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Abstract: The most popular sap flow measurement technique uses thermal dissipation probes.
Differences in wood characteristics and the natural temperature gradient between probes have
affected the accuracy and applicability of the sap flow equation. In addition, the continued heat
of the probe can also cause thermal damage to tree tissue. The objectives of this study were to use
cyclic heating and calibrate the probes with two species: Pinus bungeana Zucc. And Salix matsudana
Koidz., two typical diffuse-porous species. This experiment evaluated a thermal dissipation probe in
three heating modes: continuous heating, 10 min heating and 50 min cooling (10/50), and 30 min
heating and 30 min cooling (30/30). The heating modes were evaluated on two species. Temperature
differences between the heating needle and the control needle under different heating modes and
transpiration water consumption (whole-tree weighing method) were observed simultaneously. The
sap flow estimation equation under cyclic heating mode was established by analyzing the relationship
between the sap flow rate and the values obtained from whole-tree weighing. The results showed that
the original equation underestimated sap flow rate of P. bungeana and S. matsudana by 67% and 60%.
Under the cyclic heating modes, the modified equations were different from the original equation,
and their accuracy was improved. After verification, the corrected equations [Fd = 0.0264K0.738

(P. bungeana, 30/30, R2 = 0.67), Fd = 0.0722K1.113(S. matsudana, 30/30, R2 = 0.60), Fd is the sap flow
density, K is temperature coefficient] reduced the influence of the natural temperature gradient on the
estimation of sap flow rate, thereby significantly improving the accuracy of sap flow rate estimation.
The resulting equation may be more suitable for actual field observations of sap flow in the two
tested species. The cyclic heating mode has the potential to measure plant transpiration for extended
periods in the field.

Keywords: natural temperature gradient; equation calibration; Salix matsudana Koidz.; Pinus bungeana
Zucc.

1. Introduction

Transpiration is a complex water movement process in the soil-plant-atmosphere
continuum. Accurate measurement of vegetation transpiration is of great significance for
understanding the water cycle of terrestrial ecosystems and its response to climate change.
In order to accurately calculate vegetation water use efficiency and transpiration water
consumption, researchers have proposed a variety of measurement methods. Sap flow is
the process of water transport in the sapwood of the stem, and is considered to be useful
for estimating tree transpiration. Sap flow measurement techniques mainly include the
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heat pulse method [1], the heat balance method [2], and the thermal dissipation method
(TDM) [3]. Compared with the other two thermal technologies, TDM has the advantages of
being a common principle, having simple operation, and permitting continuous observa-
tion [4]. TDM is widely used to estimate individual tree transpiration [5,6], characterize
terrestrial ecosystem evapotranspiration [7,8], and conduct water balance research [9,10].
At present, the general equation for estimating sap flow density by TDM is an empirical
equation derived from three tree species, Pseudotsuga menziesii (Mirb.) Franco, Pinus nigra
J. F. Arnold, and Quercus pedunculata Ehrh. [3], without considering the heat conduction
process in sapwood [11]. Recent research has shown that the estimation accuracy of this for-
mula was significantly different under different conditions [12–14]. Azimuthal profile [15],
radial difference [16], wood characteristics [17], sensor type [18], and other factors can
affect estimation accuracy. Therefore, an accuracy test and formula calibration should be
carried out before using the TDM to estimate transpiration [19].

Natural temperature gradient resulting from changes in environmental temperature is
affected by bark thickness, irregular tree growth, and the distance between the tree and the
forest edge [20,21]. When the natural temperature gradient of the tree is greater than 0.2 ◦C,
there will also be a non-negligible error in the estimation of sap flow density [22]. In order
to reduce the influence of the natural temperature gradient, two sets of parallel probes can
be set, one set of heated probes and the other set of unheated probes, replacing the natural
temperature gradient of the heated probe with the temperature difference in the unheated
probes [12]. The cyclic heating mode could replace the natural temperature gradient by the
temperature between the two probes in the cooling stage, thereby enhancing estimation
accuracy and at the same time having the advantages of reducing both energy consumption
and stem dry heat damage [23]. Subsequent studies determined that single-probe cyclic
heating can also achieve the purpose of considering the natural temperature gradient.
The influence of natural temperature difference is considered in the calculation method
of temperature difference in the cyclic heating mode, which is different from that in the
traditional continuous heating mode. The time for the probe to reach a stable state is
related to the thermal characteristics of the sensor and the wood. When applying the
cyclic heating mode, different power supply schemes should be adopted according to
different situations [24]. Therefore, under the cyclic heating mode, an appropriate heating
time should also be selected for specific tree species, and the estimation equation should
be reconstructed.

Calibration experiments have been carried out for many years, and in order to fit the
practical application, the calibration environment gradually changed from indoor to field.
The usual method employed was to take the stems from the trees, and water flows were
forced into the detached stem by applying pressure. The change of volume and weight
were used as the basic data for calibration. These data could result in a comprehensive and
wide range of sap flow rates and higher-resolution data [25]. However, the lack of leaves
and roots in the detached stem destroyed the complete hydraulic path and plant forms and
easily causes embolism. The sap flow in the water conduction structure was completely out
of the actual environment and unrepresentative of natural conditions. In order to simulate
the actual transpiration of trees, previous research used root-cut trees (retaining branches
and leaves) as the experimental material and a high-precision electronic potometer as
the reference [26]. Transpiration initiates sap flow similar to natural conditions, but the
intact hydraulic path was still destroyed. This problem can be solved by using living
potted trees as experimental materials, which can best represent the transpiration of trees
in real environment. However, due to the low resolution of instruments in past studies,
transpiration can only be analyzed on a daily scale. However, due to the small proportion
of mass changes caused by transpiration in the weight of tree, the accuracy and temporal
resolution of this experiment were low. Sperling, et al., and Tfwala, et al., took living trees
as the experimental material and used a lysimeter to provide the reference data to obtain
an estimation equation suitable for Phoenix dactylifera L., Ziziphus mucronata Willd., and
four other species [27,28]. This method is similar to real conditions and is accurate, but
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lysimeters are expensive and inconvenient to operate. Different experimental methods
determine the reliability and applicability of the calibration equation, so it is necessary to
choose the most suitable experimental scheme according to the actual research situation.

The density, diameter, and distribution of xylem water-conducting tissues influence
hydraulic conduction and may affect plant transpiration [29]. Density and distribution of
water-conducting tissue in the xylem affects plant transpiration. The widely-used equation
assumed that the water-conducting tissue and sap flow were uniformly distributed within
the sapwood, but this was not the case in practice. According to the characteristics of
water-conducting tissue, woody plants can be divided into three types: ring-porous, diffuse-
porous and conifer [3]. Studies have found that ring-porous wood vessels are distributed
in sapwood in a circular manner, and xylem sap flow is mainly distributed in vessels from
the current year tree ring, with great differences in radial direction. The consistency of
sap flow between different species and individuals of the same species is poor [14,30]. In
contrast, vessels/tracheid of diffuse-porous species and conifer were uniformly distributed
in the stem sapwood, and there was no significant difference in the radial distribution of
sap flow [17]. Therefore, we chose diffuse-porous and conifer with slight radial differences
as research objects to explore the TDP of cyclic heating mode.

To determine the feasibility of using the cyclic heating mode to estimate diffuse-porous
species and conifer sap flow, we chose a high-precision balance as the benchmark to carry
out the TDP calibration experiment on Salix matsudana Koidz. (diffuse-porous) and Pinus
bungeana Zucc. (conifer) in the cyclic heating mode. The main objectives of this study
were to: 1) compare the variation in trends of temperature differences under different
heating modes and judge whether the cyclic heating mode is suitable for transpiration
estimation for the two species; 2) establish and verify estimation equations under different
circumstances to determine the optimal formula for each species; and 3) determine the
influence of species (wood characteristics) on the determination of heating patterns. We
expect to provide a theoretical basis for accurate estimation of sap flow in the presence of
natural temperature gradients and for long-term field observations made by TDM.

2. Materials and Methods
2.1. Study Site

This experiment was conducted at the experimental station of Hebei Agricultural
University (latitude 38◦48′23′ ′ N; longitude 115◦24′58′ ′ E), located in Baoding, China. There
are more than 110 species of trees at this location, including Sophora japonica L., Populus
tomentosa Carr., S. matsudana, and P. bungeana. The research area experiences a warm
temperate monsoon climate, and precipitation is mainly concentrated from June to August.
The average annual precipitation and evaporation are 499 mm and 1430 mm, respectively.
The average annual temperature is 13.4 ◦C, and the annual sunshine duration for the study
area is 2511 h.

2.2. Measurement

Before the growing season, S. matsudana and P. bungeana were transplanted into contain-
ers with controllable drainage holes at the bottom (diameter = 100 cm and height = 90 cm,
with radiation-proof film on the outside of the containers). In July, when transpiration
was high, three trees of each species were selected for the experiment, and the soil in the
container was covered with plastic film. Full irrigation before the experiment ensured an
adequate water supply during the measurement period. The details of the samples are
shown in Table 1. The experimental materials were obtained from the field experiment
station of Hebei Agricultural University.
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Table 1. Experimental tree details. Note: n is the number of samples.

Species Height
(m)

Trunk Diameter
(cm)

Sapwood Area
(cm2)

Sapwood Width
(mm) n

P. bungeana 4.4 ± 0.22 11.5 ± 0.28 58.00 ± 2.54 19.3 ± 0.04 3
S. matsudana 5.4 ± 0.12 10.7 ± 0.31 63.27 ± 1.98 24.5 ± 0.06 3

2.2.1. Sap Flow Measurement

Each tree was instrumented with three TDP units (Rainroot Scientific Limited, Beijing,
China) to measure temperature changes over time. Each probe unit consisted of two
needles (length = 20 mm, diameter = 2 mm, operation voltage = 2 V, spacing = 40 mm).
The upper needle was heated, and the lower needle was not heated. One probe unit was
set for continuous heating, another unit was designated as “10/50” (10 min heating and
50 min cooling), and the third unit was designated as “30/30” (30 min heating and 30 min
cooling). The probe temperature data were collected by a datalogger (CR1000, Campbell
Scientific Inc., Logan, UT, USA). We used the original equation form to calculate the sap
flow density [3]:

Fd = αKβ (1)

K = (∆Tmax − ∆T)/∆T (2)

where, Fd is the sap flow density (cm3·cm−2·s−1); ∆Tmax is the temperature difference
at zero flow (in this study, ∆Tmax is the maximum daily temperature difference); ∆T is
the instantaneous temperature difference, K is temperature coefficient; α and β are curve
fitting coefficients.

Based on Granier’s equation, the temperature difference at the end of the cooling stage
is regarded as the natural temperature gradient, and then the natural temperature gradient
is separated from the temperature difference between probes. The equation is:

∆T = ∆TC − ∆T0 (3)

where, ∆TC and ∆T0 are the temperature differences at the end of heating and cooling
stages, respectively.

2.2.2. Reference Flow Rate Measurement

In order to calibrate the sap flow density equation with the temperature coefficient
(K) measured by TDP, the reference sap flow was measured by the whole-tree weighing
method (Fdw). To eliminate the impact of soil water evaporation on the measurement, the
surface of the soil was sealed with plastic film. The experiment was carried out in the field
so that the flow process would be fully represented under natural conditions (Figure 1).
A wide-range balance (model XK3190-A6, range: 1000 kg, accuracy: 0.02 kg) was used to
weigh living trees. The weighing time was from 6:00 to 19:00 every day, and the weighing
time interval was 1 h. For the sake of comparison, we harmonized the unit of Fd and Fdw.
The estimation equation for Fdw (cm3·cm−2·s−1) is:

Fdw = (W1 −W2) ∗ 1000/(As∗3600) (4)

W1 −W2 is the difference between two sequential weights (kg); As is the sapwood
area (cm2), obtained from cores that were collected by a Pressler Borer to identify sapwood.
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Figure 1. Schematic diagram of experimental set-up: (1) thermal dissipation probe, (2) portable
forklift, (3) plastic film, (4) wide-range balance, (5) display screen.

2.3. Statistical Analysis

The experiment was carried out for five days, and we divided the weighing data and
fluid flow data into two groups. The first group of data was obtained by regression fitting
of three days of data for K and Fdw. The second group of data used two days of data
to verify the accuracy of the calibration equation. To ensure the reliability of the result,
the following analysis was based on the average value of each three trees. Relative to the
reference value, the goodness of fit of the estimated value was determined by coefficient of
determination (R2) and Willmott’s index of agreement (D) [31]. The accuracy of the estimate
was determined by root mean square error (RMSE) and mean absolute error (MAE). The
mean bias error (MBE) was calculated to determine the deviation between the predicted
tree sap flow rate and the reference flow rate. The calculation formulas for the evaluation
indexes are:

D = 1− ∑N
i=1(Pi −Oi)

2

∑N
i=1
(∣∣Pi −O

∣∣+ ∣∣Oi −O
∣∣)2 (5)

RMSE =

[
N−1

N

∑
i=1

(Pi −Oi)
2

]0.5

(6)

MAE =
1
N

N

∑
i=1
|(Pi −Oi)| (7)

MBE =
1
N

N

∑
i=1

(Pi −Oi) (8)

Pi and Oi are the predicted and observed current time values, respectively; O is the
mean observed value; N is the number of observations.
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3. Results
3.1. Tendency of Temperature Difference under Different Heating Modes

In order to determine the feasibility of measuring sap flow using probes in the cyclic
heating mode, we compared the diurnal variation characteristics of the probe tempera-
ture differences under different heating modes (Figure 2). The temperature difference
and amplitude of the two species under the continuous heating mode were higher than
those under cyclic heating. Temperature differences began to decline gradually at 5:00,
reached a minimum at about 11:00, and gradually increased after noon. When the two tree
species were heated continuously, the temperature differences between the needles were
relatively stable during the day and night. The temperature differences for the two cyclic
heating modes fluctuated more and had poorer stability than the continuous heating mode,
especially for the 10/50 mode.
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Figure 2. Diurnal variation of temperature difference under continuous heating (TC, black), 10 min
heating and 50 min cooling (T10/50, red), and 30 min heating and 30 min cooling (T30/30, blue). Dots
and shade represent mean values and standard deviations, respectively, calculated from three trees.

The larger the temperature difference, the slower the flow rate, and vice versa. We
selected 4:00 to 5:00 and 11:00 to 12:00 to represent low and high flow rate conditions,
respectively. The mean temperature differences of P. bungeana and S. matsudana under high
and low flow rate conditions were 1.1 ◦C and 1.58 ◦C for the continuous heating mode;
0.56 ◦C and 0.7 ◦C for the 10/50 mode; and 0.33 ◦C and 0.16 ◦C for the 30/30 mode. The
temperature differences between the probe needles increased sharply during the heating
stage of the cyclic modes. Temperature difference between the probes changed dramatically
when the cyclic mode switched heating/cooling. In both heating and cooling stage, the time
required to reach equilibrium under high sap flow is shorter than that under low sap flow.
The temperature differences in the cooling stage were consistent with those observed in
the heating stage, and decreased rapidly within 2 min and tended to be stable after 10 min
(Figure 3). The cooling process takes longer to reach equilibrium than the heating process.
Because there was a good correlation between the temperature difference observed for
cyclic heating and that for continuous heating, the cyclic heating probe also has potential to
be applied to sap flow rate measurements of the two tree species.
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Figure 3. Temperature difference changes within hours of low (left side of dotted line) and high (right
side of dotted line) sap flow rates under continuous heating (∆T, black), 10 min heating and 50 min
cooling (∆T10/50, red), and 30 min heating and 30 min cooling (∆T30/30, blue).

3.2. Calibration Equations

The relationships between K and Fd at the hourly time scale are shown in Figure 4. We
chose the nonlinear function (power function) to represent the relationships. The calibration
equations for P. bungeana and S. matsudana under the 10/50 mode were, respectively:

Fd = 0.0888K1.259
(

R2 = 0.69
)

(9)

Fd = 0.0498K1.145
(

R2 = 0.45
)

(10)
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Figure 4. Relationship between K10/50(K for 10 min heating and 50 min cooling mode, (a) and (c))
and K30/30(K for 30 min heating and 30 min cooling mode, (b) and (d)) with reference sap flow
density (Fdw, measured by tree weighing).

The calibration equations of P. bungeana and S. matsudana under the 30/30 mode
were, respectively:

Fd = 0.0264K0.738
(

R2 = 0.67
)

(11)
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Fd = 0.0772K1.113
(

R2 = 0.60
)

(12)

The calibration equations were different from the original equation, especially for
parameter α. The parameter α of Equations (9)–(12) ranged from 0.0264 to 0.0722, and
these values were greater than the original α value (0.0119). The β coefficient of Equation
(11) was 0.738. β < 1 made the relationship turn into convex curve (Figure 4), with the
increase in Fd slowing down as K increased. Among the four equations, the coefficient of
determination of Equation (10) was relatively low, indicating a relatively poor relationship
between K and Fdw.

3.3. Validation of the Calibration Equations

The accuracy of the new calibration equations must be verified before they can be
applied to subsequent research. By comparing Fd calculated by the calibration equation
with Fdw, we found that the comparison line fitted to points obtained from Equation (9)
deviated far from the 1:1 line, indicating that this calibration equation could not be applied
in subsequent studies (Figure 5). In contrast, the other calibration Equations (10)–(12)
produced Fd estimates that were closer to the measured Fdw values. The sap flow rates
of P. bungeana and S. matsudana were underestimated by 67% and 60%, respectively, by
the original equation. The R2 values for the 30/30 equation were better than those for the
10/50 equation in both species.
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the 10 min heating and 50 min cooling mode, the dashed red line represents the 30 min heating and
30 min cooling mode, and the solid black line is the 1:1 line.

The statistical indexes representing the accuracy of the equations showed that for
P. bungeana and S. matsudana under different equations ranked in the order of
30/30 > 10/50 > original (Granier) (Table 2). Compared with the original equation, MAE,
MBE, and RMSE values from the estimation equations for the cyclic heating mode applied
to both tree species were closer to 0 than they were for the original equation. The error
indexes of 30/30 mode of both species were less than 10/50, indicating high accuracy.
The performance statistics in Table 2 show that the estimated values of sap flow density
determined by the calibration equations under the 30/30 cyclic heating mode for both
P. bungeana and S. matsudana were highly consistent with the observed values, and therefore
more suitable for the estimation of sap flow flux density.
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Table 2. Performance statistics for each sap flow density equation (equation number given in
parentheses). MAE = mean absolute error; MBE = mean bias error; RMSE = root mean square error;
D = Willmott’s index of agreement; k= the slope of the estimated value changing with the measured
value; ER = error rate (%); R2 = coefficient of determination; n = number of observations.

Species Equation MAE MBE RMSE D k ER R2 n

P. bungeana
Original 0.0017 −0.0017 0.0020 0.56 0.33 67 0.85 25
10/50 (9) 0.0012 −0.0011 0.0015 0.71 0.58 42 0.78 25

30/30 (11) 0.0008 0.0003 0.0011 0.86 1.09 9 0.90 25

S. matsudana
Original 0.0017 −0.0017 0.0021 0.56 0.40 60 0.90 25

10/50 (10) 0.0008 0.0006 0.0009 0.90 1.14 14 0.96 25
30/30 (12) 0.0004 <0.00001 0.0005 0.97 1.008 0.8 0.98 25

4. Discussion
4.1. Accuracy of Sap Flow Density Estimates in the Field

Thermal dissipation probes are widely used in measuring vegetation transpiration in
forests [32], deserts [33], cropland [34], and other ecosystems [35]. However, recent research
has shown that the original equation of Granier cannot accurately estimate sap flow density
due to differences in sensors, wood properties, and environmental conditions [3]. In a
similar calibration experiment, it was found that the sap flow rate estimated by a self-
made probe using the original equation underestimated transpiration rate obtained from a
weighing lysimeter by 40% [27]. When probes and sap flow meters were used to verify the
accuracy of the original equation for the stems of six species with three wood characteristics,
it was found that the estimated rates were underestimated or overestimated to varying
degrees compared with the actual rate [36]. In this study, we found that the original
equation underestimated sap flow density of P. bungeana and S. matsudana by 67% and 60%,
respectively, compared to the reference flow rates, with large errors. Therefore, the original
equation can be applied for measurements and research only after calibration. Moreover,
the cyclic heating mode cannot maintain the thermal stability state, and the equation should
be calibrated before application.

The current study was carried out under simulated natural conditions, and there were
natural temperature differences that could not be ignored during the measurement times.
Estimation accuracy can be improved by the calibration equations for cyclic heating. For
the 30/30 heating mode, the equations for P. bungeana and S. matsudana overestimated sap
flow density by 9% and 0.8% respectively, indicating greatly improved estimation accuracy.
We chose an unstable method, so our equation cannot be compared with other traditional
calibration equations. Calibration method determines the result. Previous studies applied
pressure to in vitro stems to simulate sap flow, and the range of upper and lower sap flow
rates was wide [37]. In contrast, our study was carried out in the field with living trees
as the research objects. Similar to other field studies [28,30,38], transpiration in the actual
growing environment can be simulated to the maximum extent. However, due to the
complex field conditions, even when soil moisture was sufficient, sap flow was affected by
vapor pressure deficit, leading in some cases to a small transpiration demand that could
not reach the limit of instrumental pressurization, and the upper and lower limits of sap
flow rate were different from those experienced in laboratory research. TDP was more
effective under hydroponic conditions, and plant stems were more likely to reach a stable
state under high sap flow conditions, i.e., water movement rate will affect the calibration
results [39]. Therefore, in addition to the effect of different tree species on sap flow rate, the
lack of high flow data may also be the main reason for the difference in optimal cycle time.
Similarly, the calibration equations obtained in this study may be more suitable for sap
flow estimation of P. bungeana and S. matsudana in climate zones similar to the experimental
site. However, with additional progress in measurement technology, field experiments
may better match large-scale ecosystem studies and may become the preferred method for
conducting calibration experiments.



Forests 2022, 13, 1964 10 of 14

4.2. Benefits and Limitations of the Cyclic Heating Mode

Because the thermal diffusivity of heat in the sapwood is not uniform, there is a general
difference in temperature between different locations on the plant stem. The temperature
difference between the heating needle and the control needle of the TDP includes both
sap flow information and natural temperature difference [40]. Therefore, when the natural
temperature difference is too large (>0.2 ◦C), the TDP cannot obtain an estimated value that
is consistent with the actual value [17,22]. For the cyclic heating mode TDP, the temperature
difference at the end of the cooling stage represents the natural temperature difference, and
the natural temperature difference can be separated from the probe temperature difference
by a simple calculation to reduce the influence of the natural temperature difference. In
Figure 2, both the traditional temperature difference and its amplitude are larger than the
cyclic temperature difference. This difference can be explained by Fourier’s law. Firstly, the
temperature difference is reduced by the heat transfer from the unstable heat source to the
surrounding area; secondly, the higher the temperature, the faster the heat transfer and the
higher the temperature conductivity. Spatial variation of the three groups of probes may
also lead to differences in their measured values, but we tried to avoid this in the design of
the experiment. The similar diurnal variation and significant correlation of temperature
differences between the different models suggest that the cyclic mode has the potential to
replace the traditional mode. According to Figure S1, the observed value after cooling for
30 min has the same diurnal variation and significant correlation with the actual value. The
observed value overestimates the actual value by less than 10%, which can be used as a
substitute for the natural temperature difference. We judge the feasibility of heating time by
the relation with the temperature difference value of the traditional mode. When corrected
for the natural temperature gradient, the error can be substantially reduced, especially in
dry and sparse environments [41]. The calibration equation for the cyclic heating mode
was also reported to improve the estimation accuracy of Abies alba Mill., a conifer species
with low sap flow [42]. The single needle intermittent heating can also avoid the natural
temperature difference, and the relevant research results showed that it can significantly
improve the estimation accuracy [43]. The results of subsequent studies on single-needle
cyclic heating probes also confirmed this point of view [44,45].

Cyclic heating mode can also reduce heat damage to stems. Probe insertion causes
wound effects to the plant that produce hormones and biochemical reactions, change the
anatomical structure of the plant stem, and reduce thermal conductivity around the wound.
The wound effect is a biochemical process that can be exacerbated by prolonged heating
of the probe. This results in decreased probe sensitivity, as shown by a gradual decrease
in the sap flow rate [46,47]. In long-term positioning observations of sap flow, researchers
found that the sap flow rate in the second year of probe insertion was 30%–45% lower than
in the first year [48]. Relevant studies found that the thermal damage caused by heating
the probe was further aggravated with the extension of measurement time [49]. Shortening
the heating time is undoubtedly the approach needed to slow down heat damage to the
tree trunk and to prolong the service life of the probe. Using the cyclic heating mode can
reduce thermal damage to the stem, making it suitable for long-term field observations.

The cyclic heating mode has two major disadvantages: one is the heating/cooling time
choice, and the other is that some of the time resolution is sacrificed. Stable temperature
differences between the probe needles ensure the quality of the sap flow rate calculation,
so the selection of heating and cooling time for cyclic modes is very important. If the
cycle period is too long, it will be affected by changes in the external environment, and
there are limitations associated with low data resolution and small data volume. If the
cycle period is too short, the thermal properties of wood are unstable, and the estimation
accuracy cannot be guaranteed. It is necessary to replace the natural temperature difference
with the temperature difference under cooling. It is not only necessary to consider the
heating time, but also to confirm the cooling time to ensure that the measured value only
includes the natural temperature difference. If a TDP needs to be associated with other
instrument data, such as from calibration experiments, reasonable selection should be made
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according to the instrument time resolution of the measured data and under conditions that
ensure accuracy. Researchers should consider limitations associated with the environment
and methods used to carry out specific calibration work [4]. It is recommended to select
15 min heating and 15 min cooling as the cycle period for calibration experiments on
artificial stems [22]. The research showed that the cycle timing not only met the precision
requirements, but also had the advantage of saving electricity. Their results were then
confirmed by a calibration study on in vitro stems, and the heating time was further
shortened to 10 min [24]. In simulating the sap flow rate of olive trees (diffuse-porous
wood), 10/20 heating mode single needle probe can be selected for observation, which
can track the change in transpiration well [21]. Our results showed that the calibration
equation for the 10/50 heating mode could not satisfy the accuracy requirements, and the
30/30 heating mode was selected as the best mode, although this result was different from
previous studies. This difference may be caused by different calibration methods and tree
species. The diameters of the vessels/tracheid were significantly correlated with water
conductivity, and water conductivity would increase with increasing diameter, which is the
main reason for the species specificity of sap flow [29,50].

In the TDP calibration experiment of a single probe, it was easier for the probe to reach
stability when the flow rate was faster. In this study, the time to reach stability under the
condition of high flow was shorter than the time to reach stability under low flow [21]. We
found that the temperature difference between the probes of S. matsudana was more stable
than the temperature difference between the probes of P. bungeana under the cyclic heating
mode, and this finding may be a result of the larger water conductivity of the diffuse-porous
species than that of the conifer species. Therefore, species will inevitably affect the optimal
heating/cooling time and should be selected and tested prior to application. Both the
accuracy of measurement and the time resolution should be considered.

4.3. The Uncertainty of Outcome

Our results are based on a probe and scaled up to whole tree transpiration using a
correction equation. However, this method can produce uncertainty and errors which
are unavoidable. Previous studies have shown that the sap flow is not evenly distributed
in the sapwood of the stem, especially in the ring-porous species, due to differences in
the diameter and density distribution of the vessel [36]. This spatial variation is mainly
manifested in the radial and axial directions in practical applications [29]. The researchers
claimed that adding multiple sets of probes of different lengths, or selecting probes with
an appropriate length, were ways to avoid radial variation and improve accuracy [51].
The axial variation is due to the sap flow heterogeneity caused by the adaptation of wild
growth to the environment in different directions, especially radiation and moisture. Many
researchers choose to use young trees as experimental materials, or to add probes in
different directions. Therefore, in order to reduce this uncertainty, P. bungeana and S.
matsudana trees with more uniform distribution of conduits and sapwood width close
to probe length were selected for the experiment. In order to compare the estimation
capabilities of different modes of probes, the probes were positioned in the same direction
of the stem and were staggered under the first branch height to avoid axial-heterogeneity
and heat source crossing. For the temperature difference in Figure 2, axial variation is the
cause of the difference, but this effect is small compared with that of heat conduction.

Transpiration is an important component in the water cycle. TDP is the most widely
used method for estimating single tree transpiration. However, there are still some un-
certainties to be resolved. In the future, when using TDP to calculate transpiration of
whole trees, it is better to make the following points: (1) pay attention to the radial and
axial variation of sap flow and accurately push the point data of TDP upward to surface,
(2) determine and remove the influence of natural temperature difference, and (3) establish
or use species-specific equations.
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5. Conclusions

This study found the original sap flow equation greatly underestimated transpiration
rate in two tree species. Cyclic heating mode is an effective way to consider the effect of
natural temperature differences on sap flow estimation. The fitting and verification of the
calibration equations showed that accurate observations of sap flow rate for the two species
were obtained with the 30/30 cyclic heating mode. Compared with the original equation,
the calibration equations Fd = 0.0264K0.738 (R2 = 0.67) and Fd = 0.0722K1.113 (R2 = 0.60)
better simulated the sap flow rate of P. bungeana and S. matsudana, thereby dramatically
improving estimation accuracy. It should be noted that the calibration equations obtained
by using whole-tree weighing in the calibration experiment are more suitable for the
climatic conditions of the calibration experiment site. In other cases where there is a lack of
high/low sap flow data, estimation accuracy will be affected.

Supplementary Materials: Supplementary material associated with this article can be found in the
online version at https://www.mdpi.com/article/10.3390/f13111964/s1. Figure S1: The diurnal
dynamic of TA (actual temperature difference of reference probes) and T0(temperature difference at
the end of cooling stage of the test probes) of Pinus burgeana(a) and Salix matsudana(b). Dots and
shade represent mean values and standard deviations calculated from five days, respectively. The
relationship between TA with T0 in Pinus burgeana(c) and Salix matsudana(d).
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