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The characteristics of nocturnal sap flow and stem water recharge pattern in

growing season for a Larix principis-rupprechtii plantation
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Abstract: To fully understand the forest transpiration processes and evaluate the contribution of nocturnal sap flow to total
transpiration in dryland region, the sap flow velocity in the stems of 4 sample trees of a 30mX30m Larix principis-rupprechiii
plantation was continually monitored with thermal dissipation probes (TDP) during the growing season ( May to October) of
2011, at the semi-arid area (with an annual precipitation of 449 mm, but mostly concentrated in the summer months from
July to September) of the north part of Liupan Mountain, NW China. Then, the sap flow density data measured in
individual sample trees were used to calculate the sap flow amount in daytime, nighttime and whole day, and up-scaled to

the stand level by using the index of sapwood area. Then, the dynamics of nocturnal sap flow and stem water recharge as
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well as their relations with environmental factors were analyzed. The daily variation of sap flow demonstrated a typical wide
single-peak curve. The nocturnal sap flow existed in the whole growing season. The sap flow velocity in nighttime was
notably lower than that in daytime and always fluctuated above zero. Furthermore, the nocturnal sap flow velocity decreased
with time, and was significantly higher in the first half of night than that in the second half of night, especially for sunny
days with higher transpiration and stem water deficit. Thus, the variation of nocturnal sap flow was significantly larger in
sunny days than that in rainy days. The total amount of nocturnal water recharge in the stand studied was 11.03 mm during
the whole growing season, which accounted for 7.22% of the total transpiration. The monthly stem water recharge and its
ratio to total transpiration differed obviously in the months observed. The absolute stem water recharge was highest in May,
with a value of 4. 19 mm; but obviously decreased in other months and fluctuated in the range of 0. 9—1.7 mm. However,
the ratio of nocturnal water recharge to total transpiration was higher in the later period ( September and October) compared
in the earlier period (May) and middle period ( June to August) of the growing season. The correlation analysis showed a
less dependency of daily nocturnal water recharge on the daily weather parameters, but it was significantly correlated with
the precipitation( P<0.05) and soil moisture (P < 0.01) as it indicates the soil water availability, and with the diurnal
and daily total transpiration (P<0.01) as they indicate the water demand pressure. The monthly ratio of stem water
recharge to total transpiration was significantly correlated with the monthly averages of soil moisture, air temperature,
diurnal and total transpiration (P < 0.05). But the ratio of stem water recharge to total transpiration in daily scale was
influenced by more factors than in the month scale, it was significantly correlated with the daily parameters of maximum and
minimum as well as mean air temperature, diurnal and total transpiration, mean air saturation vapor pressure deficit, mean
solar radiation intensity, mean air humidity, daily precipitation, daily soil moisture (P < 0.01). Finally, the regression
equation to relate the daily nocturnal water recharge’s contribution to total transpiration with environmental parameters was
established, for quantitatively predicting the behavior of nocturnal water recharge in Larix principis-rupprechtii plantation

under changing environment.
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Table 1 Features of 4 sample trees growing in the small catchment of Diediegou

FERS 25 B i/ m M/ em DR EERE/ em WM TERY/ em? SEME A%/ m EK/m
Sample tree number Height DBH Sapwood depth Sapwood area Canopy diameter Canopy length
8 12.9 15.2 2.79 108.78 4.0 9.9
46 12.8 16.5 2.92 124.71 5.0 9.4
49 12.6 14.6 2.73 101.72 3.9 10.3
50 12.4 11.5 2.39 68.36 2.9 9.5

O HBGTEAR N Ay = 1. 17D [18]
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2.3 FREEFI
TEMAN T [ AL, BR % 1 F5 Weatherhawk- 232 [ 2 S G 0, XF K FHEE S B (S, , W/m®) | 25 [ R JE
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17. 5027
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TIHN FEFE RN BRI 5 A Hl S B G PVC 4 SR FH TRIME 482K 448 & /K S 3G =& 0—10 10—
20 ,20—40 40—60 ,60—80 F180—100 cm L2 AR F KA g 7 4 W, BCHAEIMECA 2 1 1) 158 5K % JF
SKHH EQLS 7 - 3K $A S04 S 0 7 i P AR [R) J2 R %) - 336K 34, E Sl oR MR A 5 min/ YK, AR [R) )2 Uk
FHOKBGERBEKFZ BB ER " SHABE AKCR I T RUER b JERAAR(8) IHHH AR TN S H 01
Ko7

N . Jg8 Ak 3%
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2.4 FEaba
K1 Excel 2010 F1 SAS 9. 0 4 kb 343 Hr 84
3 EREHH

3.1 RO AR H A R

P HIROAL Y H AR AR o LR ) B SEIRE 2K (18] 2) , E 20:00 ZE47 LB A RUR S ZHT S 225 A1
1k TR (BT RE LI 2 B A TR . K Goldstein 25" (Y FHIE | A A0 TR0 6 Bl 2 MR FE A6 K 4
LABRAh H RIZERE S R K 435 e 22
3.2 BRI S HE R [N 5
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PG, AR R 3R] A K B 22 5, DRI T 2 A TV I B R R 5 B AL AR MK 3 I R AR R 5 391
B 7K A2 RIS, B RO A B 2 AR . D3 A0, A A Ao 30 R w00 i 2 7 0 I T % 1) 74 A R E L R 30
KGR AR MEAR /N HAG 02255 o X FP G 2300 5 A A 2 1 A B0 Sl HE % | A K 2 rh W K IS 14 e it
FECH RIZEME R A A K R WA B 5 1 A A AR 2R AR S A OG5 2P ORI AR A K T A
FKIA4 54 0.0096 F10.0045 mL-cm ™ min™" ¥ & T H]0.0014 mL-cm™ min™"' . X 7] B85 Y 1 1 ek
IR ZE R (3R 2) A 2 AR K R0 385K R & 1 ], URH 3K o0 AN R R AR K
AR TR TV It e ) F R

o & T 0030
§ 020 . '
E O oL E oons | ——
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I5f 1] Time I5f 1] Time
El2 2011 £ 8 At FikimiEER KRR R ER B3 £KEHNAREERMERREYRE R EETY
BEK Fig.3 Variations of averaged sap flow velocity during nighttime
Fig.2 Daily variations of averaged sap flow velocity of sample of clear days in different periods of growing season
trees and solar radiation intensity in Aug. 2011
PEAR AR U R R A B TR O R AT = o016 ——
S 4) XA RE R PR IR T KSR B F 00l I
N e g 0012 | i’
TREARXS 25 S HUAE 1 R MSOK 53, 22 T R 28 1 sl 55 %2 0010
. . NN 5 E
T A A K 20 5 B AR . 5340, Rt 25 ooos |
N N RS L
AR 00114 mL-cm min”™ Bl EFMA FZ 00 e AT T
2 0 L
A110.0102 F10.0056 mL-cm ™ min™ X EEREHETAE & oo |
NN i sy & . A .
S K ST ™ TR K R R A5 ) = & & § QH:] - e
i 1] Time

G, IR o AN P A R YRR A IR A 5, DR
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Fig.4 Variations of averaged sap flow velocity during nighttime

of rainy days in different periods of growing season

x2 ERFAZATEERGKE

Table 2 The monthly soil moisture in growing season

1

J 45 Month 5H 6H 7H 8 H 9H 0H
May June July August September October

T IEARFAE /K FE Soil moisture/ % 24.34 19.10 21.53 21.52 29.43 32.57

3K 5 B Soil moisture deficit degree/% 8.67 19.72 14.60 14.62 2.06 -8.68

R NE)R L R A bR A K 2 p R R (0.0114mL- cm ™2 min ™! ) 5K (0.0043mL- cm 2 min™! ) ) 22 8¢
KA WIHH A2 AR (K 3,6 4) , BB A K Zh B, W AOK K AL T 5 BoiR A — B 3Kk
LA W AR RE T R PR R B K BE T, BB #b SE A K 4 | ke S T 7K R BRI = A
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e FER MR AR K S iz i
5 H )ROSR AN H 18] 2550 P F AR DA 2 I DA T, 73 1) R AE S 3R AN 5 4 3 7K 3R B 3 AH G
(#£3)(P=0.022) , YEHIR A1 IR A 1 2 BR ) (3K 3h) P2 LS K, 3 5 H ) 3 25 AN )
EAETT AR B AL W AR PR BRI TR K i BREE A DG RSB T T AR IR, T
HSWAAUEZM KR IFA BE  IFAREM R IR AL AL, U I A8 5 2 TR AR,
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Table 3 Correlation analysis between nocturnal sap flow velocity and environmental factors

SZM B Impact factors ESR P T, amean T amin T RH, W mean VPD, SM

*ﬁ?é/%@[ .. 0.003 0.141 -0.085 -0.090 -0.078 -0.036 0.063 0.011 0.175"

Correlation coefficient(n=171)

3 4‘_’47 M2

ﬁ% kq: 0.964 0. 066 0.271 0.240 0.309 0.639 0.413 0.883 0.022

Significant degree

ESR: H KBHFE S5 E Daily solar radiation intensity (W/m?) ; P; H &N Daily precipitation (mm) ;7. .. : REFHTIE Nocturnal mean

air temperature( °C ) 3T, 2 PIEFHALAIE Nocturnal minimum air temperature (°C ) ;7. : P H S Nocturnal maximum air temperature (C ) ;

RH, : R [0)7 SAHXHRIE Nocturnal air relative humidity (% ) 5 Wopew @ K IHIPFYIXGH Nocturnal mean wind speed (m/s) ; VPD,, : B FIK AR
7 Nocturnal mean saturation vapor pressure deficit (kPa); SM; F3EE/KF (1m ¥I{H) Soil moisture in 1 m layer( % )

3.3 AR K KO 7% 1Y ST
3.3.1 lE bk H B b H 281531284

AR ZEN T I #K B Z)TE 0. 005—0. 336 mm/d,F-424 0.053 mm/d , HAS L H 5K AR K
KEZ (K 5)  BIBRA R B IS CRE R A I DUAT , B — SRk m TR Ak AT 2 B — ]
FRUAEAEL , T T TR 52 B B K T AR K- o U8B A RS RS T 7K ) 5 Wi 1 2 30 e i vy - 48 5 /K ik ok i) 42 52
PRI o BG4 B TR AT MK B 5 R R i B T AR O 5 BAR ST R P R 22 8RR K AZ
FOBIF St K B, TR 25 K b 2 I B TLR A TRDBAL A fa 247 1R BT S0
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Fig.5 Variations of precipitation and nocturnal water recharge in growing season
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R4 ERFHHEBERRTH

Table 4 Monthly variation of the mean daily transpiration in growing season

5 6 7 8 9 10
A 433 Month A A A A A A
May June July August September October
Pz
HERER R/ (mn/d) 1.55 0.83 0.75 0.98 0.60 0.19

Mean daily transpiration

3.3.2 SEmRIEIKNKE ARSI T

R EIR AR 5 K A 35 TEAHSE (P<0. 05) , 5 R 3ES KR H [ Z8 15 | H 28 1 S A 35 IR AR G
(P<0.01) B 5 HABIREL K 5 A ARSC R ECERARMK (3R 5) , B4 1) W0 it 38 384 338 5 /K R AR OG, T 5
K PRS2 DA SCHA R B TR TR R (3R 3) o AT LI BRIl A+ b K i 32 2k T H (8] 28 1
SEECAIAIK 375 i R A S R P ) A K BE

£S5 WEMTHKESTRZMEFREXSHR

Table 5 Correlation analysis between nocturnal water recharge and possible influencing factors

S 4]

- ﬁ¥ T, Ty ESR P Tyamean  Toamin Toamee  RHy Wi VPD, SM
Effective factors : '

*Ejé/%ﬁ - 0.480*" 0.401*" -0.033 0.152 % -0.135 -0.138 -0.130 -0.008 0.042 -0.029 0.224*"
Correlation coefficient(n=171)

BEKF

I <0.0001 <0.0001 0.671 0.047 0.079 0.072 0.090 0.922 0.582 0.703 0.003
Significant degree

T,. B EZEM 3 Daily total transpiration (mm) ;7. H[EIZE5 & Diurnal transpiration (mm)

XA [ 2R 5 Kk S AR 1t — 22 0 M B T 4K R 5 0—10,10—20 ,20—40em 4R £
HEEK AR WE MR (R 6) , XSRS AR Y T2 ZAR R A ]2 — 2, W] 0—40em )2 935 /K 2 R
PO A S BB (93l ) T

x6 WFHKESTRERTESKENHEXLSH

Table 6 Correlation analysis between nocturnal water recharge and soil moisture of different layers

+ )2 1K Soil layer/cm

0—10 10—20 20—40 40—60 60—80 80—100
Correlation coefficient(n=171) 0. 066 0.060 0.074 0.033 0.023 0.000
2 Nz
B 0.004 0.010 0.001 0.156 0.321 0.986

Significant degree

3.3.3 ok ER A R

5 AR ALEANK EIRE] T 4. 19 mm, PR EIAMNKIRZ ;i 6 .7 .8 AW ALEAMK & B/ (E6),
VLA R A2 81 1SR BE A T 5 e BRI, 2B KA IR H 0 B R AN K o 22 2 Z AP i PR 3%, 0 4
REARERK LT RIS KR KRR, EAERKENWI(5 H)  Aedb g s it i 4 RO Pt (g |
AR SR RS XK A3 5 SRAR K, 1T ELH s 38 57Kk A ey | PR (R A K it e K EAE K ZE Pl (6—8 )
EIRAEZE IS T R B, 0 A2 3] 358 B AR BAR A BR ], 78 8] AR 7K £ B AR F AR 4 =) 05 78 2R K ZE R
(9—10 H) , B TR REAR A AR i1 1 AR, AR BIG Shosk 55 , A K 75 B2, T DA B AR s 30 4 48 5K
B TARKEP EERERKEIN S ZHEARK,
3.3.4  REIFMKEXT H 288 1) DTk

B2 18] K 6 H 28 1 59 s mk R 89 A A8 1k (1 7) BoR A K B0 AR 810 B FAE K B ]| X
FEH ARV RIAK SRR A K BRI H B e/ N RN (R4 B 6), Hi, FRkTiEeR
HIAE 10 A4y, 14 20.36% , e/ IME I BRAE 6 A1, AL 3.65% ,#2% 16.71% , WA [R] A 453 6] B Sk %25 5
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Fo HEAERFOHIN S A0, BB, KSR (BT RR AR B 2808 B STikR A E 1 9. 01%
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. . . Fig.7 Ratio of monthly nocturnal water recharge to monthly total
Fig. 6 Monthly variations of nocturnal water recharge and soil

. transpiration
moisture

HEPE I E KA H e 2 i 28I X R R b K 4 H Z8 1 STRR R A2 18 B 8 2K 5 A 3
R IR PR ZE PR BHAR SR SR BE A G R BON FUE (R 7) ,IX— M T =45 B O R AR G
FIXS BRI RM AR BTG 35 5 R, TR T e S B H S W R B AR o | )2 B 1 R TN e 5 B 1 Tk
SMIN, 3X E AT AR B R R I S 45 SRR — B AR RN D HE P AR 2 5, X S TR R K
WSS IR AE 22 574 5K

RT7 WEMKEMNAZBREHESVWEFHEXSH

Table 7 Correlations between the ratio of monthly total nocturnal water recharge to total transpiration and effective factors

M T Effective factors T amean RH,, P, ESR,, Womean vep,, T T SM,,
*ﬁ%%ﬂ .. -0.915" 0.283 -0.245 -0.611 0.075 -0.750 -0.851* -0.872* 0.914"
Correlation coefficient(n=6)
! A'“‘7 .
%% k:F 0.011 0.587 0.640 0.198 0.887 0.086 0.032 0.024 0.011
Significant degree

T mean = 13 ¥93ilk Monthly mean air temperature(C ) ;RH,, : 7 3725 SAHXREE Monthly mean air humidity (% ) ;P,, : H #JF#Fi & Monthly mean

precipitation(mm) ; ESR,, : 3 K FH#E 5 & Monthly mean solar radiation intensity (w/m*); W, ,...: J ¥IX# Monthly mean wind speed (m/s) ;
VPD,, : A ¥ KR 2 Monthly mean saturation vapor pressure deficit (kPa);T,,,: A H BZEREE Monthly mean daily total transpiration( mm) ;
T.q: AYIHEZEE & Monthly mean diurnal transpiration(mm) ;SM,, : H 3514 F /K2R Monthly mean soil moisture( % )

PRI AKX 25 1 DT kR Ay F PR 225 R (181 8) , e /IME A 1.09% (8 A 12 H) i KN 68.25% (10
J120 H) o SR ERIUNAE R BRI TTIRAER, 5 TSR E AR 5, KDY, &Y
T IEE KR LT, STERR A R S U A F SR A I TR RO, H )R M SR A AR A T
RN SRR I8 B2 TS S K A R R A RE T8 7 AR RO B AN KA, SRR 1D
BAEK , AEAR T S A] , bR 6] A bR 5k ) 2% 8 DT Rk R il - 135 7K A0 i it 1 O ) A2 A s, X 2 B
Je i HHEK PR DL AR RORBUIE R BRGE R . AEA R ZH0 0], AR H R K B, (H R A g 2R A
e K AR B H 2R B R BOR IR A8 TR/ T A R AR A A R AR AZ A5 AR S
TFaR T, H 2R RN I AR R AR 5 R — B RS AR B 7K, T B () P oK 1) 78 i BT kR
L3N

B H YRGS, HABPRIE R 5 X B ] 4K H 28 8 STk 5 A 52 M 4k 21 2 220K o 5 H R Ul H
Al HEIRRIKIEZE | BOR AR S5 | H SRR IR A A G RO B (R 8) , IR T =3 15 H i)
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T S I A 5 20 R ) 4K B T i R, AT A T B H VR R H R R s | H MR K
PRI 5 SR I BT R A8 )N
L IR PR T A5 MUA ST, ST T ARG I RA R TR K Y H 2818 TTRCR (R, , % ) 5 328
FZM R 1 [l AR (R = 0. 6094 )
R,=-1.94759T, +0.62038P+1.51520W,  +47.61393 (9)

amax mean

®8 WHIMKENBEBRHKESHWMEFHBEXSH

Table 8 Correlations between the ratio of daily nocturnal water recharge to daily transpiration and effective factors

M T Effective factors T ymean T ymin T o RH, p ESR W inean VPD T, Ty SM
*ﬁ%?é& - -0.683 " -0.528"" -0.729** 0.519"" 0.419*" -0.587"* -0.111 -0.627"* -0.605*" -0.650** 0.346 **
Correlation coefficient(n=171)
BEKF
- <0.0001  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.1466  <0.0001 <0.0001  <0.0001 <0.0001
Significant degree
T omean: HES Daily mean air temperature (°C) 5 T,in: HIRARSE Daily minimum air temperature(C) 57, H @il Daily maximum air temperature( C ) ;

amean *

RH, = 235 R Daily mean air relative humidity( % ) ;P; H PN W e Daily precipitation (mm) ; ESR=H YK B Daily mean solar radiation intensity w/mz) ;
W eant H ¥4 R0 Daily mean wind speed (m/s);VPD. H P FK 5 R 2 Daily mean saturation vapor pressure deficit (kPa) ;7,: H 7% 8 & Daily total transpiration
(mm);Ty: H [B] 7€ % Diurnal transpiration( mm) ;SM ; FHEA KR Soil moisture (% )

80 r R —— BEakE 45

fik
The ratio of contribution to transpiration/%

=
n

F 347k % Soil moisture/%

05-14 06-14 07-14 08-14 09-14 10-14
H #iDate

8 WEFKEBEBIBMER TESKENEEL

Fig.8 Daily variations of ratio of nocturnal water recharge to total transpiration and soil moisture
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K, Bucei'® Moore™ Phillips'*)  Zeppel ™ ZEAF 5T & B, 75 18] Y 37t 18 H5 X6} 28 I () BTk R 5% —36. 6% , AN R A Fil
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JCTE AR K B 1 B 28 DUk oR 5 o I B B 73 B A G X T AR i TAE S F Ry BR e PEE A,
ARSI T 152 X, WARZE S AN B R X STk A2 i A B e, RIS AR g S TR E K R
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