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Abstract: Thermal dissipation probe (TDP) method (Granier, 1985) is widely used to estimate tree
transpiration (i.e., the water evaporated from the leaves) because it is simple to build, easy to install,
and relatively inexpensive. However, the universality of the original calibration has been questioned
and, in many cases, proved to be inaccurate. Thus, when the TDP is used in a new species, specific
tests should be carried out. Our aim was to propose a new method for improving the accuracy of TDP
on trees in the field. Small hazelnut trees (diameter at breast height 5 cm) were used for the experiment.
The response of TDP sensors was compared with a reference water uptake measured with an electronic
potometer system provided with a high precision liquid flow meter. We equipped three stems where
we measured the sap flow density, the sapwood area (by using fuchsine), the total tree water uptake
(reference), and the main meteorological parameters during summer 2018. Results confirmed that
the original Granier’s calibration underestimated the effective tree transpiration (relative error about
—60%). We proposed a new equation for improving the measurement accuracy within an error of
about 4%. The system proposed appeared an easier solution compared to potted trees and particularly
suitable for orchards, thus contributing to improve the irrigation management worldwide.
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1. Introduction

Methods for estimating the sap flow in trees are widely used in the ecological and agronomic
context because the amount of water that flows though the stem is assumed equivalent to the water
transpired by leaves. Compared to leaf-based measurements, all techniques based on sap flow provide
continuous measurements that can be automatically collected and up-scaled to the whole stand [1,2].
Several methodologies to measure sap flow have been proposed, such as the heat pulse velocity [3],
the thermal dissipation proposed by Granier [4] and the heat field deformation [5]. Among these,
the thermal dissipation method (TDP) is the most common, mainly because probes are easy to install
and to build, they require low energy supply and are relatively inexpensive [6]. Moreover, it was
proved that with self-made sensors, the required budget is further reduced, still achieving good
performance compared to the commercial sensors [7]. For all these reasons, TDP was widely tested
in forest stands as well as in orchard contexts. Especially in productive orchards, the main aim was
to find the best tradeoff between irrigation input and yield, involving fruit trees, such as almond [8],
mango [9], peach [10], olive [11] and apple. Indeed, the sap flow monitoring can be used for irrigation
design based on plant necessities [10]. However, while a species-specific calibration is essential to
obtain a reliable outcome of sap flow and quantify the water uptake in tree plantations, still TDPs are
rarely calibrated for the specific species.
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Granier [4] performed an empirical calibration for the TDP system, thus deriving sap flow density
(Fd) as:
Fd = ak™® (1)

In this equation k = (AT0-AT)/AT, where AT is the temperature difference between the two probes
(the heated vs. the reference one), AT0 is the maximum temperature difference (i.e., the condition
corresponding to zero flow) and b = 1.231. Depending on the constant a, the unit that defines Fd
can assume several dimensions (i.e., for a = 4.284, dm®-dm~2-h~!). Although the original calibration
experiment [4] involved few species (Pseudotsuga menziesii (Mirb.), Pinus nigra (Arnold) and Quercus
pendunculata (Ehrh.)), Granier et al. [12] asserted that the TDP technique was species independent.
Indeed, for some diffuse wood species, the Granier’s outcome was generally confirmed [6,13-19].
However, in many other cases, standard Granier’s equation of the TDP system resulted inaccurate.
Many studies reported a relevant underestimation of the real sap flow density [1,13,20-32]. The causes
might be related to anatomical (e.g., heterogeneity of vessels distribution), physiological (e.g., variation
of radial profile of sap flow), technical (e.g., sensor features and installation) or other methodological
aspects (e.g., calibration set-up). For all these reasons, probe calibration must be performed before
extensive use, as suggested by Smith and Allen [1] and Steppe et al. [26].

A number of studies exist about different calibration methods for TDPs. A simple method consists
in comparing the TDP records with the difference in weight loss of potted plants or shoots [9,33,34].
This method is probably the easiest to implement. However, especially on large potted trees where
the total mass reaches up to 700 kg (sum of soil, pot, roots, and all above ground mass), the relative
mass variation due to evapotranspiration is minimal (from 10 to 50 g) [34] and large errors can be
introduced even with a precise balance. Alternatively, the test on TDPs occurs with the gravimetric
method, i.e., the application of a volume of water that is forced to flow into cut wood segments by
positive pressure [4,23,26]. The application of sub-atmospheric pressure to small wood segments was
also used as a calibration option [18,35]. Still, all cut-stem method with either positive or negative
pressure, create a highly artificial setting that is far from the real condition of a tree by removing all
the leaves and partitioning the stem tissues. Because the sap flow moves along a gradient of negative
pressure from the soil to the atmosphere that is leaves-driven, it would be ideal to test the system in a
context that is as close as possible to the field conditions without segmenting the hydraulic path as
in the cut-stem. The “whole tree” potometric system, i.e., the whole above-ground part of the tree,
responds to these requirements. The potometric system was widely used with herbaceous plants or
twigs on which semi-automated records can be collected [33,36,37]. The potometer for TDP calibration
was adapted for whole aboveground trees in broadleaves and conifers few times [38,39]. However,
in these studies, the variation of water volume to be compared with TDPs remained at a low record
frequency (every 30 min or even not mentioned). Often, the water uptake by trees is measured by the
water needed to restore a predefined value, which does not provide any information on the flow rate
dynamic. Low accuracy of records remains an issue in field experiments where visual quantification of
water loss from tanks is more widely used. Indeed, high-resolution balances remain expansive devices
and not easy to use for field experiments.

This work aims at performing an accurate calibration test for Granier’s TDP in the field on a tree
species of commercial interest, maintaining the calibration setting as close as possible to the natural
hydraulic transport conditions. For the calibration, we installed a whole-tree potometric system
connected with a high precision flow meter that provided continuous measures at the same time with
TDPs. As a test species, we selected the hazelnut (Corylus avellana L.), a diffuse-porous species, which is
greatly expanding in the cultivated area because the fruits are very requested both as healthy food
and in the confectionery industry. We hypothesize that it is possible to provide a correction factor for
the original Granier’s equation to provide a more accurate estimation of tree transpiration. This new
relationship might be easily used for managing more precisely the irrigation scheduling and thus
achieving optimization of water resources.
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2. Materials and Methods

2.1. Study Area

The study was carried out on two mature individuals of Corylus avellana L. growing in the
countryside (site A) and in a mountain woodland area (site B) of Veneto region (NE Italy), respectively
in the province of Treviso (45°5304”” N, 12°05’27"" E) and Belluno (46°24’05"" N, 12°21’58"" E). Both sites
are located in areas where the species regenerates naturally at an altitude of 150 and 650 m a.s.l. Trees
showed their natural multi-stem habit: About 3—4 m tall and with 8 to 10 stems at the base. The first
individual was part of a natural hedgerow, while the second was included in a mixed stand of maple
(Acer pseudoplatanus L.), ash (Fraxinus excelsior L.) and beech (Fagus sylvatica L.). The climatic conditions
between the sites differ mainly in terms of temperatures, with annual averages between 12.2 and 7.6 °C
in the lower and higher altitude respectively. The annual precipitations are slightly more abundant in
site A (1038 mm year~!) compared to site B (952 mm year!).

The experimental test took place during summer 2018 in order to take advantage of the highest
vapor pressure deficit of the atmosphere (VPD), which is the main driver for sap flow. The test was
repeated three times on three different stems in the two sites. The first test occurred on site A at the
end of June (day 177) on a stem with a diameter of 55 mm and 4.5 m in height. We repeated the test on
site B in mid-July (day 198) and at the end of August (day 240), on two stems selected from a second
plant (diameters 54 and 52 mm, 4.5 and 4.3 m tall, respectively).

2.2. Experimental Set Up

2.2.1. The Granier’s TDP

On each stem, we installed two TDPs (2 mm-long) in opposite positions. The Granier’s system
consists of two needle-shaped probes (originally 20 mm-long), both incorporating a fine wire T-type
thermocouple. Each thermocouple sensing tip is placed in the middle of the probe length. Externally,
the probes are provided with a coil winding of an insulated resistance constantan wire (copper-nickel
alloy). Although in many works this distance was changed [27,39], we decided to keep it at 10 cm
to avoid underestimation of sap flow [40]. Before to insert the sensors in the stem, their windings
are inserted in a metal sleeve shaped as an aluminum micro-tube, 2 mm in diameter [41] that makes
the thermal exchange with the wood more uniform. When the system is operative, the upper probe
is permanently heated (power 0.2 W) with a constant current. The energy due to the Joule effect
is dissipated by convection and conduction at a heated probe surface, in relation to the sap flow
amount. The temperature difference (AT) between the probes, reaches the highest value when the
sap flow (Fd) is zero and progressively decreases when the water uptake increases. The sensors were
installed at a distance of 10 cm to avoid possible mutual thermal interference. For stems with relatively
small diameter, we can consider that the two sampling points might represent the variability of flow
around the stem circumference with minimum alteration of the conductive area. Indeed, the azimuthal
variation of sap flow variation is, in general, measured by using two [42,43] to four probes [44,45] in
relation to stem diameter. In small stems (diameter <8-10 cm) as in our case, two probes in opposite
sides (i.e., North and South aspect) are enough [46-48] thus limiting the error below 10% [49]. Moreover,
we placed the probes relatively near to the living crown, where the azimuthal variability is even
reduced [50,51]

2.2.2. Potometer and Liquid FLOW Meter

The response of TDP sensors was simultaneously compared with the reference sap flow
representing the effective stem water uptake. The reference sap flow was measured by applying the
potometric technique using an electronic system (Figure 1). The monitored stem was excised at the
base and immersed in a deionized water reservoir 5 L capacity (cross section of 3.5 dm?). The reservoir
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was connected with a plastic pipe (Figures 1-3) to a second jug. Both water reservoirs were placed on a
flat platform and covered with a plastic film to prevent superficial evaporation.

According to the communicating vessels principle, the depletion in the volume of water (V) in
the first jug, caused by the transpiration activity, produces an equal variation of water level (dh) in
both reservoirs. The variation of water volume (4V1) in the first jug promotes a flow (dV,) that moves
through the connection pipe from the second jug. Therefore:

Vt=dVy + dVy = dhAy + dhAyp 2)

where Aw; and Aw, are the cross-sections of jugs 1 and 2, respectively. The relation between the
transpired water Vt and the flow 4V, that is measured with the flow meter, is:

Awl

w2

Vt = dv, ( + 1) @3)

We used two identical jugs with the same basal area Aw, but the jug 1 has a lower water volume
because of the stem. Hence, taking into account the stem cross-sectional area S,, the Equation (3)
turns into:
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Figure 1. Experimental setup: (1) Potometer with the first water reservoir, (2) porous layer, (3) second
water reservoir, (4) connection pipe, (5) high precision flow meter sensor, (6) sap flow sensors, (7) data
acquisition system, (8) temperature and relative humidity sensor.

Day 177 Day 198 Day240 | 44

Fd, dm3 dm-2 h-1

Hour of the day Hour of the day Hour of the day

Figure 2. Average sap flow densities from two probes per tree in day 177, 198, and 240 of summer 2018.
Bars represent the standard error. VPD (hPa) appears in the background.
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Figure 3. Reference sap flow density (black line), original thermal dissipation probe (TDP) output,
Granier’s equation (red line), corrected TDP output, corrected equation (green line) and VPD (grey
line), for the three performed tests.

To measure the real-time variation of water flow, we installed in the connecting pipeline a high
precision liquid flow meter (Figure 1, component (5), Sensirion, mod. SLQ-QT500, Staefa, Switzerland).
This sensor covers the flow range between —120 mL min~! and +120 mL min~!, has a fast response time
down to 50 ms and high sensitivity and accuracy down to the lowest flow (Figure S1). It is designed to
monitor flows in alcohols, solvents, oil, fuel or adhesives, and it is highly recommended to measure
fluids with high viscosity. However, because of its micro-thermal measures and large inner diameter,
the measurement performance does not depend on the viscosity itself. Indeed it is particularly suitable
where small changes in flows must be detected such as in large diameter pipes [52], or xylem sap
movements which flow velocity is estimated to be on average 4 mm-s~! [53]. The sensor has a very low
power consumption (104 mW, current drain 6 mA) and can be connected via USB cable to PC for the
real-time monitoring and data collection with dedicated software. Alternatively, it can be connected to
a data logger. In this case, an analog cable interface provides an output voltage with 12-bit resolution
that corresponds to the measured flow rate. By default, the analog output is set to 5 V at no-flow,
0V for negative max flow and 10 V for positive max flow. Whether the output voltage exceeds the
input range of the datalogger, a voltage divider (whether homemade or commercial, i.e., VDIV 10.1
Campbell Scientific, Inc., Logan, UT, USA) could easily solve the problem.

The connection to the SLQ-QT500 is established by directly connecting to the sensor 1/4” outer
diameter (OD) Teflon™ tubing embedded in the sensor. A variety of suitable fittings, connectors,
and unions is available from different suppliers. Most connectors for 1/4” OD plastic tubing will work.
The exact type is determined by the user, depending on the specific application. The flow meter has
been robustly engineered to ensure the internal Teflon™ tubing to a Quartz interface. This provides
a dependable seal without using any additional adhesives or gasket sealing materials. This tightly
integrated design prevents any disassembly without damaging internal components.

In all trials, the potometric measurements occurred a few days after the installation of TDP sensors
in order to verify that the TDP response was steady and regular. Before cutting the stem, the mother
plant was irrigated during the night to obtain full hydration. The selected stem was also tied with
ropes to the surrounding stems to keep it stable after the cutting procedure. We excised the stem before
sunrise when the sap flow is negligible in order to reduce the risk of vessels cavitation. The stem cut
occurred in a few seconds using a manual saw, then the stem was quickly transferred into the water
reservoir. The potometer system was installed right close to the stump to preserve the original position
of the stem. This allowed also for easy self-support of the sample, which crown wedged in the rest of
the living branches. The experimental protocol was repeated on each of the three stems.
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2.2.3. Meteorological Parameters

In addition to the sap flow, we also measured the air temperature and the relative humidity
using a digital relative humidity and temperature probe (Campbell sci., mod. CS215). The sensors
were installed right above the tree crown to get the real atmospheric conditions. A summary of these
parameters is reported in Table 1.

Table 1. Environmental conditions during the sampling days (177: 26 June; 198: 17 July; 240: 28 August)
in summer 2018. Precipitation is the sum of all events during the season. Minimum, mean and maximum
daily temperature (T °C), relative humidity (RH%) and vapor pressure deficit of the atmosphere (VPD).

T (°C) RH (%) VPD (hPa)
Min Mean Max Min Mean Max Min Mean Max

177 14.10 20.18 25.60 46.00 71.56 85.50 0.75 7.87 17.31
198 12.83 18.12 23.94 54.82 80.18 97.80 0.46 4.71 13.43
240 10.70 16.86 23.43 48.16 76.71 96.10 0.53 5.58 14.93

Day

All the employed sensors were connected to a data acquisition system (CR1000 Datalogger,
Campbell Scientific, Inc., Logan, UT, USA) with a recording frequency of 30 s. The data storage
frequency was of 5 min computed as the average of 12 values.

2.2.4. Model Fitting and Daily Sap Flow Calculation

We derived from the TDP row data the k value of Equation (1). This value was compared with the
output of the real sap flow density from the liquid flow meter in order to find the corrected values of
coefficients a and b of Equation (1). To provide a representative model for all the samples we followed
the approach that assumes as the best fitting model curve that with the lowest root mean square error
(RMSE) and the highest Willmott index of agreement (D) between the corrected and the reference
sap flow. D is a standardized measure of the degree of model prediction error and it is defined by
Equation (5):

Ty (Xi— Pi)®

D=1- — —
2?21(|Xi— Y| +]|vi- Y() 2

©)

It describes the relative co-variability of X and Y about an estimate of the ‘true’ mean Y. A value
of 1 indicates a perfect match, and 0 indicates no agreement at all [54].

The daily sap flow calculation was used to compare in the three days the real water uptake from
the potometer, the original Granier’s equation (Fd) and the corrected equation (Fd.). Thus, the mean
daily value of these sap flow densities (dm3-dm~2-h~!) has been multiplied by the sapwood area (dm?)
and by 24 h.

2.2.5. Conductive Sapwood Area

To estimate the sapwood area during the experiment we perfused the stem with a 0.05% aqueous
solution of Acid Fuchsin (CAS 3244-88-0, Sigma-Aldrich, Saint Louis, MO, USA), on the base of the
protocol described by Sano et al. [55]. At the end of every experimental session, the stem was sectioned
at the insertion of the heated probe of the TDP, and the section was scanned. Finally, the sapwood
area was measured analyzing the images with the freeware Image]J software (Rasband, W.S., Image],
U. S. National Institutes of Health, Bethesda, MD, USA). In order to have comparable measurements
with the TDP system, we scaled the potometer data (i.e., the total stem water uptake) to the sap flow
density dividing them by the sapwood area. We assumed that the sap flow density was homogeneous
around the circumference: The assumption should be realistic due to the relatively small size of the
measured stems.
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3. Results

3.1. Comparing TDP Outputs and Liquid Flow Meter

Our tests were performed during days with different atmospheric evaporative demand for testing
the calibration in a wide range of conditions (i.e., from zero to 2 dm3.dm=2h1). (Figures 2 and 3).

TDP output (both from original Granier’s equation and corrected) exhibited a well-synchronized
response with the reference sap flow, i.e., the measurements of water uptake derived by the flow meter
(Figure 3). The best synchronization between TDP outputs and reference flow is optimized within a
time lag < 5 min (r> = 0.991, see also Table 2), while it worsens gradually with lags > 5 (e.g., 1? = 0.975,
lag > 5 min; r? = 0.952, lag > 10 min).

Table 2. Statistical indicators of Granier’s (Fd) and model performance (Fd.) as compared to the
reference sap flow density, in terms of root of the mean square error (RMSE), mean absolute error
(MAE), coefficient of determination r?, Willmott index of agreement (D) and slope of regression (m).

Fd Equation N RMSE  MAE 2 D m
Fd 623 0.064 0.54 0.986 0.705 0.403
Fd, 623 0.13 0.1 0.991 0.995 0.995

When the standard factors a and the exponent b proposed by the Granier’s calibration were used,
the underestimation of the sap flow density measured with the TDP clearly emerged from the deviation
from the linear correlation between the volume of water derived by the potometer and the term k of
Equation (1) (Figure 4). The sap flow density estimated using Granier’s equation (yellow line) is correct
only when k < 0.2. For higher values of k, the factors a4 and b caused an underestimation compared to
the real water flow in all sampled trees.
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Figure 4. Relationship between k Equation (1) and reference sap flow density (RSD: Black dots: Day
177; grey dots: Day 198; white dots: Day 240). The red line is the species-specific calibrated model
Equation (5), the yellow line represents the original Granier calibration.

Considering the data of all trees together, we derived a fitting curve to estimate the sap flow
density (Figure 4, red line) modifying the original coefficients a and b of Granier’s Equation (1).
Thus, we obtained the following fitting equation for the corrected sap flow density (Fd,):

Fd, = 13.86 k% (6)
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The performance of the new calibration is summarized in Tables 2 and 3 where main statistics and
daily total relative errors on sap estimation are reported. Statistical indicators in Table 2. confirmed the
goodness of the fitting between estimated and reference sap flow density from the potometer. Root
mean square error (RMSE) and mean absolute error (MAE) were relatively small, while coefficient of
determination (r?) and Willmott index of agreement (D) were very high and the slope of regression
was almost 1 (0.995). Figure 5 shows the relationship between the reference sap flow density, and both
the sap flows calculated with the Granier’s equation and the corrected one.

Table 3. Daily sap flow and relative errors of corrected original equation.

Day 177 Day 198 Day 240

Measured liters by flow meter 6.63 2.82 5.77
Estimated liters by Granier’s equation 2.43 1.3 2.30
Estimated liters by corrected equation 6.37 2.88 5.52

Relative error of Granier’s equation (¢%) -63.36 -54.04 -60.14
Relative error of corrected equation (¢%) -3.87 1.89 -4.29

O 04 08 12 16 2 24 28 32 36 0 04 08 12 16 2 24 28 32 36
RSD dm3dm2h! RSD dm*dm~?h!

Figure 5. Relationship between the reference sap-flow density (RSD, from liquid flow meter) and the

sap flow calculated with the Granier’s equation (Fd, left) and the new corrected equation (Fd, right).

Different colors show different stems at day 177 (red), 198 (green), 240 (blue).

In respect of the total daily sap flow (Table 3), the potometer accounted 6.63, 2.82 and 5.77 L
respectively on day 177, 198 and 240, while the corrected equation estimated 6.37, 2.88 and 5.52 L.
Granier’s equation exhibited a substantial relative error (¢%,), underestimating more than 60% of total
transpiration in the days with the highest VPD and about the 54% in the day (198) with less evaporative
demand. The corrected equation improved the estimation, with a little underestimation (around —4%)
on days with higher VPD (days 177 and 240) and a little overestimation (1.89%) in occasions of lower
transpiration (day 198).

The performance of the model is graphically reported in Figure 3. The reference (black line) and
the corrected (green line) sap flow, except for some few high peaks of sap flow density, overlap quite
well with the application of the new coefficients. Comparing the new corrected output with the original
TDP (red line), we notice an evident improvement.

3.2. Estimation of the Sapwood Area

In all the three stems, the entire wood section was colored by the perfused fuchsine transported
with the sap flow to the leaves. Along the radial profile, rings show only little differences in coloration
intensity (Figure 6). However, since the TDP covered the entire radial length, we are confident that the
sensors averaged out this small variability.
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Figure 6. Transversal section of one of the stems perfused with a 0.05% aqueous solution of Acid
Fuchsine. The whole area appeared active and around 25% was constituted of parenchymatic rays
(white stripes).

4. Discussion

We have described the application of a high precision liquid flow meter for low flows applied to
a whole-tree potometer in order to calibrate TDP. This allowed us to propose a new species-specific
correction factor for hazelnut, which increases markedly the reliability of the TDP for this species.
The calibration can be easily applied for any species of interest.

We developed a model based on the corrected Granier’s equation by manipulating the coefficients
a and b Equation (1). The model resulted in having a satisfactory performance because the sap flow
density estimation error was very low (<4%). Nevertheless, the corrected equation can be considered
appropriate for temperate regions. Indeed, we validated the model in a range of values of k values
Equation (5) not higher than 0.4, i.e., for a maximum sap flow density of about 2 dm3-dm=2-h~!.
In warmer/drier climates where this threshold might be overcome, the model reliability could not be
tested because of the mean tree size of samples and the relatively low vapor pressure deficit of the
atmosphere in our sites. For these reasons, such calibration would need to be improved for higher
k values.

The potometer applied to the whole aboveground biomass is probably the one that most respects
the natural conditions of the tree hydraulics, conserving the leaf area and the stem hydraulic path
intact with respect to the real micro-meteorological factors. This technique removes possible sources of
errors common to the cut stem calibration method that may induce lower TDP records when positive
or negative pressure is applied [34]. At the same time, the use of the liquid flow meter was the most
precise backup measure of transpiration in terms of record frequency and water volume quantification.
The liquid flow meter revealed to be very sensitive to external disturbances (i.e., vibration induced by
wind). Nevertheless, we obtained a stable signal that did not present spikes or undefined oscillations,
which might be explained by the fact that our sample trees were growing in the understory of the
forest in a semi-protected environment. Additionally, the sensor proved to be highly user-friendly in
terms of electronic interfacing and hydraulic installation. No leakages have been reported in the joints.
Still, in the potometric approach, some limitations exist. In general, the negative pressure driven by
atmospheric conditions cannot be controlled as in the laboratory, unless a large climatic chamber is
predisposed. As in many other calibration methods with cut stems, the risk of cavitation of xylematic
vessels during the cutting phase remains an unknown bias, although we handled it by cutting the base
of the stem for 15 more centimeters in order to exclude possible damaged tissues. Using the whole-tree
potometer, the water source was applied to the entire wood section.
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Although the TDP system showed a good response time compared to the reference, also in this
species, the original Granier’s equation for the TDP confirms to be not fully reliable. Our experiment
confirmed that also in C. avellana, as in many other broadleaves, the TDP method produces an
underestimation of the sap flow density from 54 to 63% with respect to the reference sap flow measured
with the potometer. These results are completely coherent with the observation of Steppe el al. [26],
who also tested the TDP on other broadleaves. Indeed, the degree of underestimation observed in their
study was a TDP underestimation of 60% compared to the gravimetric method on trunk segments of
Fagus grandifolia (Ehrh.). Fuchs et al. [35] found a lower underestimation of TDPF, about 40%, obtained
with the calibration on cut stem with negative pressure. Differences in the underestimation esteems
may lie in the different calibration methodologies that use either positive or negative pressure to
generate artificial flow in cut-stem calibrations. Still, Fuchs et al. [34] suggest some causes for the
underestimation of TDP related to calibration methods: Leakages (positive pressure) or soaked water
(negative pressure) can respectively decrease TDP temperature and increase the insulation of tissues
around the TDP (wounded tissues or cavitation that decrease thermal dissipation). The effect is to
induce artificially lowered sap flow recorded by probes. However, the cause for the underestimation
of TDP is still not entirely disclosed, while the importance of defining the actual conductive sapwood
surface remains a crucial issue to make the TDP output comparable to the real water uptake. The wood
anatomy of hazelnut may have played an important role in the effectiveness of the TDP system.
Indeed, about 25% of the sapwood area resulted in not being conductive due to an abundant presence
of wide (0.5-1 mm) parenchyma rays (Figure 6). Furthermore, because hazelnut is classified as a
semi-ring-porous to diffuse-porous species [56], the wood anatomy presents a scattered distribution
of vessels on the transversal section. This might be the reason behind the original TDP calibration
failure [13] in which the equation fails when part of the probe is in contact with non-conductive xylem.
Indeed, these anatomical characteristics of hazelnut explain why the coloration with dye resulted in
being homogeneous, but at the same time, we noticed some differences in the records of the two TDPs
on the same stem (Figure 3). Indeed, some TDPs might have partially intercepted a parenchyma ray.
Despite that, the averaged measures of TDP records on each stem remained well correlated with the
reference flow showing to represent the general trend of the section (Figure 3).

The main cause for the general underestimation of TDPs may be related to the uneven radial profile
of sap flow, i.e., the steeper the radial velocity gradient of sap flow, the higher the underestimation
of the probes [13]. The differences in the radial conductivity of the xylem depend on many factors:
Wood anatomy [57] cavitation and senescence [58] as well as differences in canopy conductivity [59].
Therefore, to improve the quality of TDP measure a species-specific characterization on sap flow radial
profile shall be performed for hazelnut.

We can conclude that the calibration with the potometer applied to the whole aboveground tree
mass and the liquid flow meter is a valid method to adjust the TDP equation and it can be applied on
most tree species with small (4.5 cm to fit the TDP minimum length) to medium diameters (20-25 cm).
The only limitation for tree size remains the possibility to secure the tree standing during the cut and
the calibration period. The system is also closer to the natural condition of growth compared to the cut
stem method. Furthermore, compared to calibration with potted trees on a balance, this system avoids
the preparation of pots with many years in advance for the experiment and can be applied with a
portable system in the forest without the support of a lab nearby. This allows to maintain the sampled
trees in their original growing condition. In this way, the corrective equation for TDP could be used for
a variety of tree species in orchards where a precise quantification of water needs is required. In these
contexts, a species-specific and accurate calibration remains a paramount step to improve plantation
management. For this purpose, the potometer equipped with the liquid flow meter shows to be a
promising method to achieve reliable water consumption predictions and limit excess irrigation in the
agronomic sector.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/10/2419/s1,
Figure S1: The accuracy expressed in percent is reported with the flow rate unit (dm3-dm~2-h~2) for the sap flow
meter Sensirion, mod. SLQ-QT500. The accuracy test on the sensor is provided by the producer of the sensor,
while the figure and the scale were adapted to our case study.

Author Contributions: Conceptualization, G.P. and V.C.; data curation, G.P. and V.C,; funding acquisition, T.A.;
investigation, G.P,, V.C. and T.A.; methodology, G.P., V.C. and R.M.; supervision, T.A.; writing—original draft, G.P.
and V.C,; writing—review & editing, G.P. and T.A.

Funding: This research was funded with the contribution of the Hazelnut Company, Division of Ferrero Group.
Grant Number COM1601.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Smith, D.M,; Allen, S.J. Measurement of sap flow in plant stems. J. Exp. Bot. 1996, 47, 1833-1844. [CrossRef]
Cermak, J.; Kugera, J.; Nadezhdina, N. Sap flow measurements with some thermodynamic methods,
flow integration within trees and scaling up from sample trees to entire forest stands. Trees 2004, 18, 529-546.
[CrossRef]

3. Marshall, D.C. Measurement of sap flow in conifers by heat transport. Plant Physiol. 1958, 33, 385-396.
[CrossRef] [PubMed]

4. Granier, A. Une nouvelle methode pour la measure du flux de seve brute dans le tronc des arbres. Ann. Sci.
For. 1985, 42, 193-200. [CrossRef]

5. Nadezhdina, N.; Vandegehuchte, M.W.; Steppe, K. Sap flux density measurements based on the heat field
deformation method. Trees 2012, 26, 1439-1448. [CrossRef]

6.  Braun, P; Schmid, J. Sap flow measurements in grapevines (Vitis vinifera L.) 1. Stem morphology and use of
the heat balance method. Plant Soil 1999, 215, 39-45. [CrossRef]

7. Davis, TW,; Kuo, C.-M,; Liang, X.; Yu, P-S. Sap flow sensors: Construction, quality control and comparison.
Sensors 2012, 12, 954-971. [CrossRef]

8.  Fuentes, S.; Mahadevan, M.; Bonada, M.; Skewes, M.A.; Cox, ].W. Night-time sap flow is parabolically linked
to midday water potential for field-grown almond trees. Irrigation Sci. 2013, 31, 1265-1276. [CrossRef]

9.  Lu, P; Chacko, E. Evaluation of Granier’s sap flux in young mango trees sensor. Agronomie 1998, 18, 461-471.
[CrossRef]

10. Gonzélez-Altozano, P; Pavel, EW.; Oncins, J.A.; Doltra, J.; Cohen, M.; Paco, T.; Massai, R.; Castel, J.R.
Comparative assessment of five methods of determining sap flow in peach trees. Agric. Water Manag. 2008,
95, 503-515. [CrossRef]

11.  Charfi Masmoudi, C.; Masmoudi, M.; Abid-Karray, ].; Mechlia, N. Ben Sap flow measurements in young olive
trees (Olea europaea L.) cv. Chétoui under Tunisian conditions. Sci. Hortic. 2011, 129, 520-527. [CrossRef]

12.  Granier, A.; Bobay, V.; Gash, J.H.C.; Gelpe, J.; Saugier, B.; Shuttleworth, W.J. Vapour flux density and
transpiration rate comparisons in a stand of Maritime pine (Pinus pinaster Ait.) in Les Landes forest.
Agric. For. Meteorol. 1990, 51, 309-319. [CrossRef]

13. Clearwater, M.].; Meinzer, EC.; Andrade, J.L.; Goldstein, G.; Holbrook, N.M. Potential errors in measurement
of nonuniform sap flow using heat dissipation probes. Tree Physiol. 1999, 19, 681-687. [CrossRef] [PubMed]

14. Do, E; Rocheteau, A. Influence of natural temperature gradients on measurements of xylem sap flow with
thermal dissipation probes. 2. Advantages and calibration of a noncontinuous heating system. Tree Physiol.
2002, 22, 649-654. [CrossRef] [PubMed]

15.  Ford, C.R;; McGuire, M.A.; Mitchell, R.J.; Teskey, R.O. Assessing variation in the radial profile of sap flux
density in Pinus species and its effect on daily water use. Tree Physiol. 2004, 24, 241-249. [CrossRef]

16. Gutiérrez, M.V.; Santiago, L.S. A comparison of sap flow measurements and potometry in two tropical
lowland tree species with contrasting wood properties. Rev. Biol. Trop. 2006, 54, 73-81. [CrossRef] [PubMed]

17.  Chu, C.R; Hsieh, C.I,; Wu, S.Y,; Phillips, N.G. Transient response of sap flow to wind speed. J. Exp. Bot. 2009,
60, 249-255. [CrossRef]

18. Bush, S.E.; Hultine, K.R,; Sperry, J.S.; Ehleringer, ].R.; Phillips, N. Calibration of thermal dissipation sap flow
probes for ring- and diffuse-porous trees. Tree Physiol. 2010, 30, 1545-1554. [CrossRef]


http://www.mdpi.com/1424-8220/19/10/2419/s1
http://dx.doi.org/10.1093/jxb/47.12.1833
http://dx.doi.org/10.1007/s00468-004-0339-6
http://dx.doi.org/10.1104/pp.33.6.385
http://www.ncbi.nlm.nih.gov/pubmed/16655154
http://dx.doi.org/10.1051/forest:19850204
http://dx.doi.org/10.1007/s00468-012-0718-3
http://dx.doi.org/10.1023/A:1004756002983
http://dx.doi.org/10.3390/s120100954
http://dx.doi.org/10.1007/s00271-013-0403-3
http://dx.doi.org/10.1051/agro:19980703
http://dx.doi.org/10.1016/j.agwat.2007.11.008
http://dx.doi.org/10.1016/j.scienta.2011.05.030
http://dx.doi.org/10.1016/0168-1923(90)90115-M
http://dx.doi.org/10.1093/treephys/19.10.681
http://www.ncbi.nlm.nih.gov/pubmed/12651324
http://dx.doi.org/10.1093/treephys/22.9.649
http://www.ncbi.nlm.nih.gov/pubmed/12069921
http://dx.doi.org/10.1093/treephys/24.3.241
http://dx.doi.org/10.15517/rbt.v54i1.14000
http://www.ncbi.nlm.nih.gov/pubmed/18457177
http://dx.doi.org/10.1093/jxb/ern282
http://dx.doi.org/10.1093/treephys/tpq096

Sensors 2019, 19, 2419 12 of 13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

Isarangkool Na Ayutthaya, S.; Do, E.C.; Pannengpetch, K.; Junjittakarn, J.; Maeght, J.L.; Rocheteau, A.;
Cochard, H. Transient thermal dissipation method of xylem sap flow measurement: Multi-species calibration
and field evaluation. Tree Physiol. 2010, 30, 139-148. [CrossRef]

Lundblad, M.; Lagergren, E,; Lindroth, A. Evaluation of heat balance and heat dissipation methods for
sapflow measurements in pine and spruce. Ann. For. Sci. 2003, 58, 625-638. [CrossRef]

Bovard, B.D.; Curtis, P.S.; Vogel, C.S.; Su, H.-B.; Schmid, H.P. Environmental controls on sap flow in a
northern hardwood forest. Tree Physiol. 2005, 25, 31-38. [CrossRef] [PubMed]

Tatarinov, F.A.; Kuéera, J.; Cienciala, E. The analysis of physical background of tree sap flow measurement
based on thermal methods. Meas. Sci. Technol. 2005, 16, 1157-1169. [CrossRef]

De Oliveira Reis, F; Campostrini, E.; de Sousa, E.F; Silva, M.G.E.S. Sap flow in papaya plants: Laboratory
calibrations and relationships with gas exchanges under field conditions. Sci. Hortic. 2006, 110, 254-259.
[CrossRef]

Silva, R.M.; Pago, T.A.; Ferreira, M.L; Oliveira, M. Transpiration of a kiwifruit orchard estimated using the
granier sap flow method calibrated under field conditions. Acta Hortic. 2008, 792, 593—-600. [CrossRef]
Taneda, H.; Sperry, ].S. A case-study of water transport in co-occurring ring—Versus diffuse-porous trees:
Contrasts in water-status, conducting capacity, cavitation and vessel refilling. Tree Physiol. 2008, 28, 1641-1651.
[CrossRef]

Steppe, K.; De Pauw, D.J.W.; Doody, T.M.; Teskey, R.O. A comparison of sap flux density using thermal
dissipation, heat pulse velocity and heat field deformation methods. Agric. For. Meteorol. 2010, 150,
1046-1056. [CrossRef]

Waullschleger, S.D.; Childs, KW.; King, A.W.; Hanson, PJ. A model of heat transfer in sapwood and
implications for sap flux density measurements using thermal dissipation probes. Tree Physiol. 2011, 31,
669-679. [CrossRef] [PubMed]

Niu, E; Roll, A.; Hardanto, A.; Meijide, A.; Kohler, M.; Hendrayanto; Holscher, D. Oil palm water use:
Calibration of a sap flux method and a field measurement scheme. Tree Physiol. 2015, 35, 563-573. [CrossRef]
Chan, A.M.; Bowling, D.R. Assessing the thermal dissipation sap flux density method for monitoring cold
season water transport in seasonally snow-covered forests. Tree Physiol. 2017, 37, 984-995. [CrossRef]
[PubMed]

Mei, T.; Fang, D.; Roll, A.; Holscher, D. The influence of bamboo culm water content on sap flux measurements
with thermal dissipation probes: Observations and modeling. Trees 2018, 32, 441-451. [CrossRef]

Xie, J.; Wan, X. The accuracy of the thermal dissipation technique for estimating sap flow is affected by the
radial distribution of conduit diameter and density. Acta Physiol. Plant. 2018, 40, 88. [CrossRef]

Peters, R.L.; Fonti, P.; Frank, D.C.; Poyatos, R.; Pappas, C.; Kahmen, A.; Carraro, V.; Prendin, A.L.; Schneider, L.;
Baltzer, ].L.; et al. Quantification of uncertainties in conifer sap flow measured with the thermal dissipation
method. New Phytol. 2018, 219, 1283-1299. [CrossRef]

Van Leperen, W.; Madery, H. A new method to measure plant water uptake and transpiration simultaneously.
J. Exp. Bot. 1994, 45, 51-60. [CrossRef]

McCulloh, K.A.; Winter, K.; Meinzer, F.C.; Garcia, M.; Aranda, J.; Lachenbruch, B. A comparison of daily
water use estimates derived from constant-heat sap-flow probe values and gravimetric measurements in
pot-grown saplings. Tree Physiol. 2007, 27, 1355-1360. [CrossRef]

Fuchs, S.; Leuschner, C.; Link, R.; Coners, H.; Schuldt, B. Calibration and comparison of thermal dissipation,
heat ratio and heat field deformation sap flow probes for diffuse-porous trees. Agric. For. Meteorol. 2017, 244,
151-161. [CrossRef]

Sheriff, D.W. A new apparatus for the measurement of sap flux in small shoots with the magnetohydrodynamic
technique. J. Exp. Bot. 1972, 23, 1086-1095. [CrossRef]

McDonald, A.J.S,; Jordan, J.R,; Ford, E.D. An automated potometer. J. Exp. Bot. 1981, 32, 581-589. [CrossRef]
Knight, D.H.; Fahey, T.].; Running, S.W.; Harrison, A.T.; Wallace, L.L. Transpiration from 100-yr-old lodgepole
pine forests estimated with whole-tree potometers. Ecology 1981, 62, 717-726. [CrossRef]

Sun, H.; Aubrey, D.P,; Teskey, R.O. A simple calibration improved the accuracy of the thermal dissipation
technique for sap flow measurements in juvenile trees of six species. Trees 2012, 26, 631-640. [CrossRef]
Ilida, S.; Tanaka, T. Effect of the span length of Granier-type thermal dissipation probes on sap flux density
measurements. Ann. For. Sci. 2010, 67, 408-417. [CrossRef]


http://dx.doi.org/10.1093/treephys/tpp092
http://dx.doi.org/10.1051/forest:2001150
http://dx.doi.org/10.1093/treephys/25.1.31
http://www.ncbi.nlm.nih.gov/pubmed/15519983
http://dx.doi.org/10.1088/0957-0233/16/5/016
http://dx.doi.org/10.1016/j.scienta.2006.07.010
http://dx.doi.org/10.17660/ActaHortic.2008.792.70
http://dx.doi.org/10.1093/treephys/28.11.1641
http://dx.doi.org/10.1016/j.agrformet.2010.04.004
http://dx.doi.org/10.1093/treephys/tpr051
http://www.ncbi.nlm.nih.gov/pubmed/21743059
http://dx.doi.org/10.1093/treephys/tpv013
http://dx.doi.org/10.1093/treephys/tpx049
http://www.ncbi.nlm.nih.gov/pubmed/28549168
http://dx.doi.org/10.1007/s00468-017-1641-4
http://dx.doi.org/10.1007/s11738-018-2659-y
http://dx.doi.org/10.1111/nph.15241
http://dx.doi.org/10.1093/jxb/45.1.51
http://dx.doi.org/10.1093/treephys/27.9.1355
http://dx.doi.org/10.1016/j.agrformet.2017.04.003
http://dx.doi.org/10.1093/jxb/23.4.1086
http://dx.doi.org/10.1093/jxb/32.3.581
http://dx.doi.org/10.2307/1937740
http://dx.doi.org/10.1007/s00468-011-0631-1
http://dx.doi.org/10.1051/forest/2009128

Sensors 2019, 19, 2419 13 of 13

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

Lu, P; Miiller, W.J.; Chacko, E.K. Spatial variations in xylem sap flux density in the trunk of orchard-grown,
mature mango trees under changing soil water conditions. Tree Physiol. 2000, 20, 683-692. [CrossRef]
Delzon, S.; Sartore, M.; Granier, A.; Loustau, D. Radial profiles of sap flow with increasing tree size in
maritime pine. Tree Physiol. 2004, 24, 1285-1293. [CrossRef]

Nourtier, M.; Chanzy, A.; Granier, A.; Huc, R. Sap flow measurements by thermal dissipation method using
cyclic heating: A processing method accounting for the non-stationary regime. Ann. For. Sci. 2011, 68,
1255-1264. [CrossRef]

Tsuruta, K.; Kume, T.; Komatsu, H.; Higashi, N.; Umebayashi, T.; Kumagai, T.; Otsuki, K. Azimuthal
variations of sap flux density within Japanese cypress xylem trunks and their effects on tree transpiration
estimates. J. For. Res. 2010, 15, 398-403. [CrossRef]

Shinohara, Y.; Tsuruta, K.; Ogura, A.; Noto, E; Komatsu, H.; Otsuki, K.; Maruyama, T. Azimuthal and radial
variations in sap flux density and effects on stand-scale transpiration estimates in a Japanese cedar forest.
Tree Physiol. 2013, 33, 550-558. [CrossRef] [PubMed]

Daum, C.R. A Method for Determining Water Transport in Trees. Ecology 1967, 48, 425-431. [CrossRef]
Fichtner, K.; Schulze, E.D. Xylem water flow in tropical vines as measured by a steady state heating method.
Oecologia 1990, 82, 355-361. [CrossRef] [PubMed]

Oren, R.; Phillips, N.; Ewers, B.E.; Pataki, D.E.; Megonigal, ].P. Sap-flux-scaled transpiration responses to
light, vapor pressure deficit, and leaf area reduction in a flooded Taxodium distichum forest. Tree Physiol. 1999,
19, 337-347. [CrossRef]

Chiu, C.-W.; Kume, T.; Komatsu, H.; Tseng, H.; Wey, T.-H.; Otsuki, K. Seasonal changes of azimuthal, radial,
and tree-to-tree variations in sap flux affect stand transpiration estimates in a Cryptomeria japonica forest,
central Taiwan. J. For. Res. 2016, 21, 151-160. [CrossRef]

Kostner, B.; Granier, A.; Cermak, J. Sapflow measurements in forest stands: Methods and uncertainties.
Ann. Sci. For. 1998, 55, 13-27. [CrossRef]

Loustau, D.; Domec, J.-C.; Bosc, A. Interpreting the variations in xylem sap flux density within the trunk
of maritime pine (Pinus pinaster Ait.): Application of a model for calculating water flows at tree and stand
levels. Ann. Sci. For. 1998, 55, 29-46. [CrossRef]

@vstebe, M. Development of a Thermal Based Flow Measurement Technique for Very Low Flow Velocities.
Master’s Thesis, University of Stavanger, Stavanger, Norway, 2016.

Taiz, L.; Zeiger, E. Water Balance of Plants. In Plant Physiology; Sinauer Associates: Sunderland, MA, USA,
2002; p. 53, ISBN 0878938230.

Willmott, C.J. On the validation of models. Phys. Geogr. 1981, 2, 184-194. [CrossRef]

Sano, Y.; Okamura, Y.; Utsumi, Y. Visualizing water-conduction pathways of living trees: Selection of dyes
and tissue preparation methods. Tree Physiol. 2005, 25, 269-275. [CrossRef] [PubMed]

Crivellaro, A.; Schweingruber, FH. Introduction. In Atlas of Wood, Bark and Pith Anatomy of Eastern
Mediterranean Trees and Shrubs; Springer: Berlin/Heidelberg, Germany, 2013; pp. 1-2.

Berdanier, A.B.; Miniat, C.E; Clark, ]J.S. Predictive models for radial sap flux variation in coniferous,
diffuse-porous and ring-porous temperate trees. Tree Physiol. 2016, 36, 932-941. [CrossRef] [PubMed]
Tyree, M.T.; Zimmermann, M.H. Xylem Structure and the Ascent of Sap; Springer: Berlin/Heidelberg, Germanny,
2002; ISBN 3662049317.

Hernandez-Santana, V.; Ferndndez, J.E.; Rodriguez-Dominguez, C.M.; Romero, R.; Diaz-Espejo, A.
The dynamics of radial sap flux density reflects changes in stomatal conductance in response to soil
and air water deficit. Agric. For. Meteorol. 2016, 218, 92-101. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1093/treephys/20.10.683
http://dx.doi.org/10.1093/treephys/24.11.1285
http://dx.doi.org/10.1007/s13595-011-0065-3
http://dx.doi.org/10.1007/s10310-010-0202-0
http://dx.doi.org/10.1093/treephys/tpt029
http://www.ncbi.nlm.nih.gov/pubmed/23640874
http://dx.doi.org/10.2307/1932677
http://dx.doi.org/10.1007/BF00317483
http://www.ncbi.nlm.nih.gov/pubmed/28312711
http://dx.doi.org/10.1093/treephys/19.6.337
http://dx.doi.org/10.1007/s10310-016-0525-6
http://dx.doi.org/10.1051/forest:19980102
http://dx.doi.org/10.1051/forest:19980103
http://dx.doi.org/10.1080/02723646.1981.10642213
http://dx.doi.org/10.1093/treephys/25.3.269
http://www.ncbi.nlm.nih.gov/pubmed/15631975
http://dx.doi.org/10.1093/treephys/tpw027
http://www.ncbi.nlm.nih.gov/pubmed/27126230
http://dx.doi.org/10.1016/j.agrformet.2015.11.013
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Area 
	Experimental Set Up 
	The Granier’s TDP 
	Potometer and Liquid FLOW Meter 
	Meteorological Parameters 
	Model Fitting and Daily Sap Flow Calculation 
	Conductive Sapwood Area 


	Results 
	Comparing TDP Outputs and Liquid Flow Meter 
	Estimation of the Sapwood Area 

	Discussion 
	References

