding provinces and cities.
While bringing huge economic value, they are also important to the karst area. Ecological
restoration and soil and water conservation are of great significance [23,24]. There have
been cases of weak, dry, and dead trees, and reduced fruit yields, and therefore finding a
solution is urgent. Studying the changes between the sap flow of the golden pear tree trunk
and external environmental factors to understand the water balance in the plant for precise
irrigation is very important. The main purpose of this study is understanding the response
of golden pear sap flow to external environmental factors, discuss the sap flow variation
characteristics of golden pears during observation periods, determine the relationship and
influencing factors of sap flow between the day and night, and determine the ratio of the
night sap flow to total sap flow of golden pears. These questions will help us to strengthen
our understanding of the growth characteristics of golden pears and guide villagers to
carry out more precise irrigation work in the context of future climate change.

2. Materials and Methods
2.1. Study Sites

This study was conducted at the golden pear plantation base (27◦09′45′′ N, 108◦09′28′′ E)
in Xiaowangjiazhuang Village, Baiduo Town, Shibing County, Guizhou Province, China
(Figure 1). The area is located in the transition zone from Yunnan-Guizhou Plateau to
the hilly plain in the east. The whole terrain slopes from south to north, with an average
elevation of 1100 m. It belongs to the typical subtropical monsoon humid climate, with
four distinct seasons and abundant sunshine, the climate is warm and humid. The an-
nual average temperature in this region is 15 ◦C, and the annual average precipitation
is 980–1180 mm. The sample site is located in a golden pear garden base built in 2016,
covering an area of about 4000 hm2, the average stand age is 4 years old, and the plants
grow well and healthily. In the early stage of the experiment, we measured the physical
and chemical properties of the soil in the sample site with the ring knife method. Soil
bulk density was 1.29 g·cm−3, saturated water content was 45.7%, and soil capillary water
holding capacity was 33.20%.
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Figure 1. Location of the study area in Guizhou Province (a). The yellow area in the upper left corner
represents the golden pear growth area (b), the red point in the lower left corner represents the
sampling point, and the blue point represents the weather station (c).
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2.2. Material

We selected three pear tree samples with basically the same DBH (diameter at breast
height) in each of the three 10 m × 10 m sample areas; we determined that these sample
trees were healthy and free of disease and insect pests during the experiment. These sample
trees all have the same elevation, slope, and aspect, and the microgeomorphic environment
is basically the same. We measured DBH at 1.3 m and estimated tree height and crown
width using a DBH scale. DBH was 6.9 ± 0.62 cm, average height was 1.98 ± 0.15, and
average crown width was 2.1 ± 1.4 (Table 1).

Table 1. Summary of biological parameters of sample trees in the study area.

Sample Area DBH (cm) Height (m) Crown Width Age of Stand

1 6.2 1.84 2.0 m × 1.38 m 4
2 7.1 1.96 2.1 m × 1.40 m 4
3 7.4 2.15 2.2 m × 1.43 m 4

Mean ± SD 6.9 ± 0.62 1.98 ± 0.15 2.1 ± 1.40 4 ± 0

2.3. Sap Flow and Water Potential Measurement

From 1 June 2020 to 31 December 2020, we measured sap from selected trees using
the heat ratio flow technique. A sap flow sensor and plant stem infiltration water potential
meter were installed at 1.3 m from the ground of the selected sample tree (Figure S1).
We used HRM sap flow sensors (SFM1, ICT International Pty Ltd., Armidale, Australia,
measuring range: −100 to +100 cm h−1, measuring accuracy: 0.5 cm·h−1), which consist
of a heater and two temperature probes (35 mm) located above and below the heater. We
drilled three parallel 35 mm deep holes perpendicular to the stem using an instrument-
specific drill bit and inserted the probes in sequence. In order to avoid differences in
environmental factors, all sensors were located in the north; to prevent mosquito damage
and extreme weather interference, the surface was covered with tinfoil to ensure continuous
and accurate monitoring of the instrument.

The heating needle provides 20 J heat pulses of 2.5 s every 10 min. Each temperature
probe has two thermistors that can be measured independently from 7.5 mm and 22.5 mm
away from the top. All sap flow sensors are powered by an external 12 v deep cycle Marine
battery, which is recharged via solar panels. The thermal pulse velocity was measured
every 10 min, and the data were recorded in the SD card inside the instrument. A plant
stem osmotic water potential meter (PSY1, ICT International Pty Ltd., Australia, measuring
range: −0.1–10 Mpa, measuring accuracy: ±0.1 Mpa) was used to monitor plant water
potential in conjunction with sap flow.

The sap flow was calculated by the temperature difference between the upper and
lower probes, and according to Granier’s empirical formula (1987) [25]:

k =
∆Tmax − ∆T

∆T
(1)

where k represents the infinite compendium constant, related to the temperature difference
between the two probes, ∆Tmax is the maximum value between the upper and lower probes
when the flow is equal to zero, and ∆T is the difference between the temperature measured
by the upper and lower probes (◦C).

Vs = 0.0119× K1.231 × 3600 (2)

F = Vs× As (3)

where Vs is the sap velocity (cm·h−1), As is the sapwood area (cm2), and F is sap flow rate
(cm3·h−1).
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2.4. Soil Water Potential and Soil Water Content Measurement

We dug a 40 cm deep soil profile 50 cm away from the root of the selected tree and
installed a soil moisture sensor (ECH2O-5TE, METER Group Inc., Pullman, WA, USA,
Soil moisture: measurement range 0–100%; measurement accuracy ±3%) and an MPS-
6 soil moisture potential sensor (Pullman, WA, USA, resolution 0.1 kPa 0.1 ◦C; range
−9 kPa–−100 kPa) at 0–15 cm and 15–30 cm, respectively. There were four layers of sensors
in each section, recording soil water potential, temperature, conductivity, and water content
in real time. Data were observed every 30 min and logged to the Em50 (Z6-05376, Pullman,
WA, USA) data collector.

2.5. Measurement of Environmental Factors and Calculation

Environmental factors were measured in real time by a small weather station (Pullman,
WA, USA) 20 m away from the plot. Measurement elements include RH, Ta, P and PAR. The
weather station recorded the value every 30 min. VPD was calculated from air temperature
and relative humidity according to Campbell and Norman (1998) [26], as follows:

VPD = 0.611× e(
17.502×Ta
Ta+240.97 ) × (1− RH) (4)

where VPD is the saturated water vapor pressure difference, Ta is the temperature, RH is
the relative humidity, and e is the exponential function.

2.6. Data Analysis

We defined 6:00 to 18:00 as “day” and the rest as night. The whole pear tree grow-
ing season is from June to September, and the fruit is picked by the end of Septem-
ber. Considering the entire pear tree growth cycle, we defined May to September as
the growing season and October to December as the non-growing season. The non-
growing season begins with a new round of pruning. All data except precipitation
were summarized at hourly intervals and expressed as mean and standard error. The
sap flow tool (ICT International Pty Ltd., Armidale, NSW, 2350, Australia, Version 1.5,
http://www.sapflowtool.com/SapFlowToolContact.html, accessed on 17 September 2020)
was used to analyze the monitored data to obtain sap velocity (cm·h−1) and sap flow rate
(cm3·h−1). The sap flow out value measured by the instrument was used for subsequent
analysis. Changes in daily flow were compared using line graphs.

Bivariate correlation analysis was used to detect the correlation between environmen-
tal factors (p < 0.05). One-way ANOVA with a significance level α = 0.05 was used to test
the difference between the day and night mean values of sap flow in each month, combined
with Tukey’s posttest, multiple comparisons were performed on the continuous measure-
ment data. Volumetric water content, plant water potential, soil water potential, and sap
flow were tested by the Tukey-Kramer multiple mean comparison. Principal Component
Analysis (PCA) was used to determine the leading factors of each environmental factor. By
fitting the linear function, the response degree of sap flow of pear tree to environmental
variables was determined, as well as the relationship between daytime sap flow and night-
time sap flow. All analyses were performed using SPSS 23 (Version23, IBM, Foster City, CA,
USA) and Origin 2021 (OriginPro2021,V9.8, OriginLab, Northampton, MA, USA) mapping.

3. Results
3.1. Monthly Variation in Meteorological Factors and Soil Moisture Content during the
Study Period

The environmental factors showed significant seasonal variations throughout the
study period; they gradually increased from May, reached the maximum value in July
and August, and declined from September until the end of December (Figure 2). During
the whole monitoring period, the average daily temperature reached 16.44 ◦C, 22.29 ◦C in
the growing season, and 8.69 ◦C in the non-growing season. Fluctuations in temperature
and RH led to significant changes in VPD (0.051–1.151 MPa), the peak of PAR occurred

http://www.sapflowtool.com/SapFlowToolContact.html
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on 6 June, when the sun’s rays were intense; the maximum monthly mean value was
352.1 µmol m−2·s−1 in August (Table 2). The changes of VPD and PAR were basically the
same, and they entered a stable state from September.
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Figure 2. Monthly trends of environmental factors affecting tree sap flow activity during the 2020
study period. From top to bottom are temperature (Ta), relative humidity (RH), photosyntheti-
cally active radiation (PAR), and saturated water pressure difference (VPD). As an environmental
factor affecting tree growth, it has an inseparable impact on plant sap flow activity and therefore
requires monitoring.
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Table 2. Descriptive statistics for four environmental factors. From top to bottom are 1 to 12 months,
the data structure is mean + standard error, all values are kept to two decimal places.

Mouth RH (%) Ta (◦C) PAR (µmol m−2·s−1) VPD (MPa)

January 88.30 ± 5.90 3.90 ± 3.50 83.90 ± 77.20 0.10 ± 0.10
February 84.70 ± 7.50 8.00 ± 4.10 113.60 ± 93.80 0.20 ± 0.10

March 81.70 ± 8.00 11.30 ± 4.60 166.30 ± 93.80 0.30 ± 0.20
April 78.84 ± 8.68 12.80 ± 8.68 230.56 ± 145.42 0.34 ± 0.21
May 81.25 ± 5.39 20.20 ± 2.23 275.20 ± 135.02 0.46 ± 0.19
June 78.02 ± 5.34 23.00 ± 1.79 268.20 ± 116.19 0.63 ± 0.20
July 76.37 ± 5.15 23.90 ± 1.76 299.30 ± 127.53 0.71 ± 0.19

August 80.06 ± 3.72 24.00 ± 1.76 352.10 ± 95.74 0.60 ± 0.13
September 88.73 ± 3.07 18.10 ± 2.42 141.20 ± 89.95 0.24 ± 0.11

October 85.42 ± 6.51 13.50 ± 3.07 148.90 ± 99.20 0.23 ± 0.11
November 82.78 ± 8.97 9.80 ± 4.81 143.00 ± 103.20 0.23 ± 0.15
December 82.97 ± 10.55 2.80 ± 2.82 69.00 ± 45.80 0.13 ± 0.09

The rainfall distribution during the study period was extremely uneven (Figure 3),
90.4% of rainfall occurred from June to September; compared with 2019, the rainfall and
temperature in 2020 showed more and higher trends (Figure S2). Influenced by seasonal
rainfall, VWC also showed high monthly differences. From June to mid-July, soil water
content has always maintained a stable trend. After a significant precipitation event on
July 20, soil water content increased slightly for the next two or three days, but continued
to decline thereafter. The water content also showed a trend of first increasing and then
decreasing under several precipitation events in August and September. Although the
precipitation in August and September was significantly higher than in October, soil water
content was significantly lower than in October. This may be related to the fact that pear
trees are in the fruit expansion stage, and the demand for water in the fruit ripening stage
is relatively high, which consumes a lot of water, resulting in soil water depletion. In
the growing season, affected by the water absorption of plants, the water content of the
0–15 cm soil profile is mostly lower than 15–30 cm.
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Figure 3. Changes in precipitation and soil moisture in the study area throughout the 2020 observation
period. The black dots in the figure represent the soil water content of 0–15 cm, the red dots represent
the soil water content of 15–30 cm, and the rectangles represent the precipitation. The water supply
status of plants can be judged by the changes in precipitation and soil water content.
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3.2. Changes in Radial Flow Velocity and Sap Flow

We imported the measured data into the sap flow tool for analysis and obtained the
sap velocity and sap flow rate. A few typical sunny days in July and August of the growing
season are shown as examples (Figure 4). From 30 July to 3 August, the daily flow rate
showed the same trend. The sap flow velocity in the daytime was significantly higher than
at night (p < 0.05). From 00:00 to 06:00, there was a steady change, with a minimum speed of
6.15 cm·h−1; the speed increased rapidly from 06:00 to 12:00, reached the maximum at 14:00
to 15:00, and then decreased throughout the evening, and slowly decreased from 21:00 to
00:00. The maximum value of the sap flow velocity at the outer 0.5–1 cm was 46.21 cm·h−1,
and the minimum value of the sap flow velocity at the inner 2–2.5 cm was 36.03 cm·h−1

(Figure 4b). From the end of October, the external flow velocity (5.14–6.62 cm·h−1) was
always lower than the internal flow velocity (6.95–8.15 cm·h−1). This is likely due to the
Ta, PAR, and VPD weakening in autumn and winter; the lack of precipitation changed the
pear tree water use strategy.
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Figure 4. Changes in the sap flow of the Golden Pear from 30 July to 2 August 2020. (a) Flow rate
variation. (b) Changes in the radial distribution of flow velocity at 14:50 on 31 July. The green line
shows the sap flow rate at 0.75 cm from the tree, and the blue line shows the sap flow rate at 2.25 cm.
The red line in (a) refers to the flow rate at 14:50 on 31 July, and the radial change is more clearly
shown in (b). Graphics are drawn by origin software.
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The probe’s two thermistors showed a strong radial profile change in flow velocity, the
flow velocity of the external (0.75 cm) was always lower than that of the internal (2.25 cm)
during the day. The maximum internal and external flow velocities were 36.6 cm·h−1 and
47.43 cm·h−1, respectively. The flow velocity of the external flow was 1.29 times that of the
internal flow (Figure 4b). At night, the internal flow velocity was usually slightly higher
than the external flow velocity; they were 7.32 cm·h−1 and 6.19 cm·h−1, respectively, where
the difference between the two was not obvious. The radial profile variation in sap flow
velocity may be related to the tree itself; the deeper the xylem, the slower the sap flow
velocity, while the surface layer is affected by the external environment.

3.3. Relationship between Sap Flow Change and Environmental Factors

As shown in Figure 5, the diurnal variation in sap flow is basically consistent with the
diurnal variation in environmental factors but not necessarily synchronous. PAR reaches
its maximum at 13:00, two hours earlier than Ta and VPD, whereas sap flow at 0:00–6:00
remained low, increased rapidly after sunrise, reached the daily peak at the same time or
behind Ta, VPD and PAR, was lower at 18:00 and lowest at 23:00. At the same time, the
diurnal variation in plant water potential was opposite to sap flow and environmental
factors. It maintained a high water potential (−0.217 MPa) at night and after sunrise, with
each environmental factor reaching the maximum value, the plant water potential gradually
decreased and reached the lowest value (−0.465 MPa) at 13:00, indicating that the plant
demand reached the maximum at this time. During the whole observation period, there
was a significant difference between the sap flow of golden pears in the growing season
and the non-growing season (p < 0.05); the highest sap flow rate in July was 0.269 kg·h−1;
then, it was lower (0.101 kg·h−1) in December. However, there was no significant difference
in diurnal variation between seasons.

In order to characterize the relationship between various environmental factors, we
used linear regression analysis to predict or estimate the dependent variable by the optimal
combination of multiple independent variables, which is more effective than one indepen-
dent variable and is in line with reality. It is also good at capturing linear relationships in
datasets, and results are easy to interpret. Data correlation analysis showed that pear sap
flow was significantly correlated with RH, Ta, PAR, VPD and VWC (p < 0.05) (Figure S3).
The relationship between sap flow and VPD was strongest (determination coefficient was
R2 = 0.870), followed by PAR (determination coefficient was R2 = 0.802). Similarly, the
RMSE and MAE values of the two were also the smallest, indicating that the data has a
small deviation. Linear regression was used to further estimate the relationship between
sap flow rate and various environmental factors (Figure 6).

The results showed that all the environmental factors, except RH and P, had a signifi-
cant influence on sap flow (p < 0.05). PAR and VPD had more influence on pear sap flow,
with an R2 of 0.6412 and 0.7554 (p < 0.05), respectively. The RH was basically inversely
related to sap flow, it shows that the sap flow will decrease under the condition of high
relative humidity. In the correlation analysis of environmental factors, there was a sig-
nificant correlation between each factor quality (Figure S3); therefore, we used principal
component analysis to extract the key factors. The results showed that the first two PCA
axes explained 82.325% of the diurnal variation in the overall environment (Table 3); axis
one explained 62.423% of the variation; it was significantly positively correlated with VPD
(p < 0.05), and the factor load of VPD was 0.962. PAR showed a factor load of 0.898; axis
two explained 18.902% of the difference and was significantly positively correlated with
VWC (p < 0.05); the factor load of VWC was 0.948. The first two axes accounted for 81.328%
of the nocturnal differences, and the first axis accounted for 57.268%. VPD also contributed
the most, with a factor load of 0.962, which was slightly weaker than during the day. Axis
two accounted for 24.060% of the nighttime variance, which was positively correlated with
Ψplant (p < 0.05); the factor load was 0.871 (Figure 7a). In general, VPD, PAR, Ta, and VWC
were the main factors affecting the daytime sap flow of pear trees, and at night, VPD and
Ψplant were the main influences (Figure 7b).
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Figure 5. Diurnal variation in sap flow and environmental factors in growing and non-growing
seasons during the whole study period. From top to bottom are temperature (Ta), photosynthetically
active radiation (PAR), saturated water pressure difference (VPD), sap flow and plant water potential
(Ψplant). The left side of the figure represents the growing season, and the right side is the non-
growing season. The gray shaded area in the figure represents night, and the white area represents
day. All values are mean ± SD. The significance level was p < 0.05.
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Figure 6. Linear regression analysis and nonlinear analysis of various environmental factors and
liquid flow. The black circles in the figure represent each value, and the straight line represents the
linearity. From top to bottom are RH: relative humidity; p: precipitation; Ta: air temperature; VWC:
volumetric water content; PAR: photosynthetically active radiation; VPD: vapor pressure deficit.
RMSE is root mean square error, MAE is mean absolute value error. Significance level p < 0.05.
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Figure 7. Principal component analysis diagram of environmental factors’ contribution to sap flow.
(a) The left side is the response of sap flow to various environmental factors during the day, and (b) the
right side is the response of sap flow to various environmental factors at night. Different colored dots
represent different months. RH: relative humidity; Ta: air temperature; PAR: photosynthetically active
radiation; VPD: vapor pressure deficit; VWC: volumetric water content; Ψplant: plant water potential.

Table 3. Results of principal component analysis of environmental factors.

Time Axis Number
Factor Loadings Total Variance

Explained (%)
Cumulative Variance

Explained (%)RH Ta PAR VPD VWC Ψplant

period 1 −0.854 0.824 0.898 0.962 0.236 −0.684 61.062 61.062
2 −0.240 −0.014 −0.162 0.133 0.905 0.570 20.768 81.829

RH: relative humidity; Ta: air temperature; PAR: photosynthetically active radiation; VPD: vapor pressure deficit;
VWC: volumetric water content; Ψplant: plant water potential.

3.4. Variation in Daytime Edaily and Night Enight of Sap Flow of Golden Pear

The changes in sap flow of pear trees were observed throughout the monitoring period,
from growing season to non-growing season; there were significant changes during the day
and night (Figure 8). The daytime sap flow in the growing season is about 2.5 times that
of the nighttime sap flow. After entering the non-growing season, the daytime sap flow is
not much different from the nighttime sap flow. Especially in the non-growing season, it
maintained a stable level (Table 4).

The small graph in Figure 8 shows the ratio of day to night pear sap flow over the
entire observation period; it can be seen that there is a significant positive correlation
between them (p < 0.05; R2 = 0.741) and daytime sap flow had a significant positive effect
on nighttime flow. Previous analysis of environmental factors showed that VPD is the key
factor affecting sap flow; therefore, we conducted a linear regression on the influence of
VPD on daytime and nighttime sap flow (Figure 9a,b). The results showed that VPD had
a greater impact on the daytime sap flow (R2 = 0.6447); there was a significant positive
correlation between them (p < 0.05), and the effect of VPD on sap flow at night was
relatively limited. We further analyzed the relationship between day and night flow in
growing season and non-growing season by linear regression (Figure 9c,d). There was
a more positive relationship between day and night flow in the growing season than in
the non-growing season. However, the correlation was weaker in non-growing seasons
(R2 = 0.3101; p < 0.05); it can be clearly seen that the daytime sap flow had a weaker effect
than the nighttime.
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Figure 8. The variation in sap flow of golden pears in the day and night during the whole observation
period. In the figure, the light orange areas represent the growing season, and the green areas
represent the non-growing season. The black line represents the daytime sap flow value, and the red
line represents the nighttime sap flow value. The right panel is a linear regression of daytime and
nighttime sap flow over the entire study period. Significance level p < 0.05.

Table 4. The difference between the mean sap flow during the day and night of each month.

June July August September October November December

Daytime 0.373 a 0.383 a 0.362 a 0.151 b 0.112 b 0.101 b 0.102 b

(0.103) (0.124) (0.095) (0.059) (0.019) (0.001) (0.002)
Nighttime 0.127 b 0.137 a 0.139 a 0.108 c 0.107 c 0.101 c 0.102 c

(0.010) (0.018) (0.019) (0.009) (0.011) (0.001) (0.001)
The numbers in parentheses represent the standard error of the data, and the lowercase letters in the upper right
corner represent the significant difference of a group of data at the p = 0.05 level, and combined with the Tukey
post-test, multiple comparisons were performed on the continuous measurement data. The same letter indicates
that the difference is not significant, and different letters indicate that the difference is significant.
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Figure 9. Relationship between VPD and sap flow of golden pear. (a) Linear regression between
daytime sap flow and VPD. (b) Linear regression between night sap flow and VPD. (c) and (d) are
the relationship between daytime and nighttime sap flow in the growing season and non-growing
season, respectively. The significance level was p < 0.05. RMSE is root mean square error, MAE is
mean absolute value error.

3.5. Differences in Soil Water Potential, Plant Water Potential and Sap Flow

We analyzed soil water content, soil water potential, plant water potential, and sap
flow during the observation period (Figure 10), when the significance level was less than
0.05, VWC, Ψsoil, and Ψplant showed significant differences from month to month. August,
in particular, was the lowest. Based on the temperature and precipitation information of the
current period, August is the hottest month of the year, with little precipitation (the lowest
in the whole growing season (71.2 mm)). Therefore, a soil water content deficit was caused,
and the corresponding soil water potential was also at the lowest value (−1324.31 kPa),
making it difficult for plants to absorb water. The plant water potential in August also
had a very high negative value (−1.21 MPa), indicating that plants were in urgent need
of water. Although precipitation was rarer in the non-growing season, soil moisture was
higher than in August, and soil water potential and plant water potential were also close to
0 kPa (MPa). Trees need less water, which is probably related to the physiological cycle
of the pear itself. August is the period when the fruit of the golden pear expands rapidly.
The growth of the fruit increases the tree’s demand for water, and, combined with high
evaporation and low precipitation, soil water content is consumed greatly and plant water
potential is at the lowest level. By the end of September and after October, the golden pear
fruits have been picked, the trees have entered a new season of pruning, water needs are
limited, evaporation is low, and low rainfall can satisfy its growth.
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Figure 10. The seasonal changes of VWC, Ψsoil, Ψplant and sap flow during the whole monitoring
period. The red rectangle represents day, and the blue rectangle represents night. Uppercase
letters indicate significant differences at the p = 0.01 level, and lowercase letters indicate significant
differences at the p = 0.05 level.

Ψsoil and Ψplant both reached their lowest values in August. The peak flow occurred
in July, and there was no obvious correlation between them. When the soil water potential
was less than −388.52 kPa, with the increase in soil water potential, the sap flow generally
showed an increasing trend. When the soil water potential was less than−86.56 kPa, the sap
flow fluctuated greatly (0.10–0.526 kg·h−1), and may have been affected by environmental
factors such as photosynthetically active radiation, saturation vapor pressure difference,
and air temperature. Ψplant was generally negatively correlated with sap flow, in the range
of −0.69 to −0.14 MPa, the sap flow decreased. The water potential was close to 0 kPa
during most of the non-growing season; at this time, soil water content was basically
saturated, plant water demand was limited, and sap flow was low.

4. Discussion
4.1. Sap Flow Characteristics and Influencing Factors during the Observation Period

There are significant differences in sap flow between different tree species and within
wood [27]. In this study, we found radial variation of sap flow in all monitored pear tree
samples. As Figure 4b shows, the sap flow velocity of the pear trees was the highest
at 0.5–1 cm at the xylem edge, reaching 46.21 cm·h−1, and then it gradually decreased,
with the lowest value of 36.03 cm·h−1 at 2–2.5 cm near the center of the tree. It showed a
consistent diurnal variation pattern. The sap flow velocity measured by the two probes
inside and outside maintained a small difference at night, and the difference gradually
increased during the day, reaching the maximum difference between 12:00 and 15:00.
Therefore, in the case of golden pears, the sap flow in the sapwood toward the outside
of the tree is much higher than that in the inside of the tree. This is consistent with the
findings of Bodo et al. (2021); they installed sensors at different depths in the xylem of
temperate Korean pine forests and found that most sap flow occurred in the outermost
sapwood (0–20 mm > 20–40 mm > 40–60 mm), within 3 cm of the cambium [28].
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In this study, the sap flow of golden pears was significantly different between seasons
(p < 0.05), which may be due to different water use strategies in different environments [29].
The greatest water stress usually occurs in the summer, due to high temperature and strong
evaporation, where soil moisture is low and transpiration is strong, causing trees to lose a
lot of water [30]. Ta and PAR reached their maximum value in August, due to the serious
lack of precipitation; the VWC was low (23.64–27.91%) and plant sap flow was also the
lowest in the growing season in August. This suggests that regardless of the values of other
environmental factors such as VPD and Ta, soil moisture may be the most important factor,
sap flow is impossible without soil water [31]. Si et al. found, in studying Populus euphratica
sap flow in desert riparian forest in northwest China, that the soil moisture content was
the lowest at days 95–116 (26–29%), and the sap flow was minimal [32]; this is consistent
with our findings. In this paper, we found that the relationship between the two was not
obvious in the regression analysis of sap flow and soil moisture content; this is inconsistent
with Kavanagh et al.’s finding that sap flow was linearly related to soil water content; it
is speculated that this may be due to the differences in regions and tree species, and the
unique regional environment of the karst area has caused seasonal droughts [33,34]. At this
point, the plant may have physiological adjustments that reduce transpiration by closing its
stomata; however, long-term drought can also lead to changes in leaf traits or severe water
deficit, thus damaging transpiration recovery ability [35,36]. The maximum sap flow of the
pear trees was generally synchronous with the peak value of VPD, Ta, and PAR or had a
time-lag effect and was positively affected (p < 0.05). The delay effect may be due to the
slower response of leaf wetness and stomata to photosynthesis [37]. In addition, stomata
aperture and stem and leaf morphology also change with light intensity, thus affecting
plant photosynthesis and water use efficiency [38,39].

Non-growing season plant sap flow is also an important part of water balance. In our
study, it was found that very low sap flow remained after all the leaves were dropped,
with almost the same changes in sap flow in November and December (Figure 10). When
monitoring deciduous tree species in northern Thailand, Yoshifuji et al. found that the sap
flow still changed when the leaf area index was zero. Zhang et al. also found that the sap
flow of broad-leaved deciduous trees was lower during the day and night in winter, which
is consistent with ours [40,41]. Despite this, there is still a correlation between the flow and
VPD, Ta, Ψplant, and other factors (Figure 7), and the same trend. In particular, our research
also found that the peak time of non-growing season flow advanced to around 07:00 or
08:00 (Figure 5), well before midday during the growing season. This means that when soil
moisture is limited, transpiration is regulated, and plants start stomata regulation quickly
to conserve water, while a later peak time indicates that they are actively transporting
water for a longer period of time. This may be related to the fact that the nighttime flow
replenishes the previous day’s high tree loss, and the variation in soil moisture in winter is
low. Lu et al. have shown that the earlier the sap peak occurs, the faster plants can activate
stomata regulation to balance water; this behavior is a response to increased VPD and
reduced sensitivity of transpiration to soil water changes [42]. They also found that Quercus
liaotungensis preregulates its stomata to maintain stable transpiration when soil moisture is
low; this is similar to our situation. In winter, golden pear has little water demand, and
VWC basically meets the plant’s survival needs; therefore, the peak value of sap flow is
advanced. The different responses of sap flow to soil moisture of tree species in the growing
season and in the non-growing season indicated that the species adjusted its water use
strategy to adapt to the environment under the change in the external environment [43].

4.2. Physiological and Ecological Significance of Daytime and Nighttime Sap Flow

For the last 20 years, many researchers have found that nocturnal sap flow contributes
significantly to tree water balance. In different habitats, the contribution ratio of nocturnal
sap flow to total daily sap flow (Enight/Edaily) is generally 1–28%. However, in this study, it
was 17.3% to 50.7%, the average contribution was 40.1%, and most values were above 40%
after the non-growing season (Figure 11). This is far beyond the range of other studies, and
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the reason may be related to the growing environment of golden pears, scarce rainfall, and
severe drought. Enight was simultaneously affected by a variety of environmental factors;
Figure 6 shows that it was still affected by VPD, VWC, Ψplant, etc. Enight was positively
correlated with VPD at both daily and hourly scales. Under climate change, the increased
rate of temperature at night is higher than that of daytime, and high temperature and low
humidity will lead to an increase in sap flow at night [44]. In addition, with increased
nighttime hydration, Enight also increases the tree’s predawn water potential, thus reducing
the risk of xylem embolism [45,46], which helps in the face of drought stress.
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In numerous studies, nocturnal sap flow has been found throughout the life cycle
of plants, the more intense the transpiration during the day, the more water is required
at night to drive the flow. Dalmolin et al. believed that multiple external factors such as
intense evaporation and high temperature weather were the main factors for the occurrence
of sap flow in arid areas [47]. However, such a large proportion of nocturnal sap flow is
difficult to distinguish as a response to nocturnal transpiration or stem water rehydration,
since the two can occur simultaneously and are difficult to separate [48,49]. The correlation
between nighttime flow and daytime flow (R2 = 0.741) also shows that nighttime sap
flow promotes transpiration the next day, xylem water potential will gradually increase
after sunset with the emergence of sap flow, and it reaches its maximum value at around
0:00–02:00 (Figure 5). The results also showed that the seasonal difference in sap flow
velocity was not obvious, it slowly decreased from 20:00 to 0:00 and gradually stabilized
after midnight. This could mean that the trees’ stems have been rehydrated, which will
increase the supply of nutrients to the distal part of the canopy and prevent excessive leaf
swelling at night [50]. Zhao et al. (2017) showed, in photographs of stomata of Populus
euphratica in the Alxa Desert, that at least 15% of leaf stomata remain open at night, which
will facilitate the flow at night to promote transpiration the next day. Sap flow would
promote photosynthesis to start early through rapidly opening stomata [51] and reach the
peak of daytime sap flow in advance (Figure 5).

4.3. Research Limitations and Implications

Although this study found a relationship between environmental factors and pear
sap flow, there are still obvious shortcomings and limitations. First, the study lasted only
seven months and failed to fully monitor the activities of a plant’s life cycle, and the data
obtained could not fully explain the response of the golden pear stream to environmental
factors. Second, since there is radial variability in sap flow velocity, which leads to an
overestimation of plant transpiration, the best approach is to measure at different depths
in the tree, but this is difficult to achieve due to the cost of money and time [52]. Not only
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that, stomatal conductance and tree transpiration are also important factors affecting plant
growth. However, due to the limitation of experimental equipment, we lacked data on
stomatal conductance and transpiration. Water loss caused by stomatal opening at night
not only reduces the water status of plants before dawn, but may also shorten the time
during the day when photosynthetic carbon is effectively increased [53]. Especially in hot
and arid environments, this effect can reduce the overall water use efficiency of plants;
future research needs to strengthen this exploration. In addition, as a species in the karst
area, it is strictly restricted by the karst environment. In complex and numerous niches,
even adjacent species of the same species differ in species size, climate, time scale and
soil properties.

The results of this study have certain reference significance for residents in the karst
areas of southern China, and can provide a theoretical basis and practical guidance for
precision irrigation in the growing season of golden pears [54]. Throughout the growth
of the pear tree, local residents can reduce irrigation during the flowering and budding
periods in March and April, forcing the plant’s root system to go deeper into the ground. In
August and September, when the fruit is inflated, it needs a lot of water to maintain growth.
Residents can increase irrigation at this stage to replenish soil moisture in time. Relevant
studies have also shown that deficit-adjusted irrigation is not only a water-saving strategy,
but a timely and appropriate amount of water stress has a certain positive effect on crop
growth, yield and quality [55,56]. Figure 10 also shows that August has the lowest soil
water potential for golden pear trees (−1324.31 kPa), which is far beyond the normal limit,
making it difficult for plants to absorb water, so some trees will dry up in August every year,
or fruit quality will decrease. In case of problems such as low water content and incomplete
development, supplementary irrigation during the critical water demand period can avoid
water stress and lead to fruit tree yield reduction. Using soil and plant water potential as
indicators to control irrigation can ignore the effects of crop soil types, evapotranspiration
and rainfall, and can directly characterize the relationship between soil water and plant
growth [56]. However, there are certain difficulties in implementation. Under large-scale
planting, residents cannot monitor changes in soil and plant water potential, and can only
rely on such research results for irrigation guidance.

In future research, we need to further increase the monitoring time, and two or three
year sap flow data could better reflect the growth status of plants. Second, to prevent
overestimation of transpiration, it is best to install sap flow sensors at different depths
of the sample tree. In order to deal with the complexity of karst habitats, we need to
expand the research object and scale. How will the same species of trees in different growth
environments respond to changes in the external environment? Quantification of plant
water potential thresholds can better guide local populations to irrigate in areas with
frequent seasonal droughts.

5. Conclusions

Our study found that the sap flow in the golden pear tree showed obvious radial
variability, the sap flow in the growing season was much larger than that in the non-growing
season, and the sap flow in the daytime was larger than that in the night. During the whole
monitoring period, except RH and P, other environmental factors were positively correlated
with liquid flow, and VPD was the key factor. In addition, the contribution of nocturnal
sap flow to the total sap flow was mostly above 40%, indicating that nocturnal sap flow
accounts for a considerable proportion of the tree water budget, and plants in karst areas
generally show drought resistance. The results of this study can guide people to better
irrigate in the fruit growth period in arid environments, and avoid withering and dying of
pear trees, which would have a certain water saving significance.
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