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Application of three heat pulse technique-based methods to determine the stem sap flow.
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Abstract; It is of critical importance to acquire tree transpiration characters through sap flow metho-
dology to understand tree water physiology, forest ecology and ecosystem water exchange. Tri-probe
heat pulse sensors, which are widely utilized in soil thermal parameters and soil evaporation meas-
urement, were applied to implement Salix matsudana sap flow density (V,) measurements via heat-
ratio method (HRM) , T-Max method ( T-Max) and single-probe heat pulse probe (SHPP) meth-
od, and comparative analysis was conducted with additional Grainer’ s thermal diffusion probes
(TDP) measured results. The results showed that, it took about five weeks to reach a stable mea-
surement stage after TPHP installation, V_ measured with three methods in the early stage after in-
stallation was 135%—220% higher than V_ in the stable measurement stage, and V, estimated via

s

HRM, T-Max and SHPP methods were significantly linearly correlated with V_ estimated via TDP
method , with R” of 0.93, 0.73 and 0.91, respectively, and R* for V, measured by SHPP and HRM
reached 0.94. HRM had relatively higher precision in measuring low rates and reverse sap flow.
SHPP method seemed to be very promising to measure sap flow for configuration simplicity and high
measuring accuracy, whereas it couldn’ t distinguish directions of flow. T-Max method had relatively
higher error in sap flow measurement, and it couldn’t measure sap flow below 5 ¢cm’ « em™ + h™"|
thus this method could not be used alone, however it could measure thermal diffusivity for calcula-
ting sap flow when other methods were imposed. It was recommended to choose a proper method or

a combination of several methods to measure stem sap flow, based on specific research purpose.
Key words: sap flow; heat-ratio method ( HRM ) ; T-Max method ( T-Max ) ; single-probe heat
pulse method (SHPP) ; Salix matsudana.
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Table 1 Main parameters of sample trees

WARGS  Mte  HMEE AMEER k& Tk

Tree No. DBH Sapwood  Sapwood Plant Canopy
(em) depth area height size

(em) (em?) (m) (mxm)

13.4 1.43 46.7 4.1 2.1x2.4

2 13.1 1.39 43.9 4.4 2.5%2.6
14.6 1.55 57.7 4.6 4.2x4.5
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Fig.1 Temperature difference dynamic of upper (AT} ), lower
(AT, ) and heating (AT},) probes under different sap flux den-
sities in a measurement period.

A Vogpp=0cm® - em™ « h™'y By V,qpp =15 em® - em™ - h7!; C.

V, pp =30 em® - em™ -« h™'. "F[A] The same below.

FELEATA 60 s I 7 ) 41 72 123 1 s ( R =
0.91) , P % FEA B o 7 11 60 s 2201 T30
i

x2 WREBI)SRRZFE(V,) NEEHEXES N
[V,=mlI(t)+n]

Table 2 Linear correlation analysis between flux index
1(t) and sap flux density V, [V, =ml(t)+n]

RN BL I MESH R?
Time of cooling Fitted parameter

period (s) m n

20 8483.4 -1018.4 0.677
30 5885.1 -536.8 0.864
40 4525.3 -337.0 0.896
50 3884.2 -246.1 0.908
60 3514.4 -194.5 0.912
70 3311.3 -163.1 0.907
80 3167.7 -140.8 0.901
90 3073.9 -124.7 0.889
100 3009.6 -112.4 0.876
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Fig.2 Dynamic of upper and lower needles heat ratio exponen-
tial F(z), lower needle temperature increase AT\, and flux index

I(¢) under different sap flux densities (V).
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Table 3 Calibration coefficients applied to sap flux density
measurement by HRM, T-Max and SHPP methods!®!

Jrik WIERE [V, =aV,+b, V,=BV,, 8 V,=mI(60)+n]
Method B a b m n
HRM 1.8905 - - - -
T-Max - 3.093  2.0201 - -
SHPP - - - 3514.4  -194.5
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Table 4 Average sap flux density (V,) and daily sap
volume (M) of three Salix matsudana trees ( mean+SD)
5k I i W

Method V., (em® - em™ - h7h) M(L-d™)

HRM 4.34+0.20 5.15+0.90

T-Max 7.39+0.64 8.81+1.82

SHPP 7.21+£0.37 8.55+1.51

TDP 7.03+£0.63 8.37+1.80
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Fig.3 Sap flux density dynamics measured with HRM, T-Max,
SHPP and TDP methods.
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Fig.4 Comparison of sap flux density V, measured by different methods.
N bR B FE AR N BV T 5E Ty Subscript letters presented relevant sap flow measuring methods.

22 5 (HM e (B E T, T-Max % 4%
AT T HERA I A

BRI Z A0, B R B B Aok e )
T TG A R A5 X Rk e 2 00 i 45 SR A A .
SRRV i R PR PR R PR AT 1) e KR 25 A AT
AF] 1 C iR B R A o E FUS AT RE/ B SR ER
BETHAT B T4 50 W D0 2 o e M, AR R 9 4 1)
TR LS AR i AR I i 45 SR A /NI I B, AT R SR R
BEiR B BE 5 9. Vergeynst 251 BF 5T 48 1, 1
K B B AR A 5 | W A P A 52 2%
3.2 MR BTN

R )28 D5 AR T A% i S B ) IR T 1]
CPRER F B 0L 22 0k S AR T 30 M VR I 0 R AR
1k, R AE T A3 X A A e SR 1 /N A e & TR A
SIS P A, B PR Sy 5 3 A %) ) 5 AR O R )
TR b b AR R RO e s i 0 =X R
FHRT Ik PR s R A HR A TR I B AR A 22 5 5
Tt R Y DG FR AR IO 5% B R LU IR BOR L, #AUK
AR TG B DR ) P A D SRR T A T
JEEE AU, i R B R SR W A S
HEAFRE MR, TR BRI 1 AL

FHF HRM 357 AR R ) 0 P 9 R 38
PR LA R IXARARFE K AR FRWR I AL A4 A IK S5
A H OV AR S THEAT LRV s (E B 4
B EE T 45 em® - em™ - WM,

R LA B o R P I PR I 2 A B T O % T
RIS TV B0, vos B0 R 4 1) 3 S B M U 26
A FE AN 2] B f 7 M A 3 TSR IX
S o3-dik = SAMIRUR AR, FAT LI F) e s ELA
28 em® - em™® - h7'; T Burgess %51 il 455 1 4G IF
T3 FRIFEAAEA R T AR 2 )72 0 E, diss 2
XIS RIS E RAL IEWF 5T, i s ORI A T-Max 75
15 b TR BE AR, LD SRS o v ) I 2t 245
JET-Max FY48 HVZERF HRM, H B0 0K B 22 R
T 5~10 em® - em™ - W' H M2, 2 H
HIA LB T-Max 7655 BRiz FH 5 1 i SOk
BEAEE IR Y T-Max FH V000 25 5 A 2 5 1
BA B 2w B A, BIVAT DA I R
Tl A BRI b, R A T T-Max W22 & 5 [A]
SR FH LA R It D R 7 12 0T AT R 25 A E B S,
WR BRI AS AR B R X & 0 7 9 52 0], DA
TR S e A AT TR R B EF R ik i (SHPP ) 24
WFFELE Mahjoub 25" Ay B AP B H: (TTD ) JE
b Y e B R R R D 2 D SRS T
BALFT AR DK iR A e 25T Rk i iR A ]
B RAETRE I BRI 22 F T R A R Tl BE 7 A A
FEIRZE ;AR EE TTD FAR — IR 58 8 0 5 75 %2 30 min
s [E], SHPP AXF5 29 3 min, # K> A4
PRI P e A8 75 | 1Y) 15 22 5 B S LB R BT T B
I A o7 B S U7 B W P AN = B 1K )



8 R PR 3 il i 2 S 7R D TR B ]

2251

SHPP £ AR BB FE 1t A 58 36, 5 SET 58 i ORI T
PROR A 38 04 Dk vh P4 B A 3 SHPP 5 A9 W
A L N BRI AR 1 A 3 AR T T 6.

4 & &

SRR L BRI 12 A L #E3 (HRM) (B
KRB (T-Max ) FEREF bk ik (SHPP ) 3 F oy
1% [ S B I 2 B2 )0 2 . HRML Fl SHPP 5 44
% (TDP ) W 3t 28 32 I o 295 SR AH SC P 3L, R 43 5
i5%]0.93 10.91; T-Max 5 TDP & ¥t il 2 45 40 5%
PR RMAHK 0.73. = SH Ik op 3k 4 AR T3 44
SECERE T R TE S TR T T R A e T A By
B, B2 3 0 D A5 VR I 2 B L AR T A
151 135% ~220%. HRM i 1 1 1 000 2 0K 38 R 3 [ Y
i, T3 iE G T R AR K S A 3 MR R VR A AR R
A A 7K A BT ST 5 T-Max W iR 22 50K, A
R ISCER P T YR % B N A, (G o ) T
PR, EESOH HoAth Ty 5 5 W U % B ; SHPP
BRSSP e R DA e B S TT R B R
T ). AT AR S H AN ] e O[] 7 ik ol
JURN 7 i 4 A TAR T ) o

S% 0k

[1] Wang H-T (E4EM), Ma L-Y (5 —). Measure-
ment of whole tree water consumption with thermal dissi-
pation sap flow probe (TDP). Acta Phytoecologica Sini-
ca (FAYEZFIR), 2002, 22(6): 661-667 (in
Chinese )

[2] Kramer PJ. Sap pressure and exudation. American Jour-
nal of Botany, 1940, 27. 929-931

[3] Canny M. Flow and transport in plants. Annual Review of
Fluid Mechanics, 1977, 9. 275-296

[4] Huber B. Observation and measurement of vegetable sap
flow. Reports of German Botanical Society, 1932, 50.
89-109

[5] Marshall D. Measurement of sap flow in conifers by heat
transport. Plant Physiology, 1958, 33. 385

[6] Burgess SS, Adams MA, Turner NC, et al. An im-
proved heat pulse method to measure low and reverse
rates of sap flow in woody plants. Tree Physiology,
2001, 21: 589-598

[7] Cohen Y, Fuchs M, Green GC. Improvement of the heat
pulse method for determining sap flow in trees. Plant,
Cell & Environment, 1981, 4. 391-397

[8] Granier A. A new method of sap flow measurement in
tree stems. Annals of Forest Science, 1985, 42. 193 -
200

[9] Lu P, Urban L, Zhao P. Granier’ s thermal dissipation
probe (TDP) method for measuring sap flow in trees;
Theory and practice. Acta Botanica Sinica, 2004, 46.

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]

(22]

(23]

631-646

Vergeynst LL, Vandegehuchte MW, Mcguire MA, et al.
Changes in stem water content influence sap flux density
measurements with thermal dissipation probes. Trees,
2014, 28: 949-955

Peng X-P (&Z/NF), Fan J (B Z42), Mi M-X (K
FHH), et al. Sap flow dynamic changes of Salix matsu-
dana in the water-wind erosion crisscross region on the
Loess Plateau. Scientia Silvae Sinicae ( MMV Fl27)
2013, 49(9) : 38-45 (in Chinese)

Mahjoub I, Masmoudi MM, Lhomme JP, et al. Sap flow
measurement by a single thermal dissipation probe: Ex-
ploring the transient regime. Annals of Forest Science,
2009, 66: 1-7

Ayutthaya SIN, Do F, Pannengpetch K, et al. Transient
thermal dissipation method of xylem sap flow measure-
ment: Multi-species calibration and field evaluation.
Tree Physiology, 2010, 30. 139-148

Ayutthaya SIN, Do FC. Rubber trees affected by necro-
tic tapping panel dryness exhibit poor transpiration regu-
lation under atmospheric drought. Advanced Materials
Research, 2014, 844. 3-6

Do FC, Isarangkool NA, Rocheteau A. Transient ther-
mal dissipation method for xylem sap flow measurement:
Implementation with a single probe. Tree Physiology,
2011, 31: 369-380

Ren T, Noborio K, Horton R. Measuring soil water con-
tent, electrical conductivity, and thermal properties with
a thermo-time domain reflectometry probe. Soil Science
Society of America Journal, 1999, 63. 450-457

Xiao X, Horton R, Sauer TJ, et al. Cumulative soil wa-
ter evaporation as a function of depth and time. Vadose
Zone Journal, 2011, 10, 1016-1022

Wang S (£ %K), Wang Q-J (E£4JL), Fan J (%
%), et al. Soil thermal properties determination and
prediction model comparison. Transactions of the Chinese
Society of Agricultural Engineering ( &MV T#22=4R) ,
2012, 28(5) : 78-84 (iin Chinese)

Barker M, Becker P. Sap flow rate and sap nutrient con-
tent of a tropical rain forest canopy species, Dryoba-
lanops aromatica, in Brunei. Selbyana, 1995, 16. 201-
211

Fisher JB, Baldocchi DD, Misson L, et al. What the
towers don’ t see at night; Nocturnal sap flow in trees
and shrubs at two ameriflux sites in California. Tree
Physiology, 2007, 27. 597-610

Vandegehuchte M, Burgess SS, Downey A, et al. Stem
temperature influence on heat pulse sap flux density
measurements. Acta Horticulturae, 2013, 991 85-92
Herbst M, Rosier PT, Morecroft MD, et al. Compara-
tive measurements of transpiration and canopy conduc-
tance in two mixed deciduous woodlands differing in
structure and species composition. Tree Physiology,
2008, 28: 959-970

Liu H-J (X)¥%%) , Huang G-H ( ¥ 7#4¢). Transpira-
tion of banana plant measured by Granier method. Chi-

nese Journal of Applied Ecology (R HEZ ¥ 4Rk),



2252

B A

Eitd 26 4

[24]

[25]

[26]

[27]

(28]

[29]

2007, 18(1) : 35-40 (in Chinese)

Do F, Rocheteau A. Influence of natural temperature
gradients on measurements of xylem sap flow with ther-
mal dissipation probes. II. Advantages and calibration
of a noncontinuous heating system. Tree Physiology,
2002, 22. 649-654

Liu Q-X (XUJEH), Meng P (di ), Zhang J-S
(5K Zh#8), et al. Calibration coefficients of Granier
original formula based on sap flow of Platycladus orien-
talis. Acta Ecologica Sinica (£ 252F#0), 2013, 33
(6): 1944-1951 (in Chinese)

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

Vandegehuchte MW, Steppe K. Improving sap flux den-
sity measurements by correctly determining thermal dif-
fusivity, differentiating between bound and unbound wa-
ter. Tree Physiology, 2012, 32: 930-942
Vandegehuchte MW, Steppe K. Use of the correct heat
conduction-convection equation as basis for heat-pulse
sap flow methods in anisotropic wood. Journal of Experi-
mental Botany, 2012, 63 2833-2839

Reyes-Acosta L, Vandegehuchte MW, Steppe K, et al.
Novel, cyclic heat dissipation method for the correction

of natural temperature gradients in sap flow measure-

[30]

[31]

(32]

[33]

ments. I[. Laboratory validation. Tree Physiology,
2012, 32; 913-929

Vergeynst L. Changes in Temperature and Stem Water
Content Evoke Erroneous Sap Flux Density Estimates
with Thermal Dissipation Probes. Master Thesis. Bel-
gium: University of Gent, 2011

Fan C (L #8), Qiu Y-P (If3E#:) , Li 2-Q (Z=ik&
), et al. Relationships between stem sap flow rate of
litchi trees and meteorological parameters. Acia Ecologi-
ca Sinica ("EZS2FIR) , 2014, 34(9) : 2401-2410 (in
Chinese)

Liu Q-X (XUPEHT), Meng P (7 F), Zhang Z-Q
(Z=id&i5%), et al. Potential errors in measuring tree
transpiration based on thermal dissipation method. Chi-
nese Journal of Applied Ecology (N JH A% 4R),
2011, 22(12) : 3343-3350 (in Chinese)

Green S, Clothier B, Perie E. A re-analysis of heat
pulse theory across a wide range of sap flows. Acta Horii-

culturae , 2009: 95-104

EE®E T

T OBk, 1987 4 WL A FENF L

T YR ST. E-mail : 200404280@ 163.com
RERE B 5L




