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Use of storage water in Larix principis-ruprechtii and its response to soil water content and
potential evapotranspiration: a modeling analysis
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Abstract

Aims Water stored in the secondary xylem of the sapwood of large trees is not only a source for transpiration,
but also may help avoid xylem cavitation and subsequent failure of water transfer in xylem. Our objective was to
study the dynamics of tree water storage and use in order to understand the response mechanism of trees to water
stress.

Methods A model simulating the diurnal pattern of water transfer within stems was designed. It combines a
non-steady-state hydraulic model with a transpiration model that was based upon the Penman-Monteith equation
and a Jarvis-type representation of the stomatal resistance including xylem conduct water potential (1), vapor
pressure deficit (Ds) and photosynthetically active radiation (IP). The combined model simulates the diurnal varia-
tion of water uptake, storage flow and transpiration rate directly from environmental variables. We simulated the
sap flow of Larix principis-ruprechtii, which is planted in Diediegou catchments on the north sides of the Liupan
Mountains, and analyzed the relationship between storage water use and environmental factors.

Important findings The hydraulic model accurately simulated diurnal patterns of measured sap flow under mi-
croclimatic conditions; the coefficient of determination (R?) between observed and simulated sap flow velocity in
calibration sets was 0.91 (n = 2 532). On a typical sunny day, the highest rate of storage water use started at about
9:00 AM, decreased to zero at noon and turned to recharge throughout the afternoon until midnight. The daily
storage water use varied between 0.04 and 0.58 mm-d™* and was positively related to transpiration. Storage water
provided 25.5% of transpiration water. When potential evapotranspiration (ET,) was < 4.9 mm-d, daily storage
water use (Dj,) was positively related to ET, Dy, linearly increased with ET, as ET, increased, but decreased
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correspondingly when ET, was >4.9 mmd™ There was no significant relationship between D;, and soil water
potential (p > 0.05), but the maximum Dy, was positively related to soil water potential (R*= 0.79). Therefore, ET,
is the primary driving factor of water storage use, and soil water potential is the limiting factor.
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IR A S5 - A B - KR LR (SPAC) fifi /7 iz
¥ 5 A8 e AR G 7K 5y KR BT A A,
8 7R BRMOIK B LR IR OCBE 1) /8 (Meinzer et al.,
2001; XItHZE4E, 2007). B A K& SRR ALK
BeAE AKGE 2 v 23 (B GERR b “ A4 K 240
LUV 7K, AERAR K o0 A b R 2 X
(Cermak et al., 2007). 75k, B AR LUH A6 4 fif 7K
RS E WK T K 93 A e, A A ) 25 4
HEIK 73 %045 (Running, 1980; Cermék et al., 2007); 3
U0, B A A 7K AT DAAE Sy 08 A 7K 20 A e A ) 2%
L, B3 1k PRI R 2 s 4R 3 UK o 3 N K B
G, 3 5 5 A R AR, IR B 7K G A i R R 2 AT
(Zweifel & Hasler, 2001; Verbeeck et al., 2007a).
AR ] DATE A AU 715 B 28 s 7 Sk B A2 4k, DRI A
ZIN I 8 B R PR IS T) A o At Ay SR R 2K s 5 ek 2
5 B LN AR A IR (1) W [, AN R 20 %A A4 7K R
I (Verbeeck et al., 2007b). B 7K [ 5h 25 b LA
R0 RIS RN AV i N i ey S ER T DI VAS BRI
I BLAT F 3 2 X (Meinzer et al., 2001).

R ] DL e AR A A2 [ 39 K AR Ak ] 2 0 0 3]
Ak K 3 A (Cermék et al., 2007; Kumagai et al.,
2009), EX AR A TH Ik it 7K 1 RO 1 - 358K
Pt2h 55 v 1 25 1 75 SRt i 1 5 e o R i /DA
RN T (Cermék et al., 2007). VT4EkK, CA A%
Z RS B RS, - R A - R AR B S R,
PRAE KGN IK 3 AR R 48, T el J2 1) 26 s 5 <AL
3% (Thornley & Johnston, 1990; Lhommea et al.,
2001; Gao et al., 2005; Verbeeck et al., 2007b). X%
B R v DAL GE J2 250 5 L3 FE AR, ik n) DA
PRI AN A, I DAL SR KR, 3X0Hif /K
() ) FH 23 B 32 4 7 A7 28000 T B (Verbeeck et al.,
2007b). AHFSE H HIh: (1) 87 RS Atk
VER BIK 3 AR i L, R G it J2 AL B 5 2R I A
B, BEUR T UM RN, (QFEMRTr KF 7 e
JE V& A 25 it T AR it K AR A 3 K gy
MR 2 R R
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AKH; C, KEE; hy, MR THE-ARTFE R ZE(M); I, A
U W Iy, RBGHSE 5 KA LUK, re, T
BT AR LT ra, BT AR TS A -1 R
Foxo BIAEK AT AR BB ), T, 2.

Fig. 1 Schematic diagram of water transfer within the tree
stem (refer to Lhommea et al., 2001). 4, leaf water potential;
¥, soil water potential conduct; y4, xylem vessels water poten-
tial; y,, xylem plant-reservoir water potential; C, hydraulic
capacitance; hg,, the height of root to xylem vessels (m); Js,
xylem conduct water flow; J,, water exchange between the
xylem vessels and the storage compartment; rg,, soil-xylem
hydraulic resistance; ry, Xxylem-leaf-air hydraulic resistance;
I, Storage hydraulic resistance; T,, transpiration rate.
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AL T B R AR 445 31 (Cox et al., 1998):
1000 1+0.5LAI
e = x (11)
g LAI
K, g A AL B (mmes™), LAY TR FE %k

(m?m™),
2 MRFNAE

21 HAREER
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X [ 48 F M 717 (106°4'55"-106°9'15" E, 35954'12"—
35°58'33" N), 7EATBUX &) L J& T 7 B Inl ik [ v DX [
JRTTJE AN IX, B R T X 15 kmo 8 B yh /N i A
25.4 km?, #FR1 975-2 615 m, Jik R E AL, K
ICRAVY I L A ), SRR 22 T 10°-30°. 1%
i DX T U () 2 B R 1 R A, AR [ K
KGR R & uE304E I AR B R giit, A
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L FHI FE ORI 7, LR, K T BIA
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Frik 6% M #2 (Larix principis-rupprechtii) A
TARARFPT-19864F, FIAEESE 2 m x 2 m, 20044
I E5 E 1 788 Kk -hm™, ¥ 35 [l 4% (diameter at
breast height, DBH) 10.6 cm, “F3# #7.74 m; #KF
RERZANIH I, A /b & 1 ¥) Bl (Hippophae rham-
noides). —f& Y% 7 (Lespedezabicolo turcz). %5k
% (Spiraea sp.)5%, i JEE2%, MR A Z K G BAF,
TE MY E (Artemisa vestita). 35 (Artem-
isiagiraldii spp.)~ P - X\ =& % (Saussurea maxi-
mowczii). [ 74 & (Carexrigescens sp.)%%, 5 ik
90%.,
2.2 RIGHHREFIL

7120054 AE K =[], AR 4l PR A2 KR 300 K
FLAEAR L 25 H B AEDNS 1, R 1 P 0 FE 8RR A A
(1), K HISF-LB T 0 9% I 52 1X (Ecomatic Inc.,
Dachau, Germany)ZE4T B4 38 i I 52, 12 0 52 X
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JEHE T Y HUE (TDP), R 4&F 1 20 5% K I s Jit B
2 JL3CHR (Granier, 1987; &4, 2008). [A] I 7E 4
i AR IR A b, SR AR A A EORE I e b R B
Il 37 30 B T A (As, cm?) 5 i 4% (DBH, cm) i %
Ro BTIUM VIR K79 mm, EEKE N30
mm P ERET .

K HLI-1401 /N H 25 %3 (LI-COR, Lincoln,
USA), LU A= N IR A« PRAI R B 4 55 52
JE(Qs, kI M)y AR (T,, C) s A MK
(RH,%). [#/KHE (Percip,mm). XiE(U, m's™), Jr
WA B A 37 BEAEFEHBL00 mAFI 2SIk, AR
AMEZ TG E A 3K T 3K A s ke,
X HEQ15 7! +- 2 /K #4{% (Ecomatic, Dachau, Ger-
many)ill 2, HBRE 45, 15, 30, 50, 70 90 cm,
5 min H 8K AL — IR EHR .

23 MoamiEREERESILSEItE

HE 95 Granier F4 3 BUERE I TAE BREE, B R R4
PRI S5 25 55 W4 T 30 04 0 2% 1 (sap Flux density) %%
PIARDG, I KR IEH A2 (Granier, 1987):
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Jc zzn:JsiXAsi Zn:Asi (13)
i=l i=1
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mm-h™) 3 5k AR 23 32 3 R AR S SR R R
FE AT 30 (8 4, 2001; REf4E, 2003):

Ec=0.06 x J; X ps (14)
U, pe RN A 5 5 (em®m %) o PR3 H 250
(DT,, mm-d™), thBI H B &, 424 hifipk sy /M
W

HH T AR K R 2, s ) T 2806 —
BNt A] (Oren et al., 2001), i i 0 57 He b v& A W
TP 5 KBRS B DG 2R, ] LU BIAF A3
211 he MKV R 5K T°0.6 kPa, H e 23K 1<
FREReE KT e A AL S RS, ] DA A
B 2 I T A A A B Y DG & (Oren et al., 2001;
Tang et al., 2006), #24fPenman-Monteith /5 F%, thf %]
(1768 )2 TAL T FE ks (MMes )G 2
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Table 1 Information of the sample trees in Larix principis-rupprechtii stand

FER 5 [tz W Tk BE TR B A LA Jet i T AR
Sample tree DBH Tree height Probe position Diameter at probe Sapwood area (cm?) Canopy area (m?)
number (cm) (m) (m) position (cm)

4 131 9.9 15 131 78.54 16.33
17 11.2 7.1 2.0 10.0 50.84 10.25
18 6.4 111 2.0 5.7 19.85 6.31
25 8.5 7.9 15 8.5 38.42 6.31
40 9.1 8.4 15 9.1 43.01 6.87
51 10.2 8.6 15 10.2 51.93 7.94
55 10.8 7.9 15 10.8 57.08 8.53
65 13.0 8.1 1.5 13.0 77.55 10.77

DBH, diameter at breast height.

Kox Ec/3.6

e ™D (15)

Ko =115.8+0.4236T
A, Dt %I e 2 /KPR 7 6 (kPa),  Egitt + 1)
ZI 10 AR 43 /N ISV R, K it %1 5 R 5
(KParm kg ™), Ly I — 2 B R () 4 9]
e A A% FE(Oren et al., 2001).

24 INEEFITEAE

BN A A X BIE . A
WA KRR, AR DiEERGE R, )
X gk H, bR s . G I W 3 S
S A N S H AR SR, e A RS (P,
mmol-m™2s™) R 2816 23 30 (8 fu 4%, 1996):

IP =7 x%puxQs (16)
A, Qi 15 A BH AR H (kI m ™57, o
BH B R, WHI0.45, 1ol e R TR, BUE A
4.55 mmol-kJ™. JE 2KV TR T B (Ds, kPa) iR
APW
(100 RH)

100

1, RH A SRR E (%), Toh e =il 5, 1K
B v 2 il B B R AR A%, AR . T2
5 9 (Roe, kI'm™>h™) H Beer-Lambert J5 7% i &
(Granier et al., 1999):

R, =3600x((1-a)xQ,—L,) xe ™ (18)
U, ot SO R, 1K HLER0.2, LA M AR R %, K&
HICRE, BUER0.39, Lye Khai, 5O
AU JE A7 ¢, K H Brunt 28 4k 58 55 7 B2 F &
(Nouvellon et al., 2000):

D;

x0.611x exp{Mj a7

T, +240.97

L, =—c(a, +b,e)o (T, +273.2)* (19)
2, e 7KV R (KPa), Tkl B2 (°C), ok i 25 -0
IR %% 2 (Stefan-Boltzman) i %, a.fllbe b 2256 & 4K,
43 HR0.3451-0.14, ¢ = &% & £ (Nouvellon et
al., 2000):

c=1.35x(Q,/Q,)—0.35 (20)
X, Qi RELSHRM . LW #T, 70 emLd
IR AR, BRI A AR R 2y
FifE60 ecmbL L, PRIHABFFIEI0-70 em & )2 145
R R AT EAR X 3K #(wrs, MPa), T L
VIR

Vs = Z'//si X Jrooti (21)
i=1

K, w N2 K F(MPa), frooi NijZ T3P A0
=IEL,
25 BEEESEEEE

e IR Z, $T-AL T-O AR, BEAR
JR S KA T K AR s 22, 1M AR I
TKEBEET AR TR T4 7K 3, S NN IS S S 3 (S
W VREEL KBRS KL KR HRIX K
B, BRI 2L TR W22 AKX
AR TR A K, AR UM g 2 e 2
. R AL BRI B K AT
ARFB G K ARG A K

AT v £ 0 5 2 B0A W T OK J1RFIE S 8L
Waisats C Taxs Ixis T'sx, %E%?L%E@%&ngmaw k|p\
Kog~ Krxs Nexo L, AR 7KW max A2 T B9 440 i
TR ZR 7K 3532 3] e KIS BRI AR 3 i 7K B, ABE40L v A B0
HEE AU 503X — 2 BUUR VRS, el Al D00 22 5 E D 20
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kgrm ™, SR JE MR AR DL 45 SR R e 5 s MR IR
WS HHOKSHMCR, AL AR 3K
Fihe L h-0.7 MPa, #-A BT HE 3 & B ) re, X 3.42
min-MPa-cm®-g . A% Ab A BB G4 -1 BE g 2
T T v K B R B R RN, S R
Verbeeck 55 (2007b)H4 H: ¢ 4y 55 - R 5t 5 5 45 FHL
Fox 2o

SHURE 3, 1 SEIEIN6 H KV 77 Ds >
0.6 kPayR it ic ¢, 1# H {/-\\ﬁ‘//x = s — Ngy— Iy X Jsit
R TB S8 KA, ARG LA AR 4y e 2 <AL 5 B
h HAsA A 20)h 124, 19 3)5dE )= AL

F2 WR RS
Table 2 Parameters of canopy conductance model

ZHGomax~ Kip~ Koss ke, FHEATHEAMEA, DI6F 1)
WA 53 WAL R 5 H I RO H bn i 2 2 5
C\ rzx\ erl ﬁ%g@%%mﬁZO

3 ZERMOM

3.1 AERURIR SN b

K FH 2005479 H 11330 W0 £ 4 5o A R kA T
L6, 4 KR WA RO R FEAR =, P BRI
T LB R ] H R BT 11, we R AL
R%40.91 (n = 2 352) (KI2A), Hiful v H i & 50
I B v i R BIR?40.84 (n = 98) (&12B). MiEFE

ZH 7E X e L2 U5t
Parameter  Definition Value Unit Source
LAl M AR SL Leaf area index 3.78 m>m N Observed
ps WAk Stand sapwood density 1563  cm*m™ Al Observed
Osmax KM F LS Maximum leaf stomatal conductance 36.42 mm-s™ 4 Fitted
kie AL e ) R S 536 M Fitted
Parameter of stomatal conductance drove by PAR
ko, SALFREKYTIRS) & 4L Parameter of stomatal conductance drive by Dv, 6.22 4 Fitted
Whx AL G AR K Xylem water potential at half gepax -0.70 MPa A Fitted
Kyx AL EEAR S KA R AL -5.04 4 Fitted
Parameter of stomatal conductance limit by xylem water potential
c MRk 75 Stand tree hydraulic capacitance 0.80  kg'm?MpPa™ #5E Calibrated
Fox 3R S4B ) Hydraulic resistance of soil to xylem vessels 2.80 MPa-cm™>min™g™  #Jll Observed
Fax ARG K 4180 - R 8 S5 & B 7 Hydraulic resistance between xylem 0.85 MPa-cm?mintg™ =5 Calibrated
vessels to the organism of tree water storage
M R JES S48 -1 3 Hydraulic resistance of xylem vessels to leaf 280  MPacm@ming™ &5 Calibrated
Wazmax PR B KK Maximum storage water 20.00 kgm™ F5E Calibrated
Dv,, deficit of vapour pressure; PAR, photosynthetically active radiation.
T.E 025 —'-c_s 25¢
i E B .
'= 020} <20 % eo0
2 e *3,3
- 2 BT ° 4d
N&é;z» 015} & 5 15¢ o o8
£ 3 o = N o
—_— = > L]
’§°§ 010} 2510 coree
5“ o 8 ° ®
‘::% 005} £ 050 ,® o y=x
; E * .0 R =0.84
2 000 » . - ‘ C gods . . . ‘ .
2 0.00 005 010 015 020 025 0.0 0.5 1.0 1.5 2.0 2.5
S R e F R R

Simulated sap flow velocity (g-cm™-min")

Simulated daily water flux (mm- d

B2 B W AR 23 A (A) R VRO 2 (B) K 565 (2005-07-01-2005-09-15) «
Fig. 2 Measured and modeled stand sap flow velocity (A), and daily water flux (B) form July 1 to Sept. 15, 2005 during the valida-

tion period.
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