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Abstract

Aims Thermal dissipation probes (TDP) have been extensively applied in studying forest transpiration. The
calculation accuracy of TDP data directly affects the precise quantification of water consumption of trees and
stands. Granier’s original equation (Fq = 0.0119K'*', Fy is the sap flux density (cm's™), K is the temperature
difference) coefficient is a standard method for calculating the data measured by TDP, but its accuracy is
questioned. The objective of this study is to systematically understand the applicability of Granier’s original
equation to Populus tomentosa and clarify the need for calibration.

Methods With P. tomentosa as the experimental material, this study used the stem-weighing and the whole-tree
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potometer methods to evaluate the accuracy of Granier’s original equation for different types of TDP probes, and
compared the applicability of equations calibrated by various methods.

Important findings Compared with the values measured by the stem-weighing method, the sap flux density
calculated by Granier’s original equation was underestimated by 52.3%-61.4% on average. The calibrated
equations by the stem-weighing method and the whole-tree potometer method were Fg= 0.0362K'*" and Fy =
0.0105K*"", respectively. The calibrated equation by one method produced a large deviation when applied to
calculate the sap flux density measured by other methods. Relative to the values estimated by Granier’s original
equation, the average sap flux density of seven field-grown trees calculated using the whole-tree potometer
calibrated equation did not change significantly, but that calculated using the equations calibrated by the
stem-weighing method or in other studies became significantly larger. Compared with the sap flux density
measured by the whole-tree potometer method, the calculation precision of Granier’s original equation is
considerably higher than that of other calibrated equations, and its relative average absolute error and root mean
square error were 10% and 0.000 5 cm-s ', respectively. In addition, the coefficients of the calibrated equation
differed greatly across different trees, but their values were negatively correlated with the length ratio of the probe
inserted into the water conducting sapwood. To sum up, it may be necessary to calibrate original Granier’s
equation when applying TDP to measure sap flux density. However, the application effects of calibrated equations
by different methods varied considerably, indicating that the calibrated equations derived in previous studies have
great limitations. Meanwhile, this study did not find sufficient evidence to support the viewpoint that it is
necessary to use a calibrated equation for accurately estimate the sap flux density of P. tomentosa, especially
considering that no significant difference was observed when using the calibrated equation by the whole-tree
potometer method and Granier’s original equation to estimate the sap flux density of field-grown P. tomentosa.
Therefore, continued application of Granier’s original equation is recommended for this tree species.

Key words transpiration; water use; water relation; heat dissipation; poplar
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SEM95%LL E(Taiz & Zeiger, 2006). 1F NI
HE IR, 28 A R A B R A R,
1 535 B AR 4 R 3 7K 43P i RO AR A1 TR 5% 17
SN . [RJI, 280 o K o MR AR 2 R SR [ K
A EEB A, bR R 1 60%-80%
(Jasechko et al., 2013; Schlesinger & Jasechko, 2014;
Wei et al., 2017). 2ERBIA A HF40.612hm, £
R MO TEI AR 11/3 (31%) (FAO, 2020), H &R
TP E R IR KA PR R 4 e 4 BRI 2R 7 bk
1525 22 < B B (1)1 F (Jasechko et al., 2013; Fricke,
2019). FEHHRALARARERS, TNIEZ E., 248E
RN FREARARK LN (Ouyang et al., 2021; Wang
et al., 2021), &R R R AR A 1 AR S AL
(Igbal et al., 2021; Li et al., 2021), $EALARAEBER
#L(Berja et al., 2016) LA J MR m] Rp 478 A (X
et al., 2017; Liu et al., 2022)$2 At e85 2., DR ik
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BRI T7E, AFKEFEE . R GIERRTE
4% (Kostner et al., 1992; Flo et al., 2019; Schwiirzel et
al., 2020). Hrh, FETHEARIBIRIER BA 2 M
P, ARG, & TS50, seds BhH fg A d s
NS E Y A A SIS R S LS, BORTE
AR 7 R B R T ARAR 20 il 500 100 07
(Komatsu et al., 2013; Fuchs et al., 2017; Liu et al.,
2022). FRYENE R AR, RE AT 2 bk
L P EOE RIS A = K (Granier, 1985;
Burgess €t al., 2001; Green et al., 2003; Nadezhdina,
2018). ANFIFiES A ER A, (Y BT Re LA
AR B TEE E HlTHRAS S DR HOROR AR
%t (thermal dissipation probe, TDP){/M #$AK BESEAL 4,
T BSR4 BRAR A YR AL WU 7 v s FH e A 3t ks 1Y) 7 V%
(Flo et al., 2019; Poyatos et al., 2021).
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SEHGT20214E10 H 1825 H k47 . fEMAM ik
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Tablel Basic information on the stems and their discs where the sap flux density was measured in the stem-weighing method experiment

LR HAE TARERET T (B A T AR SN R HAT /KB I A T AR

Stem number Diameter (cm)  Sensor type Disc area (cm?) Average sapwood depth (cm) Area of water conducting sapwood (cm®)
1 9.80 TDP-20, TDP-30 72.7 1.2 325

2 10.50 TDP-20, TDP-30 86.1 0.9 25.4

3 10.20 TDP-20, TDP-30 87.2 1.5 43.8

4 1091 TDP-20, TDP-30 97.6 1.9 54.8

5 11.20 TDP-20, TDP-30 103.3 1.2 389

6 12.00 TDP-20, TDP-30 111.9 1.1 36.6

7 11.80 TDP-30 106.8 0.8 25.0
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Fig. 1 Schematic diagram of the laboratory device used for the stem-weighing method.
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2£E%1 Stem 1 2£B¢2 Stem 2 2£E%3 Stem 3

2£E¥4 Stem 4

lcm lcm lcm
L —J —J
2B5 Stem 5 2£B¥6 Stem 6 2Bt7 Stem 7

B2 BAMAFRZBHOEIMETN. B OX I8 KA.

Fig. 2 Cross-section of different stem segments after dyeing of Populus tomentosa. The red area in the cross sections indicates

the water-conducting sapwood.
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Fig. 3 Comparison between the calculated sap flux density by Granier’s original equation and the actual sap flux density
measured with the stem-weighing method. R? and p values represent the linear regression results of stems with data points having
corresponding color.
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Fig. 4 Degree of underestimation for sap flux density predicted with Granier’s original equation and compared with the actual
value measured by the stem-weighing method.
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Fig.5 Calibrated equations for estimating sap flux density of Populus tomentosa using different methods.
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Fig. 6 Calibrated equations for estimating sap flux density of Populus tomentosa for different stem azimuth.
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Fig. 7 Relationship between the calibrated parameters of
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Fig. 8 Verification of Granier’s original equation and other calibrated equations of Populus tomentosa using the data of the
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Fig. 9 Verification of Granier’s original equation and other
calibrated equations of Populus tomentosa using the data of the
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M2, calibrated equation of stem-weighing method; the Aqua
points represent M3, calibrated equation of whole-tree
potometer method; M4, calibrated equation of Ma et al. (2020);
MS5, calibrated equation of Xie & Wan (2018).
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Fig. 10 Comparison of sap flux density predicted with Granier’s
original equation and other calibrated equations for field grown
Populus tomentosa. Different lowercase letters indicate a
significant difference at p <0.05, according to Tukey’s test. M1,
Granier’s original equation; M2, calibrated equation of
stem-weighing method; the Aqua points represent M3,
calibrated equation of whole-tree potometer method; M4,
calibrated equation of Ma et al. (2020); M5, calibrated equation
of Xie & Wan (2018).

GranierJZ 47 A3 ZEBHERIEA K. B Ei#55(2020)
K XieFWan (2018) I 1E 2> 20 it H 45 R URMAE 5>
BIN10% 92%- 78%F149%, RMSEZ) 7 240.000 5.
0.004 5. 0.002 2£10.002 3 cm-s '

www.plant-ecology.com

25 ARBREBEEKIELNHIN AERXT L
HE107] LA H, R AT BRERKIRES T
MARR, ARAXMITESEREREFT K. 5§
Granier JR U5 A XA E, BRI R SER IEA A4
WA REAAL, HHADK IEA X RAE A B3
e, JUHES R Q020) AR IEA X H 1
YW R B Granier J7 26 A 2 E 111 %,

3 itig

3.1 TDPIRETHIMEIRE

RETE R, 1§ I TDPERET I E MR &2 %
PR Z IR, QR AR AR e 8] )3
F45(Flo et al., 2019; Rafael et al., 2021). 1, B2
¥ Granier R 4R 2 70 H T TDPERE I & B8 11 H AR
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D) [F— 773 N 2R Bk BB R 25 23 98) 15 B 1AL IE
RE, R TG YR L, (AR T Al
JIE AT VAL 28 U B AR A O I 22 (18,

www.plant-ecology.com

K9, XA EEL 2015; Dix & Aubrey, 2021a; 55K H]
&, 2021); 2)FHARAF 78 A5 2 3 — AR AR I &
AR W AE H A 25 () R — R EAIE A, W R
2£(2020). XieHIWan (2018)(1) & I IE A AT
DA T2 H T A% IR VI 3 56 B A7 TR 4K iR 22
(K18, 19); 3)IA B 7t i 15 3 1R 1R A 2 HS FEE
B AR, QOHTSCRTIR, @ Py 2R Bk AR
WAEFER BN EARKZEAEARERKAES
THIARA AT I IR UEAME IE, B B AR 2595
POEIGAUE TR IE A S IE P, 50 H5os Ao s o
HH oK AR [F AR AR AN

4 g

I FH G B2 00 8 AR TR 2RI, BAR ] RE
A W EX Granier i 47 A AT IE, (HEARRKIES
VR UL AN [RIBIE 98 R 45 21 8 [R] — B Bl R AR IR 45 A 22
K, HAHFIE A B SR AR BOR 2 5,
KA BRI EA XN E AR KRR M. K,
A% BT B N A AL I T IE N NG, LR
I A B A AR I T P R B 7 R SR A RE
AREHER B A ST B AW, RFFREER
2 78 2 HUESE LS AL O H B ARE KRS
NEERAUE R, SRR R
ARCHIM A, JCH IS 7 18 B B 25 280k (s A
EAHYIFEK I 5 28 ML 7)1 2 06 R R )
E A R E A5 5 45 R 5 Granier J7 45 A 50
TREFEER. Fik, @S5 E%ENEEM LT
Granier[RIH A o AT FT 45 H 0] AMRAFIAR 53 FEIK
(PR TRE A SR BRIk 4 LR AN T VA 4

S 3k

Borja I, Svétlik J, Nadezhdin V, Cermak J, Rosner S, Nadezh-
dina N (2016). Sap flux—A real time assessment of health
status in Norway spruce. Scandinavian Journal of Forest
Research, 31, 450-457.

Burgess SSO, Adams MA, Turner NC, Beverly CR, Ong CK,
Khan AAH, Bleby TM (2001). An improved heat pulse
method to measure low and reverse rates of sap flow in
woody plants. Tree Physiology, 21, 589-598.

Bush SE, Hultine KR, Sperry JS, Ehleringer JR (2010). Calib-
ration of thermal dissipation sap flow probes for ring- and
diffuse-porous trees. Tree Physiology, 30, 1545-1554.

Clearwater MJ, Meinzer FC, Andrade JL, Goldstein G, Holb-
rook NM (1999). Potential errors in measurement of nonu-



BN T4 Granier [5G 2 SR TRGE R FE e — BB ARG 13

niform sap flow using heat dissipation probes. Tree Phy-
siology, 19, 681-687.

Dix MJ, Aubrey DP (2021a). Calibration approach and range of
observed sap flow influences transpiration estimates from
thermal dissipation sensors. Agricultural and Forest
Meteorology, 307, 108534. DOI: 10.1016/j.agrformet.
2021.108534.

Dix MJ, Aubrey DP (2021b). Recalibrating best practices,
challenges, and limitations of estimating tree transpiration
via sap flow. Current Forestry Reports, 7, 31-37.

FAO (2020). Global Forest Resources Assessment 2020: Main
Report. Food and Agriculture Organization of the United
Nations, Rome.

Flo V, Martinez-Vilalta J, Steppe K, Schuldt B, Poyatos R
(2019). A synthesis of bias and uncertainty in sap flow
methods. Agricultural and Forest Meteorology, 271, 362-
374.

Fricke W (2019). Night-time transpiration—Favouring growth?
Trendsin Plant Science, 24, 311-317.

Fuchs S, Leuschner C, Link R, Coners H, Schuldt B (2017).
Calibration and comparison of thermal dissipation, heat
ratio and heat field deformation sap flow probes for dif-
fuse-porous trees. Agricultural and Forest Meteorology,
244-245, 151-161.

Granier A (1985). A new method of sap flow measurement in
tree stems. Annales des Sciences Forestieres, 42, 193-200.

Green S, Clothier B, Jardine B (2003). Theory and practical
application of heat pulse to measure sap flow. Agronomy
Journal, 95, 1371-1379.

Igbal S, Zha TS, Jia X, Hayat M, Qian D, Bourque CPA, Tian
Y, Bai YJ, Liu P, Yang RZ, Khan A (2021). Interannual
variation in sap flow response in three xeric shrub species
to periodic drought. Agricultural and Forest Meteorology,
297, 108276. DOI: 10.1016/j.agrformet.2020.108276.

Jasechko S, Sharp ZD, Gibson JJ, Birks SJ, Yi Y, Fawcett PJ
(2013). Terrestrial water fluxes dominated by transpira-
tion. Nature, 496, 347-350.

Komatsu H, Shinohara Y, Nogata M, Tsuruta K, Otsuki K
(2013). Changes in canopy transpiration due to thinning of
a Cryptomeria japonica plantation. Hydrological Research
Letters, 7, 60-65.

Koéstner BMM, Schulze ED, Kelliher FM, Hollinger DY, Byers
JN, Hunt JE, McSeveny TM, Meserth R, Weir PL (1992).
Transpiration and canopy conductance in a pristine broad-
leaved forest of Nothofagus: an analysis of xylem sap flow
and eddy correlation measurements. Oecologia, 91, 350-
359.

Li DD, Liu JQ, Verhoef A, Xi BY, Hernandez-Santana V
(2021). Understanding the relationship between biomass
production and water use of Populus tomentosa trees
throughout an entire short-rotation. Agricultural Water
Management, 246, 106710. DOI: 10.1016/j.agrformet.

2020.106710.

Li GD, Fu FZ, Xi BY, Wang Y, Jia LM (2016). Study of
transpiration and water consumption of triploid Populus
tomentosa at individual tree and stand scales by using
thermal dissipation technology. Acta Ecologica Snica, 36,
2945-2953. [ 18, WD, WA, T, HEY
(2016). FET P HEHAR R =548 T AW R AR KRG 75
MEFEKE T, AR, 36,2945-2953.]

Li GD, Jia LM, Fu FZ (2014). Comparison on the whole-tree
water use of hybrid triploid of Chinese white poplar
between the whole tree potometer and thermal dissipation
probe. China Forestry Science and Technology, 28(5),
41-44. [ZF) 18, SIREW], BEE (2014). AFTFENE
AR O R S L. MO RHEIT R, 28(5),
41-44.]

Link RM, Fuchs S, Arias Aguilar D, Leuschner C, Castillo
Ugalde M, Valverde Otarola JC, Schuldt B (2020). Tree
height predicts the shape of radial sap flow profiles of
Costa-Rican tropical dry forest tree species. Agricultural
and Forest Meteorology, 287, 107913. DOI: 10.1016/j.
agrformet.2020.107913.

Liu JQ, Li DD, Fernandez JE, Coleman M, Hu W, Di N, Zou
SY, Liu Y, Xi BY, Clothier B (2022). Variations in water-
balance components and carbon stocks in poplar planta-
tions with differing water inputs over a whole rotation:
implications for sustainable forest management under
climate change. Agricultural and Forest Meteorology, 320,
108958. DOI: 10.1016/j.agrformet.2022.108958.

Liu QX, Meng P, Zhang JS, Gao J, Sun SJ, Ren YF (2013).
Calibration coefficients of Granier original formula based
on sap flow of Platycladus orientalis. Acta Ecologica
Sinica, 33, 1944-1951. [XIPSHT, diF, KENRL, wlg, 9
SR, AR (2013). T OARIAL ) W 5E X Granier
IR A RABHATRIE. AS2ER, 33, 1944-1951.]

Lu P, Woo KC, Liu ZT (2002). Estimation of whole-plant
transpiration of bananas using sap flow measurements.
Journal of Experimental Botany, 53, 1771-1779.

Ma CM, Zhang HH, Han Y, Meng QX, Zhang JS, Ma YJ
(2021). Error and correction formula of Granier’s original
formula to calculate the stem sap flux density of clone 107
poplar. Scientia Slvae Snicae, 57(3), 161-169. [Z+HH,
B, PR, KR, KRB, BEW (2021,
Granier 747 24 0N 52107 W W A0 IE B85 2 AR 22
BIEAR. MolkEl2E, 57(3), 161-169.]

Ma YJ, Wu PF, Wang X, Zhang JS, Yin CJ, Ma CM (2020).
Adaptability of Granier empirical formula in sap flow
measurement of Populus tomentosa based on whole tree
weighing method. Chinese Journal of Applied Ecology,
31, 1518-1524. [ Ky, R, TBE, k3, FE
B, LK (2020). £ T RFR E VL Granier & 5 2
B AW RN E FE . N AR, 31,
1518-1524.]

DOI: 10.17521/cjpe.2022.0321



14 HEYEA SR Chinese Journal of Plant Ecology 2023, 47 (3): 00-00

McCulloh KA, Winter K, Meinzer FC, Garcia M, Aranda J,
Lachenbruch B (2007). A comparison of daily water use
estimates derived from constant-heat sap-flow probe values
and gravimetric measurements in pot-grown saplings. Tree
Physiology, 27, 1355-1360.

Nadezhdina N (2018). Revisiting the Heat Field Deformation
(HFD) method for measuring sap flow. iForest, 11, 118-
130.

Niu JF, Xu Y, Peng YH, Chen YJ, Zhao P (2022). Small inac-
curacies in estimating narrow sapwood depth produce
large error in sap velocity corrections. Ecohydrology, 15,
€2409. DOI: 10.1002/ec0.2409.

Ouyang L, Wu J, Zhao P, Zhu LW, Ni GY (2021). Stand age
rather than soil moisture gradient mainly regulates the
compromise between plant growth and water use of Euca-
lyptus urophylla in hilly South China. Land Degradation
& Development, 32, 2423-2436.

Pasqualotto G, Carraro V, Menardi R, Anfodillo T (2019).
Calibration of granier-type (TDP) sap flow probes by a
high precision electronic potometer. Sensors, 19, 2419.
DOI: 10.3390/519102419.

Peters RL, Fonti P, Frank DC, Poyatos R, Pappas C, Kahmen
A, Carraro V, Prendin AL, Schneider L, Baltzer JL, Ba-
ron-Gafford GA, Dietrich L, Heinrich I, Minor RL,
Sonnentag O, Matheny AM, Wightman MG, Steppe K, €t
al. (2018). Quantification of uncertainties in conifer sap
flow measured with the thermal dissipation method. New
Phytologist, 219, 1283-1299.

Poyatos R, Granda V, Flo V, Adams MA, Adorjan B, Aguadé
D, Aidar MPM, Allen S, Alvarado-Barrientos MS, Ande-
rson-Teixeira KJ, Aparecido LM, Arain MA, Aranda I,
Asbjornsen H, Baxter R, et al. (2021). Global transpiration
data from sap flow measurements: the SAPFLUXNET
database. Earth System Science Data, 13, 2607-2649.

Rafael P, Victor G, Victor F, Adams MA, Balazs A, David A,
Aidar Marcos PM, Scott A, Susana ABM, Anderson
Kristina J, Maria AL, Altaf AM, Ismael A, Heidi A,
Robert B, et al. (2021). Global transpiration data from sap
flow measurements: the SAPFLUXNET database. Earth
System Science Data, 13, 2607-2649.

Schlesinger WH, Jasechko S (2014). Transpiration in the global
water cycle. Agricultural and Forest Meteorology, 189-
190, 115-117.

Schwirzel K, Zhang LL, Montanarella L, Wang YH, Sun G
(2020). How afforestation affects the water cycle in dry-
lands: a process-based comparative analysis. Global Change
Biology, 26, 944-959.

Smith DM, Allen SJ (1996). Measurement of sap flow in plant
stems. Journal of Experimental Botany, 47, 1833-1844.

www.plant-ecology.com

Steppe K, de Pauw DJW, Doody TM, Teskey RO (2010). A
comparison of sap flux density using thermal dissipation,
heat pulse velocity and heat field deformation methods.
Agricultural and Forest Meteorology, 150, 1046-1056.

Sun HZ, Aubrey DP, Teskey RO (2012). A simple calibration
improved the accuracy of the thermal dissipation technique
for sap flow measurements in juvenile trees of six species.
Trees, 26, 631-640.

Taiz L, Zeiger E (2006). Plant Physiology. 4th ed. Sinauer
Associates, Sunderland, USA.

Taneda H, Sperry JS (2008). 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 Physiology, 28, 1641-1651.

Wang HB, Li X, Xiao JF, Ma MG (2021). Evapotranspiration
components and water use efficiency from desert to alpine
ecosystems in drylands. Agricultural and Forest Meteoro-
logy, 298-299, 108283. DOI: 10.1016/j.agrformet.2020.
108283.

Wei ZW, Yoshimura K, Wang LX, Miralles D, Jasechko S, Lee
X (2017). Revisiting the contribution of transpiration to
global terrestrial evapotranspiration. Geophysical Research
Letters, 44, 2792-2801.

XiBY, Di N, Wang Y, Duan J, Jia LM (2017). Modeling stand
water use response to soil water availability and ground-
water level for a mature Populus tomentosa plantation
located on the North China Plain. Forest Ecology and
Management, 391, 63-74.

Xi BY, Wang Y, Di N, Jia LM, Li GD, Huang XF, Gao YY
(2012). Effects of soil water potential on the growth and
physiological characteristics of Populus tomentosa pulp-
wood plantation under subsurface drip irrigation. Acta
Ecologica Sinica, 32, 5318-5319. [J&4<EF, £, KEkE,
SUERW], 2O, BAEE, ik (2012). HREET
T KX B A AR AR A S A B R S AR
AR, 32, 5318-5329.]

Xie J, Wan XC (2018). The accuracy of the thermal dissipation
technique for estimating sap flow is affected by the radial
distribution of conduit diameter and density. Acta Physio-
logiae Plantarum, 40, 88.

Zhao XH, Zhao P, Zhou J, Zhang ZZ, Sun ZW, Zhong WC
(2015). Applicability evaluation of transpiration of five
bamboo species by using TDP (thermal dissipation probe)
method. Journal of Tropical and Subtropical Botany, 23,
567-575. [BF54, B, AMH, KKK, R, B3
H (2015). #A HGE(TDP)TESFAT T 28 6 FE K Il 5
(0 PR BAs 2 A R 2741, 23, 567-575.]

TEmZE R P TR W



BN T4 Granier [5G 2 SR TRGE R @ e r— BB AG 15

M1k AR R TDP-308REH M E B9 /&I R 3 Lk
Supplement Comparison of the sap flux density measured by TDP-30 probes made by different manufacturers
https://www.plant-ecology.com/fileup/1005-264X/PDF/cjpe.2022.00321-S1.pdf

0.010

0.008

0.006

0.004

0.002

@ e»oesp

0.010

0.008

W R Sap flux density (cm's™)

0.006

0.004

0.002

@ Dynamax/A F]# 4 TDP of Dynamax Inc
o JbEAHIEGEZ B4 TDP of Beijing Sinton Technology Company

BEHRBALE

Switch position

Q D

o a0
o

FER
Tree 1

RER2
Tree 2

06-04 06-05 06-06 06-07
H#(H - H) Date (month-day)

TDP, thermal dissipation preobes.

DOI: 10.17521/cjpe.2022.0321



