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Abstract: The growth of trees is inseparable from the water transpiration in the xylem. To explore the
mechanism of sap rising in the xylem, the monthly variation of the dynamic viscosity and interfacial
tension of the xylem sap of different tree species and their impacting factors were analyzed. In this
experiment, the dynamic viscosity and interfacial tension of the xylem sap of poplar and metasequoia
were measured within one year, as well as the sap velocity of poplar. Gas chromatography–mass
spectrometry and atomic absorption spectroscopy were used to detect the organic components and
inorganic cations of the xylem sap of poplar and metasequoia. By analyzing the influence of organic
components and the inorganic cation concentration of xylem sap on the dynamic viscosity and
interfacial tension of xylem sap, this study revealed that the dynamic viscosity and the interfacial
tension of poplar and metasequoia samples in different months changed in basically the same manner.
However, the dynamic viscosity and the interfacial tension of the metasequoia samples were generally
higher than those of the poplar samples. The dynamic viscosity of the xylem sap had an obvious
exponential relationship with temperature, while the interfacial tension of the xylem sap had an
inconspicuous linear relationship with temperature. In addition, disparate xylem structures of
the broad-leaved tree poplar and the coniferous tree metasequoia led to different concentrations
of organic components and inorganic cations in their xylem sap, which made a difference in the
dynamic viscosity and interfacial tension between poplar and metasequoia samples.

Keywords: poplar; metasequoia; surface tension; sap velocity; organic components

1. Introduction

During the growth of trees, the water absorbed from the roots is transferred to the
canopy, and the nutrients produced by photosynthesis are transported downwards [1].
Adequate water can maintain the biological activity of trees, while a lack of water causes
stomatal closure, leading to a decrease in photosynthesis and the transpiration rate [2].
Severe water deficit can induce biochemical limitations [3,4], and the moderation of water
shortage can induce the diffusion of the limitations and influence transpiration [5]. To make
trees grow vigorously, it is imperative to ensure water transport in the trees.

As with any fluid system, water encounters a viscous resistance to flow during the
rise of sap. The viscous resistance is reflected in the dynamic viscosity of the xylem sap.
Tension is exerted on the water columns, maintaining sap in a metastable state [6], which
is closely related to the interfacial tension of xylem sap. If this tension is too great, sap
vaporizes and forms an embolism [7]. The increasing number of embolisms decreases the
hydraulic conductivity of the xylem and eventually leads to hydraulic failure [8]. Therefore,
the dynamic viscosity and interfacial tension of the xylem sap are vital parameters for
studying the rise of xylem sap. Holtta et al. [9] simulated viscosity as an explicit function of
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solute concentration and established a water and solute flow model in the coupled system
of the xylem and phloem. Denny [10] used sap viscosity and interfacial tension to simulate
the flow of xylem sap in many branches and calculated the maximum height of water that
can rise in trees. Nevertheless, the results of the calculations were much smaller than the
actual tree height.

However, when these studies used the sap viscosity and interfacial tension to construct
a model of hydraulic drainage, they were only experiments that were conducted in specific
seasons. The impact of environmental factors on water transport in different seasons was
not considered. The difference between the hardwood tree and the conifer tree has not
been analyzed. Therefore, before using dynamic viscosity and interfacial tension to model
the rise of sap in different species, it is imperative to investigate the impacting factors of
dynamic viscosity and interfacial tension changes.

Liquid has cohesion and adhesion, which are manifestations of molecular gravity.
Cohesion force allows liquid to resist tensile gravitational force, while adhesion force allows
liquid to adhere to other objects. The interfacial tension is at the boundary between liquid
and gas [11]. Due to the attractive force between molecules, the slight pulling force makes
the surface as small as possible. There are differences in the interfacial tension of xylem
sap from different wood species. Christensen-Dalsgaard et al. [12] studied the interfacial
tension changes of the xylem sap of three temperate porous wood species using the hanging
drop method. The interfacial tension of the xylem sap of the three types of wood was
smaller than that of pure water and gradually decreased as time passed due to gravity.
In addition, some studies explored the correlation between liquid interfacial tension and
temperature [13,14].

The morphological characteristics of the xylem elements of different tree species
influence the sap rising [15,16], causing the different concentrations of organic components
and inorganic ions in the xylem sap of different tree species. The concentration of organic
components and inorganic ions in the xylem sap affects the dynamic viscosity and interfacial
tension of the xylem sap. Furthermore, changes in the dynamic viscosity and interfacial
tension of xylem sap affect the sap velocity.

Therefore, the impacting factors of the dynamic viscosity and interfacial tension of
xylem sap were investigated in this study. The morphological characteristics of the xylem
elements of different tree species were also investigated. Subsequently, the correlation
between the sap velocity and the viscosity and interfacial tension of the xylem sap was de-
duced, which improves the theoretical reference for perfecting the law of xylem sap rising.

2. Materials and Methods
2.1. Materials

Three Populus euramericana trees and three Metasequoia glyptostroboides trees free of
pests and diseases were selected. The age, diameter at breast height (DBH), and height
of the different trees are presented in Table 1. From May 2020 to April 2021, 5–7 branches
with a diameter of 18.25 ± 1.71 mm were collected from each tree at the end of each month.
As is well known, the repeated wounding of plants triggers immune responses which can
influence the type of chemicals transported in the xylem [17]. Therefore, the likelihood of
tree damage was reduced as much as possible. The 5 cm long samples at the end of the
branch were cut and placed in a formaldehyde–acetic acid–ethanol (FAA) fixative solution
for later use. The remaining branches at both ends were sealed with plastic films and
shipped to the laboratory, where the xylem sap was collected immediately.

Table 1. The age, diameter at breast height (DBH), and height of the different tree species.

Age DBH (cm) Height (m)

poplar 45 34.91 ± 1.59 12.16 ± 0.35
metasequoia 50 36.18 ± 1.44 14.26 ± 0.25
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The samples used in this experiment were taken from the test site on the campus of
Nanjing Forestry University, Nanjing, China, located in a subtropical monsoon climate
zone with abundant rainfall and acidic soil with pH values of 4–6.

2.2. Morphological Analysis

The samples stored in the FAA fixative solution were dissociated using acetic acid and
hydrogen peroxide (1:1) in a water bath at 70 ◦C. When the samples were slightly whitish,
the dissociation ended. After rinsing the sample to neutral, a drop of crosé solution was
added to the samples. After shaking the samples evenly, the diameters of poplar conduits
and metasequoia tracheid were measured under a 400× microscope produced by Leica,
Weztlar, Germany.

2.3. Sap Velocity Measurement

The Flow32a-1K wrapping stem flowmeter produced by Dynamax, Houston, TX, USA,
was used to measure the sap velocity of the poplar trees by wrapping the branches with
wrapping sensors. The data logger collected instantaneous sap velocity every 10 s, then the
average sap flow rate was calculated and saved every 15 min. Sap velocity often reaches
the maximum between 3 p.m. and 4 p.m. in the summer and between 1 p.m. and 2 p.m.
in the winter. The branches were collected when instantaneous sap velocity reached the
maximum and started to decline.

2.4. Xylem Sap Extraction

The collected branches were cut underwater with a sharp blade to remove the bark.
The cut sections were washed with clean water for 2–3 min to remove cell debris and
cytoplasm from the surface. After cleaning with a cotton cloth wipe, one end of the
branches was placed on a steel plate with a size of 100 cm × 50 cm. Both of them were
placed in the cold press. The steel plate was coated with releasing films to prevent the cold
press from being stuck. In the beginning, the branches were controlled to avoid rotating.
The distal end of the branches was pressed by 10 cm pressing, followed by successive 5 cm
pressings to all the side branches until sap was observed. Then, the xylem sap was collected
with beakers or other containers on the other end face of the branches hanging outside the
cold press. A schematic diagram of the extraction is shown in Figure 1. The collected sap
was transferred into the corresponding airtight test tubes for different tests. The remaining
samples were sealed and kept in the refrigerator.
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Figure 1. The schematic diagram of xylem sap extraction.

The principle of the extraction method used in this experiment was the same as that
of Schenk et al. [18], which indicates that there are contaminants that originate from the
repeated pressing of branches during the extraction in the xylem sap. Therefore, tests for
contamination control from living cell remnants were conducted.

2.5. Contamination Control

The branches harvested in August 2022 were divided into two parts. One part of the
branch was used to extract the xylem sap. The other part of the branch was sliced and
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placed in a 500 mL Erlenmeyer flask. A 300 mL amount of distilled water was poured into
the flask. The flask was shaken frequently for 48 h at room temperature. After suction with
a filter, the chemical composition of the water extract was analyzed.

The wood water extract obtained by the water extraction method was used as a control
sample for contamination control and analyzed simultaneously with the collected xylem
sap using gas chromatography–mass spectrometry (GC-MS).

2.6. Dynamic Viscosity Measurement

Dynamic viscosity measurements were conducted according to the national recom-
mended standard GB/T 22235-2008 Determination of Liquid Viscosity [19]. An Ostwald
viscometer with a diameter of 4 mm was used to measure the dynamic viscosity of the sam-
ple by calculating the time it takes for the liquid to fall at a certain height. The viscometer
constant of the viscometer was 0.0032 mm2/s2. Every sample was measured five times and
averaged to reduce error. During the test, the temperature of the samples was recorded.

At temperature t, the dynamic viscosity of the specimen (ηt) was calculated as follows:

ηt = C * τ * ρt

ηt—the dynamic viscosity of the specimen at temperature t, mPa·s;
C—viscometer constant, mm2/s2;
τ—the average flow time of the specimen, s;
ρt—the density of the specimen at temperature t, g/cm3.

2.7. Interfacial Tension Measurement

Interfacial tension is usually measured using the hanging droplet method [12], which
calculates the interfacial tension from the shape of the droplet naturally formed on a
horizontal surface. The interfacial tension of the liquid was measured by an automatic
droplet contact angle measuring instrument.

The 0.5 mL sample was aspirated into a flat-tipped syringe dedicated to measurement.
The syringe was fixed to the instrument, and the position of the syringe needle was adjusted
to appear in the image. The density of the sample was entered into the software SCA20
(version 4.3.19) to provide parameters for the calculation. The computer-controlled syringe
pump moved down to push the droplet. The pump stopped pushing until the second white
center just appeared in the image (Figure 2). The digital image of a hanging droplet was
not captured until it reached a static equilibrium (interfacial tension versus gravity). The
interfacial tension was obtained by analyzing the profile of the droplet. Every sample was
measured five times and averaged to reduce errors. To prevent the liquid from evaporating,
the liquid was tested in a special box. During the test, the temperature of the samples
was recorded.
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2.8. Organic Component Analysis

Gas chromatography–mass spectrometry was used for the determination of organic
components’ concentration.

Sample preparation: 10 mL xylem sap was freeze-dried to remove moisture. After
drying, the sample was placed in a derivative test tube, and a 2 mg of a mixture of bis-
(trimethylsilyl) trifluoroacetamide (BSTFA) and dimethylformamide (DMF) (volume ratio
of 1:1) was added and heated in a water bath at 80 ◦C for 45 min. After the sample
was cooled, 0.5 mL acetone was added and the sample fully oscillated. After filtration
with a 0.22 µm water filter, the sample was well prepared for the examination of gas
chromatography–mass spectrometry.

The Trace ISQ 1300 GC-MS was used for the gas chromatography–mass spectrometry,
and the sample size was 1 µL. The gas chromatographic separation was carried out using a
DB-5MS capillary column. The carrier gas was He (≥99.999%). The inlet temperature was
250 ◦C. The column temperature program was from 60 ◦C (60 ◦C for 1 min) to 280 ◦C at a
heating rate of 15 ◦C/min, then remained at 280 ◦C for 8 min.

2.9. Inorganic Cation Analysis

The atomic absorption spectrum was used for the determination of inorganic cations’
concentration.

Sample preparation: Each 1 mL sample was accurately poured into a Petri dish and
then 2.5 mL nitric acid and 0.5 mL hydrogen peroxide were added. Covered with the
lid, the Petri dish was placed on the electric heating plate for digestion. The solution
was digested at room temperature for 1–2 h and then heated to 140 ◦C for 3 h to prevent
sample carbonization in the middle of the process. When the white smoke appeared in the
digestion solution and the white powder crystallized, the conical flask was removed and
cooled. Then, about 2 mL of water was added. After repeating the process, the digestion
solution was transferred into a 100 mL volumetric flask with a constant volume. At the
same time, the blank sample was treated using the same method. After standing, the
sample was well prepared for the examination of the atomic absorption spectrum.

Standard solution preparation: The single-element control solution respectively con-
taining K, Na, Ca, and Mg was diluted with 10% nitric acid solution to prepare a solution
containing 10 µg/mL, 0.5 µg mL, 1 µg/mL, 1 µg/mL, and 1 µg/mL of K, Na, Ca, and Mg.

The Platinum Elmer AA900T was used for the atomic absorption spectrum, and
the sample size was 20µL. The gas type was air-acetylene, which uses 10 cm single-slit
combustion. The flow rate of air was 15 L/min, and the flow rate of the acetylene was
2.3 L/min.

3. Results
3.1. Comparisons of Xylem Sap and Contamination Controls

In Figure 3, the concentrations of lipid, soluble sugar, and inositol in the poplar
obtained in August are, respectively, 0.013 g/L, 0.156 g/L, and 0.161 g/L, which is slightly
lower than those of metasequoia (0.032 g/L, 0.283 g/L, and 0.222 g/L). The concentrations
of lipid, soluble sugar, and inositol in the xylem sap were not different from those in the
wood, clearly demonstrating that the organic components in the xylem sap did not originate
from cells cut open during the sap extraction.
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3.2. Morphological Characteristics of Xylem Elements in Different Tree Species

The diameter frequency distribution and the mean diameter of metasequoia tracheids
and poplar conduits are shown in Figure 4a,b. It shows a normal distribution for the mean
diameters according to the Shapiro–Wilk test (p > 0.05). For the metasequoia tracheids, 53%
of diameters varied between 30.0 and 35.0 µm, while 33% of the poplar conduits altered
between 80.0 and 90.0 µm, respectively.
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Poplar is a broad-leaved tree with large and numerous conduits. As exhibited in
Figure 4c, the top and bottom end walls of the conduits penetrate one another, which is
convenient for the transmission of xylem sap. Metasequoia is a conifer, thus xylem sap is
mainly transported through tracheids. As shown in Figure 4d, the tracheids are closed up,
and xylem sap can only pass through the pits on the two end walls of the tracheids.
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3.3. Monthly Variation of Dynamic Viscosity

As exhibited in Figure 5, the dynamic viscosity changes of poplar and metasequoia
samples were basically the same in different months, and both showed an upward trend
first and then a downward trend. The dynamic viscosity of xylem sap was the largest in
January and the smallest in August. It showed a declining trend from January to August
and then gradually increased again from September to December. Meanwhile, there was
the same tendency for the monthly change of test temperature.
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Figure 5. Monthly variation of the dynamic viscosity of pure water, poplar (n = 3), and metasequoia
(n = 3).

In the same month, the dynamic viscosity values of the poplar xylem sap were smaller
than those of the metasequoia xylem sap. However, both were greater than the dynamic
viscosity of pure water. Within a year, the maximum dynamic viscosity values of the xylem
sap of poplar and metasequoia were 1.4835 mPa·s and 1.5330 mPa·s, and the minimum
values were 1.0251 mPa·s and 1.0664 mPa·s, respectively. From September to December, the
dynamic viscosity values of poplar sap and metasequoia sap gradually recovered, reaching
1.4486 mPa·s and 1.4796 mPa·s in December, respectively.

3.4. Monthly Variation of Interfacial Tension

As exhibited in Figure 6, the changing trend of the interfacial tension of the poplar and
metasequoia samples in different months was basically the same, both showing a trend of
decreasing first and then increasing. In January, the interfacial tension of the xylem sap was
at its highest point, and the interfacial tension of the xylem sap reached its lowest point in
August; from January to August, the interfacial tension of the xylem sap samples generally
showed a declining trend; from September to December, the interfacial tension of the xylem
sap gradually rose again. At the same time, the test temperature of every month followed
the same trend.

During the year, the interfacial tension values of pure water were higher than those of
the poplar xylem sap and metasequoia xylem sap. The maximum interfacial tension values
of the poplar and metasequoia sap were 73.01 mN/m and 72.94 mN/m, and the minimum
values were 70.08 mN/m and 70.26 mN/m, respectively. From September to December, the
interfacial tension of the saps from poplar and metasequoia gradually recovered, reaching
72.94 mN/m and 72.82 mN/m in December, respectively.
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3.5. Monthly Variation of Daily Maximum Sap Velocity

Figure 7 displays the unimodal monthly variation of the sap velocity of poplar within
a year. The peak occurred in August, followed by a sharp decrease from September to
December, eventually reaching the bottom. Within a year, the maximum sap velocity was
572.1 g/h, and the minimum was 26.33 g/h. From January to July, the sap velocity of
poplar gradually recovered.
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3.6. Monthly Variation of Organic Component

A total of 20 organic components were detected in all samples, mainly lipid, soluble
sugar, and inositol. In autumn and winter, the main organic components of the poplar
xylem sap were oleic acid and palmitic acid, and the main organic components of the
metasequoia sap were oleic acid and lauric acid. They are long-chain lipids. In spring and
summer, the main organic components of the poplar and metasequoia saps were fructose
and D-pinitol. They are soluble sugars and inositol. Figure 8 was obtained by sorting the
concentration of the main organic components.
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In winter, trees are in the dormant period, and the carbohydrates in their bodies gener-
ate intermediate products through glycolysis and then synthesize long-chain lipids [20].
Grease is a highly efficient energy storage substance which can provide energy for the
germination of spring buds. Therefore, the concentration of soluble sugars and inositol in
the sap of poplar and metasequoia in February and December was relatively low, and that
of various lipids was relatively high.

In April, due to the arrival of spring, trees begin to sprout, consuming a large number
of lipids; thus, the lipid concentration rapidly decreases. Inositol is the precursor substance
in the synthesis process of pectin and hemicellulose [21]. As the cell meristem accelerates,
the concentration of inositol increases rapidly. In June and August, the cells in the summer
trees continue to meristem, and the inositol concentration gradually increases. The dense
leaves produce a large amount of sugar during photosynthesis, and the soluble sugar
concentration increases significantly. In October, the cell meristem slows down significantly,
so the inositol concentration decreases. At this time, the poplar and metasequoia still had
some leaves, and sugars continued to accumulate.

3.7. Monthly Variation of Inorganic Component

Figure 9 presents the variation curve of the main cation concentration in the xylem sap
of poplar and metasequoia in different months. As shown in Figure 9, the concentration of
K+ and Ca2+ in the xylem sap generally displayed a downward trend, while the concentra-
tion of Na+ and Mg2+ in the xylem sap fluctuated wildly. The concentration of K+ and Ca2+

in the xylem sap of the poplar gradually decreased in different months, while that in the
xylem sap of metasequoia rose rapidly in April and suddenly fell in August.

In April, the high concentration of K+ can improve the efficiency of water conduction
and increase the amount of water transport, which is conducive to the growth of trees
in spring [22]. K+ and Ca2+ are significant signal components of controlling the stomata
opening and closing, and guard cells take up K+ and Ca2+ from June to August, resulting
in a descent of K+ concentration [23,24].
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4. Discussion
4.1. Effect of Temperature on Dynamic Viscosity and Interfacial Tension of Xylem Sap

Many factors affect the dynamic viscosity and interfacial tension of a fluid, but the
temperature is a relatively closely correlated factor. According to the measured dynamic
viscosity and interfacial tension of the poplar and metasequoia samples and their test
temperatures in Figures 5 and 6, the four scatter plots are shown in Figure 10. It was
revealed that the dynamic viscosity of the poplar xylem sap and metasequoia xylem sap
decreased with the increase in temperature. As the temperature increased from 281 K to
305 K, the dynamic viscosity of the poplar xylem sap decreased from 1.4835 mPa·s to 1.0251
mPa·s, and that of the metasequoia xylem sap decreased from 1.5330 mPa·s to 1.0664 mPa·s.
The interfacial tension of the poplar xylem sap decreased from 73.01 mN/m to 70.08 mN/m,
and that of the metasequoia xylem sap decreased from 72.94 mN/m to 70.26 mN/m. The
intermolecular force limited the molecular power. When the temperature increased, the
thermal diffusion increased the intermolecular distance. The molecular thermal energy
increased, making the molecules freer, whereas the intermolecular force weakened. Thus,
the dynamic viscosity and interfacial tension decreased [25]. Because of the highest test
temperature in August, the dynamic viscosity and interfacial tension of the xylem sap were
the lowest.
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Figure 10. The relationship between temperature and the dynamic viscosity and interfacial tension
change of poplar and metasequoia xylem sap in different months, where (a) is the dynamic viscosity
of the poplar samples tested five times, (b) is the dynamic viscosity of the metasequoia samples tested
five times, (c) is the interfacial tension of the poplar samples tested five times, (d) is the interfacial
tension of the metasequoia samples tested five times.

To determine the correlation of the dynamic viscosity and interfacial tension of poplar
and metasequoia xylem sap with temperature, the relationship equations between the
dynamic viscosity of poplar and metasequoia xylem sap and temperature were established
using nonlinear regression, based on the classic Arrhenius equation and Liew equation. The
relationship equations between the interfacial tension of poplar and metasequoia xylem sap
and temperature were established using linear regression. From the fitting equation and
R-square, it was revealed that the viscosity had an obvious exponential relationship with
temperature. The degree of the fitting was relatively high, which was similar to the results
of Ding et al. [26]. The interfacial tension of the xylem saps of poplar and metasequoia was
negatively correlated with temperature.

4.2. The Dynamic Viscosity Difference between the Xylem Sap of Poplar and Metasequoia in
Different Months

In Figure 5, it can be seen that the dynamic viscosity of pure water samples was lower
than that of the poplar samples and metasequoia samples every month throughout the year.
The dynamic viscosity of the metasequoia samples throughout the year was higher than
that of the poplar samples. Due to the different concentrations of the organic components
contained in the xylem sap of the poplar and metasequoia samples, the viscosity of their
xylem saps varied. The viscosity depends on the size of the atomic groups in their chemical
composition and the strength of the association between the atomic groups. Larger atomic
groups and stronger associations can make the viscosity of a liquid larger, and, vice versa,
the viscosity is smaller [27].
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The concentration of organic components in the xylem sap of different wood species
is different, making differences in its viscosity. Studies showed that, in low-concentration
sugar solutions, the viscosity of the solution increased with the increase in sugar concen-
tration [28]. When the concentration increased from 0 to 10 g/L, the viscosity of the sugar
solution increased by 0.085 mPa·s [29]. Although lipids and water are insoluble, they are
both fluids. At the same temperature, the viscosity of lipids (1–39 mPa·s) is much greater
than that of water [30]. Though the concentration of soluble sugar and lipid in the xylem
sap of poplar and metasequoia was low, the viscosity of poplar and metasequoia samples
was higher than that of pure water. As the concentration of soluble sugar and the long-chain
lipid in the sap of metasequoia was higher than that in the sap of poplar, the dynamic
viscosity of metasequoia xylem sap was higher than that of poplar xylem sap.

As displayed in Figure 8, the lipid, soluble sugar, and inositol concentrations of the
metasequoia samples were higher than those of poplar samples throughout the year. As
displayed in Figure 4, the closed structure at both ends of the metasequoia tracheids and
the small tracheid diameter led to the slow longitudinal transport speed. Therefore, more
organic components were dissolved in the xylem sap, and the concentration was high.
However, the opening structure at both ends of poplar and large conduit diameters led
to sped up longitudinal transmission, so the concentration of organic components in the
xylem sap was relatively low.

4.3. The Interfacial Tension Difference of the Xylem Sap of Poplar and Metasequoia in
Different Months

As shown in Figure 6, the interfacial tensions of poplar and metasequoia samples
were lower than those of pure water every month throughout the year, which may be
related to the chemical composition in the xylem sap of the poplar and metasequoia
samples. As displayed in Figure 8, many known non-surface-active factors changed the
interfacial tension of the xylem saps, including sugars and lipids. Both lipids and sugars
have much lower interfacial tension than that of pure water. Therefore, the interfacial
tensions of poplar and metasequoia were smaller than that of pure water. Studies showed
that, in low-concentration sugar solutions, the interfacial tension of the solution decreased
with the increase in sugar content, and there was an exponential relationship with sugar
content. When the concentration increased from 0 to 10 g/L, the surface tension of the
sugar solution decreased to 68 mN/mm [31]. A decrease in lipid concentration increases
the interfacial tension of the solution, making the droplet an oval, not round [32,33]. The
lipid concentrations in the February and December samples were higher. Thus, there was a
sharp decrease in the interfacial tension in February and December compared with that of
pure water. The sugar concentration in the samples from April to October was higher, but
sugar had less effect on surface tension than lipids [34]. Therefore, compared with pure
water, there was a slow decrease in the interfacial tension from April to October.

It can be seen from Figure 6 that, except for in February and August, the interfacial
tension of the sap of poplar was greater than that of metasequoia. Since the concentration of
organic components in the metasequoia samples was higher than that in poplar samples, if
there are no other factors, the interfacial tension of metasequoia samples should be smaller
than that of poplar samples. In addition, concentration changes of K+, Na+, and other
inorganic ions that regulate the transportation of plants also have a great impact on the
interfacial tension of xylem sap [35]. The ion effect induces the rise of xylem sap in the
process of hydraulic unblocking [36–38], so it is imperative to investigate the effect of
different inorganic ions on the interfacial tension of xylem sap.

The difference in the interfacial tension of the poplar and metasequoia xylem sap in
February and August was mainly related to the concentration of all the main cation concen-
trations in the samples. Due to the low electrostatic potential of the monovalent K+ and
Na+ cations, their effects on interfacial tension were reduced. Although the concentration
of Mg2+ in the sap of poplar and metasequoia was low, Mg2+ caused a higher interfacial
tension reduction than Ca2+. Mg2+ has a smaller ionic radius and a higher charge density,
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leading to a higher surface coverage and increased adsorption of organic components [39].
In February and August, the total concentrations of all the main cation concentrations in
the poplar sample were twice as high as those of metasequoia. As the interfacial tension of
the solution decreased with the increase of ion concentration [40], the interfacial tension
of poplar xylem sap decreased more than that of metasequoia xylem sap. Therefore, the
interfacial tension of the poplar xylem sap was lower than that of metasequoia in February
and August.

4.4. Correlation between Sap Velocity and the Dynamic Viscosity and Interfacial Tension of
Xylem Sap

The trend of sap velocity was synchronized with the corresponding decrease in dy-
namic viscosity. As the temperature increased, the dynamic viscosity decreased. The
viscous resistance decreased, making it easier for xylem sap to move faster. The decline
of the interfacial tension of xylem sap meant that the capillary force reduced as the sap
rose. As is well known, when the capillary tension is too large, the liquid vaporizes to
form an embolism, which is not conducive to water transport. Therefore, a reduction in the
interfacial tension within a certain range contributes to the hydraulic conductivity.

5. Conclusions

To explore the changes in the rising power and flow resistance of the xylem sap
during the ascent process, the dynamic viscosity and interfacial tension of the poplar
and metasequoia xylem sap in different months were examined. The changes in the
concentration of organic components and inorganic ions were analyzed to understand
their effect on the dynamic viscosity and interfacial tension of the xylem sap of poplar
and metasequoia at different growth stages. It can be observed from this research that the
dynamic viscosity of the poplar and metasequoia xylem sap exhibited an inverted parabolic
change throughout the year which was mainly affected by the change in temperature. The
viscosity of xylem sap decreased with the increasing temperature and increased with the
increasing organic concentration. The interfacial tension of the xylem sap from poplar and
metasequoia showed a trend of decreasing first and then increasing, which was mainly
affected by the concentration of organic components. The interfacial tension of xylem sap
decreased with the increase in the concentration of organic components.
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