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Abstract

Removal of heat losses from the measuring point is one of the crucial issues
during processing of data from the sap flow sensors, including the trunk heat balance
method (THB). Heat losses (here referred to as ‘baseline’) are usually estimated at the
time of presumably no sap flow. Three main issues may decrease the accuracy of the
estimation of baseline: (i) existing sap flow in the night, which did not stop due to
ongoing night transpiration or xylem refilling, (ii) natural temperature gradients
between heated and reference part of the measuring point, and (iii) long-time (i.e.
seasonal) changes in the heat losses due to stem growth or changes in the stem heat
conductivity. Therefore, neither the estimation of baseline each night, nor its
estimation as a lowest value in a specific (i.e. 2-week period) provide the correct result.
Experienced users may be able to estimate the baseline manually (taking into
consideration i.e. vapor pressure deficit) but this is a subjective and lengthy approach.
Here we present an automated baseline subtraction based on the Exponential Feedback
Weighting method. This method considers the nighttime sap flow, but it also removes
outliers due to natural temperature gradients. We compared various averaging
intervals of this method for the removal of baseline, from one day (i.e. estimation at
every night) to 28 days in 1-day increments, estimation at the beginning and at the end
of the season and manual subtraction by user (considering the weather data). Best
results were provided by the 5-days weighting average, which was closest to the manual
subtraction, and also provided enough flexibility for changes in baseline due to changes
in the stem heat conductance.
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INTRODUCTION

Trunk heat balance method (THB) (Cermak et al., 2004; Kucera et al.,, 1977) belongs to
the group of heat balance methods (Cermak et al., 1973; Sakuratani, 1981) of sap flow
measurements. Heat balance methods provide accurate estimates of the volumetric water
flow (Schulze et al.,, 1985; Urban et al., 2012) and do not require a species- and site-specific
calibration. In line, trunk heat balance method has been used to calibrate other (i.e. heat
dissipation) sensors in the field (Klein et al., 2014; Lundblad et al., 2001). Main reasons for
the high accuracy of the trunk heat balance method are (Tatarinov et al., 2005): (i) direct
heating of the xylem by the electric current which avoids conduction of heat between metallic
heater (i.e. needle) and the xylem makes the THB method accurate for large flows, making it
suitable for measurements even on the ring porous species, (ii) measurement of the large
volumes of the xylem, which makes the method robust against circumferential heterogeneities
in the sap flow, (iii) averaging the radial profile of the entire sapwood by the large and highly
heat-conductive stainless steel plates inserted into the sapwood, which provides one integral
value of the sap flow for the entire sap wood profile. Furthermore, recent improvements on
the method, such as maintaining constant temperature difference between the heated and the
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reference part of the measuring point, made the THB methods power efficient and improved
sensitivity and response time to the fast changes in the sap flow (Kucera and Urban, 2012).

Crucial for the accuracy of the estimation of sap flow by THB method is removal of
dissipative heat losses from the measuring point (further referred to as ‘baseline
subtraction’). The sap flow (Q) is calculated from the heated power as:

P A

- (1)

cy*dT*d Cw

Q:

where P is an input power, dT is a temperature difference between heated part of the
measuring point and surrounding xylem, d is the width of measured segment, c, is a specific
heat of water and A is the heat loss from the measuring point. All the above-mentioned
variables are physically defined constants or they are automatically measured, except A, which
is estimated during the data processing. The A is usually estimated as the amount of heat
needed to maintain constant dT when no sap flow occurs. Often, the lowest value from the
previous night is subtracted (Langensiepen et al., 2014). But naturally, zero flow does not
occur every night since the trees transpire in the night upon non-zero vapor pressure deficit
(VPD) (Kavanagh et al., 2007; Zeppel et al,, 2012) or the water storage compartments do not
completely refill at night (Cermak et al., 2007; Goldstein et al., 1998). Therefore, lowest sap
flow value in a longer time period or more complicated methods based on the night minimal
VPD are used (Hoelscher et al., 2018). However, temperature gradients within the measuring
point occurring only in some nights dampens the accuracy of estimation of the heat losses (Do
and Rocheteau, 2002). Therefore, the lowest sap flow value in a longer period may
underestimate the real heat losses and overestimate the real sap flow. The temperature
gradients in the night probably stem from the axial gradient of air temperature combined with
varying radial thermal conductance of xylem between heated and a reference part of the stem.
Because they differ among the trees and even within a single stem, there is no simple way to
correct them during the measurement. The effect of the natural temperature gradients on the
measured sap flow is highest at night and it decreases with increasing sap flow in the day
(Figure 8 in Tatarinov et al,, 2005) (Figure 1). In line, the error of estimation of the sap flow in
the day caused by natural temperature gradients is lower than their effect on the baseline. It
follows that the baseline value shall be estimated for the long time period, but the lowest value
of the heat loss may be influenced by natural temperature gradients which do not as much
affect the estimate of day flows. At the same time, the baseline may stay the same for the entire
vegetation season, but sometimes it may also have increasing or decreasing trends due to
long-time changes in the stem heat conductance.

The perfect method to estimate the baseline shall therefore (i) accounts for the night
sap flows, (ii) allows for the seasonal increasing or decreasing trend in the baseline and (iii)
minimizes the effect of occasionally occurring temperature gradients on the baseline. Here we
present an automated method of baseline subtraction based on Exponential Feedback
Weighting algorithm which aims to fulfill all three above-mentioned criteria. We aim that the
method will automatically remove the baseline while retaining the night sap flow (i.e. avoiding
underestimations from identifying the heat losses on a day-to-day basis) but avoiding
overestimation caused by incorrect consideration of the natural temperature gradients.

MATERIALS AND METHODS

The description of procedure of Exponential Feedback Weighting method

Exponential Feedback Weighting takes into account sap flow value each day at 4:00 am
(shown as Yt in Equation 3). Such values are smoothed using exponential moving average
(EMA) with the alpha factor computed as shown in Equation 2 using N=5 (optional). All past
values have a non-zero weight, however the sum of weights of N newest values is 99.9% of the
total weight. Subsequent sap flow base value at time t is calculated from Yt and previous sap
flow base value St-1 as shown in Equation 3.
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Figure 1. An example of diurnal curves of sap flow of the individual trees from the European
beech stand. Two selected trees are indicated by the thick line and color transpire
similar amounts of water per unit of stem circumference but the baseline (night
heatloses) of only one of them is affected by the natural temperature gradient. Note
that, unlike the baseline, the daily maximums remain unaffected.

Field measurements

The stand under study is located in the Czech Republic in the Ore Mountains near the
German border, close to the village of Nacetin (50°35’'26”N, 13°15’14”E). The average annual
temperature is 7.1°C, and average annual precipitation is 1110 mm (2005-2017). The
dominant soil type is dystric cambisol. The beech stand is situated at an elevation of 823 m
a.s.l. and is composed predominantly of European beech trees (Fagus sylvatica) that are
approximately 140 years old. We selected this particular site for the demonstration, because
the effect of natural temperature gradients on baseline was particularly large, comparing to
most of the sites and trees in our database. Also, importantly, as we demonstrate in Figure 1
the effect of temperature gradients on the baseline differed between the trees.

Eight trees with diameters ranging from 32 to 52 cm were selected for sap flow
measurements. We used the segment trunk heat balance (THB) method (Cermdk et al., 1973,
2004). The sap flow sensors (EMS-51A, EMS Brno, Czech Republic) were installed at breast
height, one on each of trees and covered with a reflective weather shield. The voltage outputs
of the sensors were registered by the data logger (Railbox V16, EMS Brno, Czech Republic) at
one-minute intervals, and 10-min averages were stored in the memory. Sap flow and stem
increment were measured for the entire vegetation season in 2019.

Removal of baseline by various methods

Heat loses from the measuring point (baseline) were removed by automated and
manual means. The automated way used the above described Exponential Feedback
Weighting method. We used averaging intervals (parameter N in Equation 2) of 1 day (no
averaging, the baseline was estimated every day as the power input at 4 am), 3, 5 and 28 days.
Manual removal of the baseline was done by an experienced user based on a subjective
decision, supported by the current weather data, especially vapor pressure deficit. User
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decided on baseline level based on nights when VPD approached zero. Effect of stem refilling
on baseline was estimated by comparing long-term rainy periods with nights when VPD was
zero. Baseline in other trees in the forest stand was considered, too. Due to all these
considerations, albeit subjective, the manually determined baseline was used as a reference
for automatic baseline subtractions. All analysis was done in Mini32 software (EMS Brno,
Czech Republic). We analyzed data for entire season 2019, which we present in Figure 2 and
in Table 1. Diurnal curves of sap flow in Figures 1, 3, 4 and 5 are demonstrated on a shorter
period from 25 to 30 June 2019, when the baseline of some trees was affected by unusually
large natural temperature gradients and when also the nights with non-zero vapor pressure
deficit occurred.

Table 1. Absolute values of differences between each of the four averaging intervals of
automated baseline subtraction and a manual method. Differences are expressed as
absolute sap flow value and as a percentualage difference compared to the daily
mean sap flow of 0.55 kg cm-! day-! (i.e. variation coefficient).

Description Variation coefficient Average difference
(%) (kg cm'' day-")
1 day average 5.04 0.0277
3 day average 3.22 0.0177
5 day average 291 0.0160
28 day average 5.72 0.0315
14
—— 1 day residual
—— 3 day residual

5 day residual
—— 28 day residual
—— Sap flow

Sap flow (kg em’” day'1)

Figure 2. Differences between daily sums of sap flow estimated using four different
averaging intervals of automated baseline subtraction (i.e. residuals) and sap flow
estimated using manual baseline subtraction. Data are compared to the total sum
of sap flow (kg cm! of stem circumference day-1).

RESULTS AND DISCUSSION

Air temperature within the trial period where we demonstrate diurnal curves of sap
flow, from 25 June to 30 June 2019, varied between 9.6 to 32.6°C with an average 21°C (Figure
3). Air humidity varied between 16 and 100%. The days were almost cloudless (except the
morning of 28 June) and without precipitation.

The heat losses (i.e. the lowest recorded value of sap flow before baseline subtraction
at 4am) from the sap flow measuring point in the night were similar in all trees in the
beginning and at the end of the trial period but differences between the trees increased in the
middle of the period (Figure 1). While the baseline in most of the trees remained similar, in
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some trees decreased. It indicated occurrence of natural temperature gradients (Do and
Rocheteau, 2002) which affected the heat losses and decreased the energy needed to maintain
constant temperature difference between the heated and the reference part of the measuring
point.
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Figure 3. Weather data from the trial period (same period as in the Figure 1): Penman-
Monteith based reference evapotranspiration (ETo), vapor pressure deficit (VPD),
and air temperature.

Various averaging methods accounted for the variation in the baseline in different ways
(Figure 4). Within the trial period with large changes in baseline, the closest to the manual
removal, with 1% underestimation of the sap flow was the 5-days averaging method (Figure
5, Table 2), which is also the recommended averaging period in the Mini32 software. The
highest underestimation of 3% was achieved with the 1-day averaging. Also, the longest
interval of averaging, 28 days, underestimated the sap flow by almost 3% indicating that some
flexibility in the estimation of baseline is desired due to seasonal changes in the heat losses
from the heated part of the stem due to changes in stem heat conductance. Results for the
entire vegetation season 2019 were similar to the short period (Figure 2, Table 1). The lowest
differences between automated and manual baseline removal were found for the 5-day
averaging period and largest for the one and 28 day long averaging periods.

To conclude, automated Exponential Feedback Weighting method removed heat losses
from the data with similar accuracy as an experienced user. The recommended averaging
period for the removal of the baseline is ca. 5 days. Selection of too short period removes part
of existing night fluxes. On the other hand, too long averaging interval lacks the flexibility to
describe short-term changes in heat losses.

Table 2. Table of regression parameters and coefficients of correlation between sap flow with
manually subtracted baseline and various averaging periods used for automated
Exponential Feedback Weighting method. Data are depicted in the Figure 4. The
equation y=B*x is used.

# B R? Average length (day)
1 0.971913 0.987254 1
2 0.987016 0.996376 g
g 0.990993 0.99818 5
4 0.972132 0.998455 28
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Figure 4. Effect of various averaging intervals used for the Exponential Feedback Weighting
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method used to subtract the baseline from the sap flow in European beech. From
the top: averaging intervals of 1 day (i.e. estimation of baseline on the day-to-day
basis), 5 days (which is used in the standard mode in the Mini32 software for
processing of the THB sap flow data), and the straight line for entire period of
baselining. For illustrative purposes (because the baseline is estimated based on
the long period), we show longer period than in the Figures 1, 3 and 5, from 18 June
to 10 July 2019, when unusually large variation in the baseline occurred.
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Figure 5. Comparison of effect various averaging intervals (1, 3, 5 and 28 days) of the
automated baseline removal and manual removal based on the decision of user,
considering night vapor pressure deficit, on the estimated sap flow of the tree from
the Figures 1 and 4. Inset shows correlation between manual subtraction and
various automated estimations of baseline.

ACKNOWLEDGEMENT
This work was supported by the project 18-74-10048 from the Russian Science
Foundation and by the project IGA MENDELU LDF_PSV_2018003.

Literature cited

Cermadk, ], Deml, M., and Penka, M. (1973). A new method of sap flow rate determination in trees. Biol. Plant. 15
(3),171-178 https://doi.org/10.1007 /BF02922390.

Cermak, J., Kucera, J., and Nadezhdina, N. (2004). Sap flow measurements with some thermodynamic methods,
flow integration within trees and scaling up from sample trees to entire forest stands. Trees (Berl.) 18 (5), 529-
546 https://doi.org/10.1007 /s00468-004-0339-6.

Cermak, J., Kudera, ., Bauerle, W.L., Phillips, N., and Hinckley, TM. (2007). Tree water storage and its diurnal
dynamics related to sap flow and changes in stem volume in old-growth Douglas-fir trees. Tree Physiol. 27 (2),
181-198 https://doi.org/10.1093 /treephys/27.2.181. PubMed

Do, F, and Rocheteau, A. (2002). Influence of natural temperature gradients on measurements of xylem sap flow
with thermal dissipation probes. 1. Field observations and possible remedies. Tree Physiol. 22 (9), 641-648
https://doi.org/10.1093/treephys/22.9.641. PubMed

Goldstein, G., Andrade, ].L., Meinzer, E.C., Holbrook, N.M., Cavelier, ]., and Jackson, P. (1998). Stem water storage and
diurnal patterns of water use in tropical forest canopy trees. 397-406.

Hoelscher, M.T,, Kern, M.A., Wessolek, G., and Nehls, T. (2018). A new consistent sap flow baseline-correction
approach for the stem heat balance method using nocturnal water vapour pressure deficits and its application in
the measurements of urban climbing plant transpiration. Agric. For. Meteorol. 248, 169-176
https://doi.org/10.1016/j.agrformet.2017.09.014.

Kavanagh, K.L., Pangle, R, and Schotzko, A.D. (2007). Nocturnal transpiration causing disequilibrium between soil
and stem predawn water potential in mixed conifer forests of Idaho. Tree Physiol. 27 (4), 621-629
https://doi.org/10.1093/treephys/27.4.621. PubMed

Klein, T, Rotenberg, E., Cohen-Hilaleh, E., Raz-Yaseef, N., Tatarinov, F, Preisler, Y., Ogée, ], Cohen, S., and Yakir, D.
(2014). Quantifying transpirable soil water and its relations to tree water use dynamics in a water-limited pine
forest. Ecohydrology 7 (2), 409-419 https://doi.org/10.1002 /eco.1360.

Kucera, ], and Urban, J. (2012). History of the development of the trunk heat balance method in last forty years.
Acta Hortic. 951, 87-94 https://doi.org/10.17660/ActaHortic.2012.951.9.

Kucera, J., Cermak, ], and Penka, M. (1977). Improved thermal method of continual recording the transpiration
flow rate dynamics. Biol. Plant. 19 (6), 413-420 https://doi.org/10.1007 /BF02922976.

@ 87


https://doi.org/10.1007/BF02922390
https://doi.org/10.1007/s00468-004-0339-6
https://doi.org/10.1093/treephys/27.2.181
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17241961&dopt=Abstract
https://doi.org/10.1093/treephys/22.9.641
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=12069920&dopt=Abstract
https://doi.org/10.1016/j.agrformet.2017.09.014
https://doi.org/10.1093/treephys/27.4.621
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17242003&dopt=Abstract
https://doi.org/10.1002/eco.1360
https://doi.org/10.17660/ActaHortic.2012.951.9
https://doi.org/10.1007/BF02922976

Langensiepen, M., Kupisch, M., Graf, A,, Schmidt, M., and Ewert, F. (2014). Improving the stem heat balance method
for determining sap-flow in wheat. Agric. For. Meteorol. 186, 34-42
https://doi.org/10.1016/j.agrformet.2013.11.007.

Lundblad, M., Lagergren, E, and Lindroth, A. (2001). Evaluation of heat balance and heat dissipation methods for
sapflow measurements in pine and spruce. Ann. For. Sci. 58 (6), 625-638 https://doi.org/10.1051 /forest:2001150.

Sakuratani, T. (1981). A heat balance method for measuring water flux in the stem of intact plants. Nogyo Kisho 37
(1), 9-17 https://doi.org/10.2480/agrmet.37.9.

Schulze, E.-D., Cermak, ], Matyssek, M., Penka, M., Zimmermann, R., Vasicek, E, Gries, W,, and Kucera, ]. (1985).
Canopy transpiration and water fluxes in the xylem of the trunk of Larix and Picea trees - a comparison of xylem
flow, porometer and cuvette measurements. Oecologia 66 (4), 475-483 https://doi.org/10.1007/BF00379337.
PubMed

Tatarinov, FA. KucCera, ], and Cienciala, E. (2005). The analysis of physical background of tree sap flow
measurement based on thermal methods. Meas. Sci. Technol. 16 (5), 1157-1169 https://doi.org/10.1088/0957-
0233/16/5/016.

Urban, ]., Krofta, K., and Kucera, ]. (2012). Calibration of stem heat balance sensors upon a study of water balance
of the hop plantation. Acta Hortic. 951, 79-86 https://doi.org/10.17660/ActaHortic.2012.951.8.

Zeppel, M.].B.,, Lewis, ].D., Chaszar, B., Smith, R.A., Medlyn, B.E., Huxman, T.E., and Tissue, D.T. (2012). Nocturnal
stomatal conductance responses to rising [CO2], temperature and drought. New Phytol. 193 (4), 929-938
https://doi.org/10.1111/j.1469-8137.2011.03993.x. PubMed

88


https://doi.org/10.1016/j.agrformet.2013.11.007
https://doi.org/10.1051/forest:2001150
https://doi.org/10.2480/agrmet.37.9
https://doi.org/10.1007/BF00379337
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28310786&dopt=Abstract
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28310786&dopt=Abstract
https://doi.org/10.1088/0957-0233/16/5/016
https://doi.org/10.1088/0957-0233/16/5/016
https://doi.org/10.17660/ActaHortic.2012.951.8
https://doi.org/10.1111/j.1469-8137.2011.03993.x
https://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22150067&dopt=Abstract

	Automated exponential feedback weighting method for subtraction of heat losses from sap flow measured by the trunk heat balance method
	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	The description of procedure of Exponential Feedback Weighting method
	Field measurements
	Removal of baseline by various methods

	RESULTS AND DISCUSSION
	ACKNOWLEDGEMENT
	Literature cited

