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Sap Flow Rate Measured with Heat
Balance Method and Water Flow Resistance
in Hinoki (Chamaecyparis obtusa Endl.) Tree
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(Recetved August 9, 1991)
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DHEETH Y, S5 RHHEEMNEL L TELNLFIEER>THwE, Lhrl, HHGE
HIZEARHERCBEEINL LD TH L0, BIRAOHEAZA % (BAKER ef al.,
1987) (SAKURATANI, 1981) (B¥¢%%, 1988), ZOFZMEC DWW T H3% 0,

FITABRETIRSEESRO & FERIZDWT, ERIREEC & 5 HIERE & HEROY)
Wi S QBRI & QLB AT, ERCKBOBEMN L MBS R Lz, 3o
BUNEFE TR O N BRRE R LT, BEOBEEE, 85, RREOELOMAKEN
EEHL, BAROEAREBROSHZOWTHERL .

2. EBRTEHIC & AHIRTEORIERE

FIGT O REREZ, BE (1988) MBUTO L3 KHELTWw5,
FEMZEO—II, HBCHEELE5 2 2 EBEOBEEAE» »SMA -t &, TOHAI
Mz o8 QWIE, HMOEREOEIEERT 2L, RO 3 D2H»rnd (M1,
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BIERIC L > C RSN A 8E g W)

EEEYLUTCETHRCBEHT28E g, gW)

MBS & B OZEE AR LN LB g(W)
PLEDBNSE 2R TRT RO LIS,

Fig. 1 A schema of heat transfer in a plant stem.
@ ; total quantity of heat given by a heater
g, ; heat quantity carried by mass flow
qq and g, ; heat quantity carried by conduction up and down direc-
tions
g- ; heat quantity lost from the surface of heater
B1 ZANBALL L Z20OME (Q) BEIOHEK
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Fig. 2  Apparatus for measuring water flux in plant stem (Sakuratani, 1988)
& and ¢, ; same as in Fig.l
g« ; Same as g, in Fig.l
g, ; same as ¢, in Fig.1
gs ; same as ¢, in Fig.l
7, and T, ; stem temperatures measured at up-and downstream
respective points of heated segment
7, and 7y ; stem temperatures at Ax down-and upward from the
measuring points of 7, and 7
E ; electromotive force of heat flow sensing element attached to the
heated part
2 ESUNEEIC & A EBRERRONE A (B, 1988),

Q=qr+ gut+ qut gn 1
LT ARENE LR 2 k0R (F, g/s) LB ETORER (Tu—T,"C) OB
ELTBTO LS cREND,
qr=coF (Ty—T.), (2)
P L, T MMEBGETELOS 6 TORER | T, MAEETOH % TOZR ! cp ROLE
(4.18]/g «°C) TH 5.
Get Guld, —RTEOERBBHREFEET LI LNTED I NS, RRTERENES
hs,
@w=AA (Tu=TY) / Ax, @)
qu=AA (T,—T)) / Ax, 4
ST, A, EOBEHE(5054W/ me°C) 1 A, EOBMHEM(m?) @ T, x5S Ax(m)
HENT i , TOER T/, uh5 Ax BN E x TOERTH S,
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P EPZESIG RO RECH 228, SEERLRE R v —13 2 OF#EIC Baker 5
(1987) HEFOREFMAT, DYNAMAX #: (USA) &> TR shizbDT
Ho (3, 2owr—iF, LHROEETEE —F — KW ETORES (20 5~
HE %) CREZEZHELTCWIOREHNL, e -y — %332 HOBEN (F30D
A—Ha ¥ B—Hb) THELREZOFEZREZLELTWS, Likd>T, EBD
BB LD b FNFNOBENMOBERSR 5570, HESNZRERIEEEEET
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Fig. 3  Apparatus for measuring water flux in plant stem (DYNAMAX Inc.,
1989).
@ ; same as in Fig.1
(A~H) and (B-H) ; measured the differences in temperature (A-Ha)
and (B-Hb), respectively
@7 ; same as E in Fig.2
(3 FEEPC & A BHEEROME RS (DYNAMAX Inc, 1989)
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3. M ¥ & FE

HEEAARIT I, SMNRBEBFEEACET T8 18 ELED /¥ (Chamaecyparis  obtusa
Endl, #& 8.1m, MEER l0cm) 2Hwi,

FA F e SOERIC BT, t—F—BLUCHRAOREN 2HER e FE S22
DENRH BT, HEAROH EH 1.2m O OISR Z2HHEL, & SCREEY > F—
N THB BT DBEE Lz, 4 77— SO GERY — FTH», kD
BABIED I ®, Xy — b LI et e oMy Y a v R EALL, F4 37—V
WSS (NIPPON STABILIZER INDUSTRY MSA18-1) % S#EOWEE (DC V)
B, HBF—2137 Yy VEsRE (NIPPON DENSHI KAGAKU H-512) T 5 43fH
WUk L 7z, IR HE R B O S REM: & LT, MIEARE D # 9m Bz B Tt
FHREEE 7 A4 — R EHEL, $EEREBE MBS 2ERL T SHBTTY
FIVERERENCIER L 7o, REAIERGEREE» S 8), (9), (10)xEAWTHEL %,

D=E(T)—E, (8)
2T, D, R&E | E(T), AMEKE | E, BIETHS, E(T), E 20Tk
WDRI SRDIz,

Eo(T)=0.61078exy (17.269T / (T +237.3)), (9)

Ea':Eg(Tw)_')’(T"‘Tw), (10)
retil, T, WEERRE ) T., BEBEETHD, y=0066 (kP.,/°C) TH 3.

FA F 57—V OBE L BRI HEAROEBIZ R < S 2HEAT, HEAREMR TR L
BOETAREFULHRHEGT 2 L 5 CHEE LA, 1990 4£9 B 22 HOFHT 3 R cHilg T
PIET L, 3 & BHEROAMRYIN G Vb L D LRSS 50em TEUYIN L%, VI O 2E
BICEE 200 OFEBEOKIC DT, BAKREOHEZEBROKOBIEERET S &
WKL DT o7z (RS, 1987), $abbABMOTIEREEE, HEMBRZIOERD
BiABREEDMEE LT, BEERREICES Lok 2E BNz CEEOEE TRL, 20
EEMA AR B HEAOBAKEE U,

B E, BokEB L UEERRTFOREEIZIH22H»5 10 A2 HET 1 HRETT-
fo. WIEMMORES S OEEERRELRT, 0822 HE 98 27 HiZ, 1BRMER
KEDRE Z1TRV, ZOMOBE B IR O R WERFHER (9:00—15:00 D 6 K
B A7 RFHAE (15:00—9:00 0 18 BFHD 124300 C, FhFNORMEHIIC 81 2 €k
BAEBELUL, Crr—RECR O3, S (1988) 1k, BIERTHRICERE -y —85
HAOLETTUINT 52 &, ERBEHIROBRRREELZ 0 LRI ems, B)FHK
F=0%2RALTRDTWED, I TRERAKROUME D S ORAKEARAL & 72 5 %Y
HIOME A TEE L, 2 OBEHO 54 F 57—V ORET — 5 D% 6) AT S Z
rikoTRD, BohifE k=011 2HHEL.
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Table 1 Weather conditions and measured items.

days weather measured items
Sept.22,1990  fine cutting tree
hourly water absorption rate (4:00-24:00)

23, clear daily water absorption (at 9:00 and 15:00)
24, rainy daily water absorption (at 9:00 and 15:00)
25, cloudy daily water absorption {at 9:00 and 15:00)
28, cloudy, later fine daily water absorption (at 9:00 and 15:00)
27, fine hourly water absorption rate (10:00-24:00)
28, rainy hourly water absorption rate (0:00-6:00)
29, cloudy daily water absorption (at 9:00 and 15:00)
30, clear, sometimes cloudy daily water absorption (at 9:00 and 15:00)

Oct. 1, clousy, later fine daily water absorption (at 9:00 and 15:00)

32, R & &&=

3.2.1. HERE L TKkEDOHZEL

9H2ZHEIA2THIHEI W54+ — Vi & A HEHE & IWE 2 5 OBk
B, ERTFHEER LOKRSHEEOHELER 4 1R, SRR & Rokitiy, HoHR
F S E R MR HHNCERREIEL, ZOBRY TP TETT 2 v BfOLE %
FL7z. Livl, B OBREEZTRECSL T ENDREBLBSRON, Z0&
N2V TH, Y —RISOBNC L 2TEEESH 2, Tbb, WEHOEDHELR
KEIFIEE LS, ENRFEBERIIAE D, SHEREORBMARIIN L TH
IS MSEHRRBEIE S % £ TORBAEL 25, Z0kD, SHREESRHICELL 28
&, X Y —I2 & BEEHESIE LW E 2RI S D S B+ OBE» NS Z B b (B
7, 1988). & -BHEVCHEICAM BT H - 1258, F—Y Bt 0REHIT5ETO
BRI, 0.88W DEVE S 2 72858, FEAKE v & & T 20 43, WA 0 DBE 76 43 (B
A T 5~20 43) b LWL HRED H D (Baker ef al. 1987) (STEINBERG ef al. 1989).
REROBELU LD LS BRI EERILT, BAEELCL O LS, HERETE
A = ORI D S EEE B O BIIREE A 2 e BT 2 RS D B LR
53, E5ICIARHOHEELBWT, MFEOE - kTSRO, 54+ 7=
BNy — FCHEbR, BEZOLOREBEBENEY sk o, ¥ — MIERY
Whizh, TOY—bLeBEALEELLRETH-> L EBEOREL LR LEE LN
B, DED, EEANDSOBOBHNSH T, FEHRRHENENEL>TbO L
wang, 9T HOHETIE, Y2—Ay— b 28E» 5B &7 50cm B/ i B
MRy & LCEY, BOBHES W OBEKFHiEE s, 5477 —ick 2 HEE
WEKBEOETID/ S — > b X HIEL Tz,

IO L5, MM TERENETE C TokRIBEN L Tui, L L, HE»SH
BEV & TORME TR S TEOWHE s N, BoKESHRT 51 Liehi-> Tl
AN ER S LB BEENC B o 72, RS, BURIEASECR & 4 B BT O 134 2 50 1 LiEE
HS T, B RO HIHENE S NS L v > RN HRORFBFEH I T ro i,
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[LIERRED Fieus \o 54 77—V BB L, MSEREC X o THIRE U 2 2RI & S
e 2R U7 (STEINBERG, 1988) TREFRHEREPEONTVE I LE#EET S L,
REEBRCECL IO L) REEREEOMEL D M e LAHESEOE / FciERY
LEEEMEDS D B,

3.2.2. B{IRFRIN Y OBIRE & WokE & oL

9B 22HE 9 B 27 HiclliE s iz 1 RERE QBRI & Bk & OBIR 2R3 (K 5).
R L FROBRREE BT 2 L FHICELFRIECHEsh, 20, Bk
EROKELIIEAR R BB E 32 5 7, 8 DFOMMR A, B (1988) 1, BNEHEO
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Fig. 4 Diurnal changes of sap flow rate (SFR), water absorption rate
(WAR), air vapour pressure deficit (VPD) and photosynthetic
photon flux density (PPFD).

The symbols in (¢) and (d) are same as in (a) and (b).
4 B & Bok s & R LR T HREE O HEL
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B, Wk OMEIEE» 572, £z, B6 02 DOR» & RAKESE W & & ISR
B3, W BukEmnDin e ScRECFMsne, ZhEEEBTR S, Bk
BOBHOE & CIGBERICEHE L, BokEsEy & 12 OBNHET 5 & v S ERSSEER
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Bk U7z & 3 RSS2 M L Sa R BFsBRESBRES N TV I P, K
WFge iz BV THIEERSL & Bk O HERI/ Sy — > id D LB L Twi 2 en s, Hife
HEFBCMESANH L L REZI L, o7, ZITRAVRHEECHESDHS L&
ZBRETHAD,

F 2T, 20BN S EORERE TR B R 2 U EMEO R S RETL T
A5, 1), B), @), BXUGETRTOED L CHATE 3 LEbhb, R(2)
KOWTR, UTOBEICED, HETORNEETLILOEEZONS, ZIT ¢3ENRN
B ERT2KOE (F) LIMEMETORERZ (Ty—T,) OB LTERELEZS, Th
BEMFRH AN EIIEE L THA I ER2RRE LTS, 250, KERO X
5B b I L CTEOSBRICK S WEREHIET 258, BROBE»rE5ELSNS
B, BoOPLEREEOMICARERRT 5 LE2ohs, I ORAEOREBIZHRK
FRic ko THRE BRI, BEREOS VL SWIBARL RS <2, B
OBV ESZIHRARL /NS < RB EFRENS, RSN T, AT 2EAROMEAR
HMOBLIET 2 e#E 2 ons, DF D BRIFRERNE STz Fious WWBRIAM 2K
TRHETH B0, WAPOEITED THY, 2070, BARFICEY 28A8EIZ, &
BFrhalnohukEzonsd, LIAH, HEESO L / F0EKREIE Fious 2k~ 3
L OIRL, BAREIZBOTELLBAROREVIDOEELONS, LD L) uH
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Fig. 5

Water absorption rate (g-hr™)

Comparison of sap flow rate with water absorption rate.

SFR and WAR were calculated hourly. Solid lines indicate the
relation in which SFR absolutely corresponds to WAR. Numbers
indicate measured time of day.
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Fig.6 Comparison of cumulated sap flow with cumulated water absorption.

{a) Open and closed circles indicate the cumulated mass flow from 9:
00 to 15:00 and from 15:00 to 9:00, respectively.
{(b) Each value indicates daily cumulated mass flow.

E6 ok &SR o H

97



98

2000
20005 oot 22, 1990
T 1500} N 11500
- s 1 T
K : : ] £
o 1000[ : 11000 3,
4] . 3
= : g
&} ¥ ©
= 500} ; 1500 £
: I
> d =
A 0 ! ! ! (00 0 B
= 12 18 0 5
% Time of day =
k: 5
b
2000 &

g 20005t 27 —28, 1990 140 2
g ‘ ]
@ 1500f 31500
g i i
% 1000t 41000
= ]
»vy 5001 1 500

oy AP HHWWWWTT 0

0 6 - 12 18 0

Time of day

Fig. 7 Diurnal changes of sap flow rate and water absorption rate. Sap flow
rate was calculated by eq.(6"). Symbols are same as in Fig.4.
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K 25 0D %6 W B O/ NERT 3 T o 7o BRI L1338 L < i s, ok & R TE



FURHHER 65, 1992 99

D—HDED/Y —FRIGE Lz, SR8 ITBWTI, (a)(b) &b IZgHTie
B FBRICE CTHET 2 HAEEDL S -7 b o0, HIEEIR 1 1 OERO B <)
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DOfE b 9:00—15:00 % 1.055, 15:00—9:00 %3 1.212 & 1 Wi T %, ZNZFhOHEL Eh-
7o, o Ihoz I HYD THEALME D) i, HE L10 0EM IS, #0/HEEY
Binpols, INSOFER»SSEOYE, N EHEMTLZ LIEYTH S LHM s
7z,

PAED & 5, dAERBEITTER & Z 58 U fEREEEAT 5 2 it & - THik~ADZE
BINCTEOMMIEEREE o7, Lo L, SHETHOIIET RS TOMAREH T
g eEFELONZ Y, BhcaliNie & i, B BIEER AT S Sty — iz
BboTwa ZEPHRELTRIIL TWw2, $8, M2 2 8@ L, S50
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Fig. 8 Comparison of sap flow rate with water absorption rate in Hinoki.
SFR and WAR were calculated hourly. SFR was calculated by eq.(6).
Solid lines indicate the relation in which SFR absolutely corresponds
to WAR. Numbers indicate measured time of day.
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Fig. 9  Comparison of cumulated sap flow with cumulated water absorption.
Sap flow was calculated by eq.(6").
(a) Open and closed circles indicate the cumulated mass flow from 9
00 to 15:00 and from 15:00 to 9:00, respectively.
(b) Each value indicates daily cumulated mass flow.
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Fig. 10 Outline of measuring water flow resistance in each part of Hinoki
tree. (1) Total water resistance of a tree, (2) water resistance of
canopy and trunk, (3) water flow resistance of canopy.
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Table 2 The outlines of Hinoki trees.

height DBH water conductive area

leaf dry weight

Hinoki age
at breast height
(years) (m) (cm) (em?) (g)
A 18 8.1 10 38.04 4618.5
B 18 9.3 10 45.33 5310.5
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Fig. 11  Diurnal changes of sap flow rate, water absorption rate, xylem
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pressure potential (XPP), air vapour
photosynthetic photon flux density.

Closed squares indicate XPP, and the other symbols are same as in

Fig4.
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Fig. 12 Relationship between mass flow rate and xylem pressure potential
(XPP). Lines show the linea regressions.
(a) Hinoki A ; Dotted, solid and dashed lines indicate Y =-3888.0X~
0.4332, Y =-1898.6X-0.0231 and Y =-1641.3X-0.9171, respectively.
(b Hinoki B ; Dotted, solid and dashed lines indicate Y =-4354.6X~
0.1446, Y =-2072.7X-0.0231 and Y =-2345.7X-0.0001, respectively.
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Fig.13  Proportion of water flow resistance in three parts of Hinoki trees.
A ; Hinoki A B; Hinoki B
(a) ; absolute values of resistance
(b) ; proportional values of resistance
(c) ; relative values of resistance per unit leaf dry weight
(d) ; relative values of resistance per unit water conductive area
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Summary

For the application of heat balance method (HBM) to woody plants, sap flow rates in
eighteen years old Hinoki trees were measured with DYNAGAGE (DYNAMAX SGA100).
The reliability of HBM was tested by comparing sap flow rates measured with HBEM and
water absorption rates at the cut stem.

The diurnal changes of sap flow rates with HBM were synclonised well with that of water
absorption rates. However, compared with the absolute values of water absorption rates, sap
flow rates measured with HBM tended to be overestimated when the water abosorption rates
were low and visa versa. Such a tendency was also observed when the daily amounts of sap
flow was compared. These results mean that the advantage of the HBM in absolute quantity
measurement was not realized. However, sap flow rates fitted well with water absorption
rates by using the modified heat halance equation (2').

Resistances to water flow of three parts of Hinoki (canopy, trunk and root systems) were
calculated using diurnal changes of sap flow rates, water absoption rates, and xylem pressure
potentials. The proportion of each resistance was 42.3~47.6% for canopy, 0.0~6.6% for trunk
and 51.1~52.49% for root systems.





