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Abstract: [Objective] The Loess Plateau is characterized by uneven precipitation distribution, with
frequent seasonal droughts. This study aims to explore the characteristics of transpiration and the biophysical
regulation mechanisms in response to drought of Pinus tabuliformis plantations by setting up different

precipitation gradients. The findings were expected to provide practical insights for the management of P.
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tabuliformis plantations and the rational allocation of water resources in this region. [Method] Taking the
P. tabuliformis plantations on the Loess Plateau as the research object, the thermal dissipation probe (TDP)
technique was employed to monitor the transpiration process of P. tabuliformis under different
precipitation gradients. Meanwhile, meteorological factors and soil water content were synchronously
measured to analyze the biophysical regulation mechanisms of P. fabuliformis in response to drought.
[Result] (1) Rainfall reduction treatment significantly decreased soil water content. At the hourly scale, the
transpiration rate of P. tabuliformis showed a single-peak pattern, consistent with the diurnal rhythm of
transpiration-driving factors; at the seasonal scale, the transpiration rate of P. tabuliformis exhibited a
relatively large variation amplitude under high moisture conditions. At both scales, rainfall reduction led to a
decline in transpiration rate. (2) Under different precipitation conditions, the daily transpiration of P.
tabuliformis was comprehensively regulated by meteorological factors, among which solar radiation and
vapor pressure deficit were the main environmental driving factors. (3) Rainfall reduction treatment not only
decreased the canopy conductance of P. tabuliformis but also weakened the sensitivity of canopy
conductance to vapor pressure deficit. However, under different precipitation conditions, P. tabuliformis in
the sample plots still maintains a strong stomatal regulation capacity. [Conclusion] Rainfall reduction
significantly reduces the transpiration rate of P. tabuliformis. In addition to the main environmental factors
(solar radiation and vapor pressure deficit), P. fabuliformis relies on strong stomatal regulation to control
transpiration, thereby enhancing its adaptability to drought conditions. The conclusions of this study are
conducive to deepening the understanding of variation law of transpiration water consumption process of P.
tabuliformis plantations under drought conditions.

Key words: the Loess Plateau; Pinus tabuliformis; drought; transpiration; environmental response;

ecohydrology
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5 18.71 11.50 111.47
6 18.81 9.40 112.59

AR, R P 6 S A% AL A T AR 0 TR SR AR
K RETT N BOREARIARARN , TSR AR (1 144 T A,
AT AR AR RS AR A SR R AR

As = 0.447D! 8842 )

{H: D AR C(em), A, NIAMTHF (em® .

fE 2023 FEAEK TR H 15 H—9 H 30 HD, f#
RGBT TDP #R%EF CGRAR, o DI E B 1)
T P o, BT A0 R RS RS B A
5, SRRSO B A FEACIR DL A PRAIGIR 2, 1)
I FEA (R T4 5 R 7 AH LA PR BT BER . g PRI
Ji L7 Sl R IR 72, 48— RAREE AR AR b )
1.3 m & AbCY . Ayt G s 5 R BRI E 45 R, fEIR
BE 5 FE R i b F R AR T 95 58 . HEH R R AR 9%
CR1000(Campbell Scientific Inc., Logan, UT, USA)
UMD G BEAT £, K2 7 B VB 30 min il 5
10 AR EAT 2 WI4EdP, Rl T3 E e ik .
1 F Baseliner %f4-(Version 3.0.7, developed by Ram
Oren, Duke University, USAD R — K1 B N##ERET
Z A1) fe KU ZE H (AT, ARG A At AR AR B
T ZE (T, SR E R AT IER ),

1.231
ATy — AT
) 3)

Js=0.011 9(
A AT NP RER 2 8] R iR 251
Ji R8I K 4> B R (p =1 000 kg/m®) M #EHb 1)
T BB A a5 MR 40 RS 1) 2585 8 (E,, mm/d):

n 48
D Dy A1 800

cr 1 000Agp
A J NEEH NS § MR BB ARTE —RIA
(K155 7 AN % B (g/(em?s)), Ag; NEF i MR
(8 BT A (em®) o & 30 min 10 3% — R EHE, — K
NILH 48 MHE, Ag AFEHBTIA(225 m?).,
124 Wik &2 FH5HT

N T BRFCA R R B 7K SF At o s 268 M 3 26 (1) 5
Wi 1 22 Jo K 28 ) B AR AR, AAZINESS RO RN 2R
JE B3AT T o0 0o ANBE R b, sl il 2 3 AMFE
T3 IR 25 JH 3 26 5 DK BH A St AL AN KR s 22 (R A2 4k
M2k, ST AN ERE T 2 T A R A AN Z R 5B
PTHE; ZE1 RO b, R R W S ) 3 ANRE T 25 i
RIARHE T, 7T 5% 2H 28 R 2 (R A TE 1 K/
7 5 A MG R AR .
12,5 ABZIRFHETFHH

RT3 B AS [R5 TR - 6k 3o s 728 s 1) 2 e 22
S, O 3 MR H A E S AR E TR
b, B Amos 22.0 BRAFH R S5 K TT REBEAY, 2] 3

E

x1000  (4)



46 b mw # kK % R

47 %

ANFEDT H 78 B 5 &N R 1 TRl R B R A I,
FH S 2 A58 R 555 A 7] Ak 23 20 3ol s 2 B S TR 52
12,6 BEFEITHL 5

WA ZE MG — 7 T 2 5 R 7 3K 3, o —
J5 T 2 RSFL I P I 8 . SFLPE Rk 5 A 5t
BHAT /KA ety e i i, P ARG B B i
ZEMR L, T2 S EAE—ERE L &gs
BICRE ) S R G AR B2, DRI U e A T YT R 28 I
57K 5 38 4 i i 2 v R 3 CBEVE A R
KA Z P05 e & 1) 2 e f2 07 BT ik,
AL I S MR R 2 5 R I AR AR TN 2
i A R B2

I 82 5 A X a4 2 Nk Hh i i 2 5
(G, mm/s)P,

AYE,
~ poCpVep
A2 KRR 465 000 J/kg), y A TIREH
#(65.5 Pa/C), po RFAVEL(1.25 kg/m®), C, 14
A EE 010 T/(kg- C)) . HTEESEAMR
TR0 RH 7K RS BN T SR 6 AN AEAf, DRI 530 3% i A W R
Kb F 2 SR (Vpp < 0.6 kPa) [ .«

IR FEAS TR B K 2% A T T Tk 2 5 B X R AT 7K
TR ZE R, 1) 32 28 90 BT 7 5B e 2
FREMABRSIEN, &2 550K IR R Z R
JIFEWT .

)

C

Ge = —mInVpp + Geref (6)
e m A R TR R KR R 2 I U B
Goret NZ 7% 0 |2 S FE (mm/s) o 7] I 3 3 ) A %
PEm Y5 G MZMERL & RIZ S BIBE 0.60) 2 =
BV, HEMILSFLFTRE 1. U 2 AR R Ty
FERI R R B EKT 0.6 B, RS FL I RE 188
559, 1Em &R T R GRS RIER N ER S 23T
SR K2, T ARELENT R BRI,
T E IR R el it A I 5 B ALk 7K 43
k.
1.3 HESIT

1z H Excel ¥ #¢ 38 J5 46 %04, {814 SPSS 22.0
AT RNEA 5 #r, £ Origin 2022 #1741,

2 HER G M

2.1 IMREEFHIHEET

2023 FAKFMMIAE, 6—9 H KFHARH =<
T B AV AN KR s 22 B 2 T v Ja PR AR A 5, Bk
HIHIAE 7 A, 435008 23.28 MI/(m?-d)+ 36.35 °C.
4.64 kPa([& 2).

MK IR 2%/kPa

AHXTEEE /%

KBRS /(MI-m2-d )

&) (—) () > Q
N R NT O,

4 % ¥ & A 2 /
Q‘o Q(\ Q/\ Q Q Q Qo’ Qo’ Qo,

K /(m-s™)

O H D QD H P B D
/’\, /Q /q’ /Q /\ /q' /Q /\ /"7
FFFFSF I IS
H i
B2 WLINEATR R 7% H AR
Fig. 2 Daily variations in meteorological factors

during observation period

2023 NI A TA], AR BE K BN 253,75 mm,
PRk & 2IZAMINEA . BKEEERES 9 H,
43 ) i EE 28.83% A1 35.94% (18 3). CK Al T2 k7
B KB B K N B B BOR, BERTAT LIRS,
BEEIKE B E>, BB — IR FER AN RK Sy, A
A b5 R B H B AR T,
T1 R B8 BN R 78, R3S /K & ik S i
BN, YR EMET CK A T2 B FE )5 (P <0.05)
(£ 2). KRR CK. T2 FE7 TIEE/KE
(1 OCER R 3%, 1438 5 UK & 2 B A R = I AR 4K [ 20 0
A1s T T1FEJ7 R Z e A 78, 3 & /K B ah 44k
FEALKF.

2.2 AEIFEKEEE Tl A THREBIFIE
221 BRI AN AR E T AL

FEA R ZE W0 B TR], 3 AN 7 A 228 i i 6 /)
B RO I it 2 A B 26 S5 R A A0 K 7R 22 ) 48 i 3
B, @ AE 7: 00 H 46 B, WA B IR R RS T
K PBRAER ST (29 13: 00D, 18 BIEAH J5, 75 5 o 2 it K FH
0 S AL RN KR ZE 1 B T O A0 s, AR A 34



2510 4 SEANGE AR B AR B TR B i SR A N AR 28 BB AR AE R L AR W 2 g 47
607 il 125 0.06 ,
— CK ~CK
2 0.05}
s = 004}
é 15 18 g
£ B =
= : g 003
¥ 10 & "
H g 002}
w»E
15 0.01 |
oL 0

6O & O NG \e} o & N
/"» /Q /"\, /Q /\ /q' /Q /\ /’\)
FIFHFFE & &I I I
HIH
K3 IES/KERERZH 2

Fig. 3 Daily variations of soil water content and precipitation

®2 FHIEEKE (FHELIFEE)
Tab.2 Average soil water content
(mean + standard deviation)

b3 TIEEKE/%
CK 12.57 +3.04
Tl 532+ 0.62%
T2 13.11+£3.93

* RF SATHEAA LLTE0.05 /K P LA E R E # 5.

SEUERS I 4) 0 3 ANEE 5 8 P 728 s o 20 I K /)N
¥ A T2(0.04 mm/h) > CK(0.03 mm/h) > Tl
(0.02 mm/h); bk, T1 R AR [ 78 1 o 28 B ik U E
i 1] (2 16: 00D 5 T CK. T2 #£ 75 (£) 14: 00), X
KA R B SR, T 28 1 3 2 /N i RO AR AL
52K BH R S A R KR R ZE TR A, 2 TR 1
PR R A s [N 7K 0 2% A1 T 5 o e A 28 T O R
UEEAELSREAIE, 7K 20 FRIUB D FEARR T IH RS ZE I Tl 6, [ 28
1R T VA A H R
222 WwAEMEREGETHE

LI S TA], T2 A 7 ek s 110 208 s Sl 26 30 5 AR G B8
W, H 28 Bzsis @A m T CK M T1 #£J7; CK
FE 7 28 1 o Ze A7 AE — 5 IR 3l (R BRI T T2;
T1 77 B 28 i i S A BT A, H 2 50N B e 3 4
FEJT AL T BARAKCT CB 5) o 33X 3 W Vi A 28 il i R
FEZETT R B2 BRK 3 S8 A AN [ 30 3 sl AR
INZE SR o TR AR A FE R B, YRR L AR i T 7 R
28 HL B 7K 73 IR 358 R RS A 1R AR A0 HE 30 B S 3 30 s
I A 2 D) 2 AR AR Yl e 11 28 0 1ok 2 5 A 2

23 AEEKEEETHRRATHREBENRERTF
B i) iz

IS B 3 AR AS H 728 1B B S5 5 A
T BIEE R T FEBE AL, o3 BT S AN I R 7 % 28 s B 1
(B 6). KFHARSTS CK. T1. T2 ¥E H & &
(1) b5 HE AT 42 R 2093 7908 0.51. 0.66 1 0.55, T1 4t

02:00 05:00 08:00 11:00 14:00 17:00 20:00 23:00

s} 1]
25 415
b —— TRIKIRE 22

~ KIS _
£ 1.0 f
m g
RE I =
*‘E 0.5 =
2 =
: -
= 2

0

0
02:00 05:00 08:00 11:00 14:00 17:00 20:00 23:00
221
B4 /NI REEIRER T 5 28l AR
Fig.4 Hourly scale variations of environmental factors
and transpiration rate

o CK

< 1.6 Tl

é 1.2 T2

= 0.8

¥ 04

=0

Bl

RE A\ ) N R NTD
F PP §F FF & &

H b
5 ZAMBEFZE NN

Fig. 5 Daily variations of transpiration rate

B K BH AR S50 T b 25 1 1 BB AN % T CKOAN
T2; WAHRIKIRIEZERT 3 ANFE T H 2815 2 AR 1 2L
MR ZE TEAOG, REOK/N R T1(0.57) > T2(0.42) >
CK(0.31), T1 AbF R A0 F1 /K IR & 2546 H 258 i B 1
Mg, HIEEEKENT T1 FET H 280 & m A B
#, W CK. T2 #£77 HZ& MG B B35 5 m ; JXE6 3
METHABERRZMIARE ., DL EgRRN,
TE 3 ANFE T HR K BH R S A A K YR 22 42 52 i H
2 B 1) TR 15 T AE ek R AR BE A, AH B OKRH
B AR KR 22, 3 S K B b b H 2K 1 &

IR AR P IS o
24 AEEKGEETHMRAIHREESEINEEWL
ESFLATIEA

FERLI ] 6—9 H, 3 MR AR i J= B
HAEIE R 52 00 72 Ay B A BH 58 S A AT VRS 22
BEANZE W TR, H AR 256 T i BEAR A LA



48 D O NI

47 %

GFI=0.956, CF1=0.987, RMSEA < 0.06

R

#x%£9°0—

%
#%%09°0— 8

b Tl

R

#3595 0—

cT2

GFL & RAFESEFR; CFL LB & 18 b5 ; RMSEA 35 UL IR 72, IR #T Sk, SR MRk
o RS R P<0.05. P<0.01, P<0.001.

s SRR E LR, RN E L *.

K6 FREEIA T 5 H M A A A 440 77 R Y

Fig. 6  Structural equation model between environmental factors and daily transpiration

(B 7. H T2 M7 2 T R s W&, T1 R
RPN BN, BART CK A T2 #£775 th4h, 8.
9H CKMT2HITHEESEST 6.7 H, Alit s
X BHAR S AR IR R Z A H 3K B . X
KA FIBEK AT, W 2 T B H A2 K BH
B S AR KR R Z M Re ), H AR B4R 2 e T

Je FEAR AR 35 IR R AL B > BRI R 1 R, 5
R SRR A BHX 2% B 3 R (K — B A e AR
U s B T R AN 2 BIA BT TS I
5H S8BT R A K

RLIIHIE], 2270 Al A, 3 ASFETT AL TE I 5
X AN K P 22 R R L B 4O Bk &R BEAE TR ATK



T REANEE AN R K R 3 e SRR N AR ZE I AL S SL AR s iy B 49

10 3
LS [uotpes s o
i w E —— CK
- 12 'éi‘j’ 3002‘: :%%
- 2% 0 X
: TR
é 09} %) ”
i
7 0.6
il
2
03}
02:0005:0008:00 11:00 14:00 17:00 20:00 23:00
I} 22
£ ;U - L@w/}f;’dl% 900;
154 w"tmw»l 60 E
=
:: 3008
12F "7

T E S /(mm-s™)
o o
N Ne)

e
w

02:00 05:00 08:00 11:00 14:00 17:00 20:00 23:00
st 1]

1.5 ¢ .30~ takiuey 900 &
£ 5|~ Kt s 7H
g
600 g o CK
300 :;j — Tl
= —— T2
0o X

2T (mmes™)
= I -
N Ne)

e
w

it
1.5 -530 Mt mﬁ
g
12 }2e z
fon X
o
£ 09
i
o 06}
I
i
03

02:00 05:00 08:00 11:00 14:00 17:00 20:00 23:00
Fisf %1

K7 iR S SR R TR

Fig. 7 Hourly scale variations of canopy conductance and environmental factors

RIEZW BT, w255 2 TR
jth 2 5 R AT 7K IR 22 RO AR T CKL T2 #F
J7 (E 8) 0 WA 2% it |2 T FE 5 BUR A 2 18] 1 R} 2
N 0.54(R*=0.72), 5EIR{E 0.6 MERARZEP>
0.05) 0 X2 BH el W9 b B2 R A 56 2 5 BE XA AR IR
JE 22 PR BUB A FRAR, (RAEA R Bk 2640 R, R4k
AT LU A ROR TS AL R SORGE R R N K 7 R e
39 b

TIAAE B - v b DX G (193 AR, 75 7K
IR TR AN AR A RS U T R I H AN T AR A s
SR, 2 i XS o B ) S IR, e e s 2R
A KT O™ 08 B2 s AT 45 65 e I Fs 7% s
FE K R A A0 AR R R JFL 6] A 555 BR] 7 14D e 12 AL o
A REAS T T A A 28 JH R K U AR 1R 2K 2 IR 25 ) i o2
. R, ASHF 7T it % % 4 v JE A N TARAE
ARV BRI S A T 28 I A 5 AR SRR MR (I 9, DA
5 7 AN TR B 7K 2% A T Tk s 2 JB R 7K PR AR Ak SRR AN A2
HRAT 75 R E A N TR e &8 5
fLER .
3.1 FEIFEKEEE T MMM D H B TSI

AT T H A TEAS [R] B 7K 26 A1 T 1 758 1 T e A7
TERA 1784k o /NS R b 78 B R T 2 g A
Ak A (B 4), 5K B4R 5 FRRTK IR E 2 B
AL HRAE AR AL, X 7% B P 28 0 T R ) B AL 2

3

[\
T

T JE SR (mm-s™)

1.0}

0.5}

0 0.5 1.0 1.5 2.0 2.5
2% 5 A S (mmes™)
Bl 8 i 2 T X A KU 22 B 82 e S AL 5 77 2K
Fig. 8 Response of canopy conductance to vapor pressure deficit and

stomatal regulation mode

NGRS R 3 I . R R AR P R R KR

IR T oAt AN B T5 (BT 3D, 28 i i A Uz (I T
H AR HERE T MU IR 7 o 2759 RURE b, TR 280



50 b = ok X

¥k

47 %

MR N LK MR R E R A RIS
o K I INA R T IS Y K 2 5 KR
AT, ok WY Ah B VA %) 25 1 T K T XS HRAE T
FIERFE T o XRAANFEPEARFZMET, UINHAL
BEER AL T AEALLK T B, JHIAA P 28 i oo 28 o 52 31 L g
IK ARG RE A o 3K 5 0] K F) BOTE 8 b ooy Jox o
HEAT B K A B R0 I R BT 4 SR — 3, 40 Dk A
Jii > AR YR I B B ST 3 R B . Besson 25U A2
PR F0 A2 B, B 7K A B Ak B A A 2 AR 1) 4F 28 i
BT 8%~ 13%. 243K 08 nes, Wit &
S SE= 0T R eh: I A U RPN AN T R SR T
PR ZE N 5 B /K &2 () 0 B35 U, P RE 2
TR BTN, B4 AIE T W SR R K SR 3
IK I3 BRI A B0 22 i, S ALIT P PR AN i 2%
T 6T AL 40 75% it S i AS i S 0, E AR HIE S b, T
P N AR AL T b KA, B2 IR 28 8 L i A R R I 7K
Y0 R 1 3 AR MR B SRR M X, R Lk A TR
K 53 g R A KB RD TR R ) 338K, i DAY
AR (1 R A 2 R - 398 7K 20 AN 78 J2L T A A1 28 i o
RE S,
3.2 AEIREKBETHEMHREBNEELMER

TEARE T, B4R S AR 25 2 i i
o 7% s B 1 £ IR B IR 1 o e A K P 4 S 2 e e A
WYRFLIEI, 3 T A2 3k 2K T T R KRR 22 i
BUB AR 5 RSN K A 22 R B & i i 7, x5
Al Ak A PRI R 0 45 SR — 8. e, AH AT R T
R AL T, DR AR FE R I35 K B hilias H 2% i
TR AE RS 6). #hE AW R E R
B 7K 25 AE T 7K 0 R A A T A 14D 5 T B 9k 9 Ak 8 B
B35 IXRIAEZ BT TR0 i, kA i g 2
B A PN K A AR IR T 55 T K a2k XE
H 26 1 & (1) B0

HEL A P 225 s A 52 31 1 5 PR 858 BR 1 5 ) (1) [ B
Fo A AR B R 2 s B 280 . A SR B,
WA S & BB T 80% ~ 90% LA b SRVE TR FL7E MG,
SALIITE AR AS Je AR A0 3 i I 325 52 ) A 40 75
20 FE B R A AR AR S HLHI IR B . AR,
AN BEACEAE T tiia 1R R 3 H R R T = R
AR S (B 7)o X REAE 5 A MY RE 7 o, A e
JZS L 6.7 AMKT 8.9 H, mIAg & T a1
FKERAL, FEC 2 SALCH o JB AL B A
1) 7k 2 5 A K SR T 0 BERE 7 R AR T .
Jian S5EUI7E B b TR 0O FUR B, A e 2 T
NI W EEW 73 1 R T < ol N S =1 G A . e
F A LKA R, YR E T K
A2 - 438K oy R B B — e FERE R, B A SR AR

A PRI A 1 A FL 2 N B 2 6 B,
DT 5 % P AL 2 ARG i 0 2 s 2, 23 3
NI R G A 2

3 ARETT HRA SR 18 5 0 R K 2 T A4
Sl 45 R R AT R . AT R I, T K R
S I AL EE TR TR SR R K IRUE 2
BT 8) 0 15T RIA LT, EWA T A,
S e 49 B L AT ) 2 S 4 5 1 7K 23 L0
B, TS B0 LR L RK 5 I 22 1 s
RIS 5 ST i 25 A A 1 BT 2 9, 1
% E S KRR, AL PR B T 1 SR
WA, R B b T .

TETTRF KA B, R 238 ) AL b,
AL 0 25 WS RE K B 5 AL B85 K S 64 B8 A
DT, S A 7 T 6 35 s i, — M B B A R
AL T B A2, AR 9 o A AL T R
HEA S A T J2 5 3 15 BRI 2 0 1) 96 R34 47 %)
B, SERE 3 VBT KA TR S A AR
BN m 5550 R SR T IA, RIUEDH
Ry 0.54, WAL T BB 0.6, (HER AR Z (P>
0.05) (&l 8). ix— 45 B4, AT 50 b b A Tk
FLA RS FLE A B 7, 7E T T R B R T
PRI A FL VR P K 53 4R FOE B T 3R 8
ke

5B Y SR A o 28 R 5 A PR B KA A
75 KB 0 2 K U A B 9 S A 77
(EEC BRI T - TAL B AR, B2 T T
O W7 AR, R/ LB S B B SR T LA ZE — i L
R K A ek S, (BRI th s (S R 2 B
0 2 KR BRI, 75 R 0 2 K A
(EI, 4475 3% K I 1 7L 38 57 2
AR AT L2 AFE 00 001 T K 98 B D
%R,

4 % i

AT TR X 3 e R 2 AR KR SR DL KT
FAFE R A A BB R A KR DL R 3
e SR AR N TCARAEAS [A) B 7K 2% T 28 I R (i A A 2
R e S IR AL 1 1A i AL £ 45 15 K £
AT AR L TS T SIS I FR i AL AR o F T4 2 B
L

CIOVZNI R B, R 25 I R 5 g R =
AN S SV & S R R 7 S s B 5o 5N
PP T) RUBETR 5 BN 49 BRI 1 TR (1 2 T

OANFIBER AT, Somiih a2 1 B ) 3 24
355 R 17 K B i S R LR KRR 22 5 kS A 3 5 3



10 4

T REANEE AN R K R 3 e SRR N AR ZE I AL S SL AR s iy B 51

FHOK AL, ks R 5 P R L G i FEAE K
1117 35 KR H 78 1 5 ) EL R R x]RS 4 R
LS TR

ORI AT, AR = T A T T B, AT
SRR AR, PR T ke R T EER AR
TR ZE UL (HAEAS R B ZEAF R, IR )AL
TS BE DA B, RENS T h i TR AL AR A
EYERF H B K RO o

P UIPSE- S =) N R N RE g2 Ll 1IN
BRI IC B PR PR o RR AT AR B S K TR
77 THI BB 235 A THI b S5t 5 HEKRFALE

& £ x o

(1] HB&E, GEH, REE, 5 8w e oo 21+ 5
PRI [7]. -5 X B, 2022, 45(2): 557-565.

Ji Z X, Hou Q Q, Pei T T, et al. Sensitive response of vegetation
phenology to seasonal drought in the Loess Plateau[J]. Arid Land
Geography, 2022, 45(2): 557-565.

(2] skRABR, BV, skifFale, 55, Bt i X AR S I 55 v ) = 4%
0B IR 74T [J]. FREERE, 2022, 43(9): 4902-4910.
Zhang L X, Fan J W, Zhang H Y, et al. Spatial-temporal
variations and their driving forces of the ecological vulnerability
in the Loess Plateau[J]. Environment Science, 2022, 43(9):
4902-4910.

[3] skSEE, EREAL, KM, 5 ZaTFAie T Lm s 2 Fu

Bl g5 PEATAG (], AL TR 244, 2024, 40(6): 339-346.
Zhang G X, Wang H M, Su X L, et al. Assessing the vegetation
vulnerability of Loess Plateau under compound dry and hot
climates[J]. Transactions of the Chinese Society of Agricultural
Engineering, 2024, 40(6): 339-346.

(4] ERIE 32w RN TR LK 5 325 B A2 40 ) 85 BE L
REFFC [D]. AE 5L AEstholk K22, 2006.

Wang H Y. Study on soil water and density effect of the stand
biomass of artifical Robinia psedoaeacio on the Loess Plateau[D].
Beijing: Beijing Forestry University, 2006.

(5] Mk, 3 vh 3 4 X i 70 bk 23 7K 23 ) SR K 7K 0 A2 25 o
fiE [D]. bat: JEatHll K%, 2022,

Yang F. Water use strategies and water niche characteristics of
typical forests in the loess region of western Shanxi Province[D].
Beijing: Beijing Forestry University, 2022.

[6] TiBk, Wess, WINH], &. SPAC RGuHT Jout & S HAE+ R X
BTN AR (], BrsEh s Ordm, 2002, 24(2): 1-4.

Gong L, Pan X L, Chang S L, et al. Achievements of study on soil-
plant-atmosphere continuum and discussion its application in arid
zone[J]. Environmental Protection of Xinjiang, 2002, 24(2): 1-4.

(7] ®cam, iR, BRE, . 0P RS LR E TR R
BRI [1]. AR, 2004, 40(2): 174-177.

Cao W Q, Han H R, Ma Q Y, et al. Sap flow flux of Quercus
liaotungensis in summer in deciduous broad-leaf forest of Taiyue

Mountain in Shanxi Province[J]. Scientia Silvae Sinicae, 2004,

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

40(2): 174-177.

Pataki D E, Oren R. Species differences in stomatal control of
water loss at the canopy scale in a mature bottomland deciduous
forest[J]. 2003, 26(12):

1267-1278.

Advances in Water Resources,
Cienciala E, Kucera J, Malmer A. Tree sap flow and stand
transpiration of two Acacia mangium plantations in Sabah,
Borneo[J]. Journal of Hydrology, 2000, 236(1-2): 109—120.
Waullschleger S D, Hanson P J. Sensitivity of canopy transpiration
to altered precipitation in an upland oak forest: eidence from a
long-term field manipulation study[J]. Global Change Biology,
2006, 12: 97-109.

Fisher R A, Williams M, da Costa A L, et al. The response of an
Eastern Amazonian rain forest to drought stress: results and
modelling analyses from a throughfall exclusion experiment[J].
Global Change Biology, 2007, 13: 2361-2378.

Burgess O S S. Measuring transpiration responses to summer
precipitation in a Mediterranean climate: a simple screening tool
for identifying plant water use
Plantarum, 2006, 127(3): 404—412.

Wightman M G, Martin T A, Gonzalez-Benecke C A, et al.

strategies[J]. Physiologia

Loblolly pine productivity and water relations in response to
throughfall reduction and fertilizer application on a poorly drained
site in northern Florida[J]. Forests, 2016, 7: 214.

JU, BN, 2250, 55, B EOR T RRE 5 SR TR
2 [J). LEBAR, 2014, 34(9): 2401-2410.

Fan C, Qiu Y P, Li Z Q, et al. Relationships between stem sap
flow rate of litchi trees and meteorological parameters[J]. Acta
Ecologica Sinica, 2014, 34(9): 2401-2410.

TG, TN, BRAER. SRR AR & R STt g (0], P
WiEL, 2010, 30(5): 1060-1067.

Huang H X, Wang G, Chen N L. Advances of studies on
adaptation of desert shrubs to environment stress[J]. Journal of
Desert Research, 2010, 30(5): 1060—1067.

HRITAL, FEE, H . 3R TR X K A K
RELH [J]. K ORFFAAR, 2004(2): 157-160,165.

Guo J H, Wang B T, Tian J H. Influence of soil moisture on
exchange between water and gas of oriental arborvitae at semi-
arid region of Loess Plateau[J]. Journal of Soil and Water
Conservation, 2004(2): 157-160,165.

B Jb 5Tl X TR R bk A 3 R G K 23 32 B R 5 HL
¢ [D]. Jb5E: JEstRalk k2, 2016.

Jia J B. Water movement process and mechanism analysis on
forest ecosystems in Beijing mountainous area[D]. Beijing:
Beijing Forestry University, 2016.

Klein T, Shpringer I, Fikler B, et al. Relationships between
stomatal regulation, water-use, and water-use efficiency of two
coexisting key Mediterranean tree species[J]. Forest Ecology and
Management, 2013, 302: 34—42.

Yu M H, Ding G D, Gao G L, et al. Leaf temperature fluctuations
of typical psammophytic plants and their application to stomatal

conductance estimation[J]. Forests, 2018, 9(6): 313—-326.


https://doi.org/10.1016/j.advwatres.2003.08.001
https://doi.org/10.1111/j.1365-2486.2005.001082.x
https://doi.org/10.1111/j.1365-2486.2007.01417.x
https://doi.org/10.1111/j.1399-3054.2006.00669.x
https://doi.org/10.1111/j.1399-3054.2006.00669.x
https://doi.org/10.3390/f7100214
https://doi.org/10.1016/j.foreco.2013.03.044
https://doi.org/10.1016/j.foreco.2013.03.044
https://doi.org/10.3390/f9060313

52 b M ok Ko ¥ R 476

[20] McDowell N, Pockman W T, Allen C D, et al. Mechanisms of Dang H Z, Feng J C, Que X E, et al. Study on azimuthal variation
plant survival and mortality during drought: why do some plants of sap flow velocity of apple trees in Loess Plateau area, western
survive while others succumb to drought[J]. New Phytologist, Shanxi Province[J]. Forest Research, 2019, 32(2): 46—52.

2008, 178(4): 719-739. [32] Wi/c ml B, AR BE AR T AR R G 5N oM ek 2 28 1 A 1]

[21] Sperry J S. Hydraulic constraints on plant gas exchange[J]. TAREAE B ALEIEEFC [D]. AL gt AL stk K2, 2020.
Agricultural and Forest Meteorology, 2000, 104(1): 13-23. Chen-Zuo S N. Influences of stand density and age on canopy

[22] Zhang Y J, Meinzer F C, Qi J H, et al. Midday stomatal transpiration, nocturnal sap flow, and their biophysical
conductance is more related to stem rather than leaf water status in controls[D]. Beijing: Beijing Forestry University, 2020.
subtropical deciduous and ever-green broadleaf trees[J]. Plant Cell [33] Chen Z, Zhang Z, Sun G, et al. Biophysical controls on nocturnal
& Environment, 2013, 36(1): 149—158. sap flow in plantation forests in a semi-arid region of northern

(23] Franks P J, Drake P L, Froend R H. Anisohydric but China[J]. Agricultural and Forest Meteorology, 2020, 284:
isohydrodynamic: seasonally constant plant water potential 107904.
gradient explained by a stomatal control mechanism incorporating [34] Schafer K V R, Oren R, Tenhunen J D. The effect of tree height
variable plant hydraulic conductance[J]. Plant Cell & on crown level stomatal conductance[J]. Plant, Cell &
Environment, 2007, 30(1): 19-30. Environment, 2000, 23(4): 365-375.

[24] TR, ARIFI KIS E S BA1 438 T SR AE 7K 70 FF 2% [35] Ewers B E, Mackay D S, Gower S T, et al. Tree species effects on
RIS ZAESUEE 7T [D]. #: FEALA MBS K2, 2021. stand transpiration in northern Wisconsin[J]. Water Resources
Zhang P. Measurement and simulation of the effects of varied Research, 2002, 38(7): 8—11.
vapour pressure deficits and soil water deficits on crop water use [36] OrenR, Sperry J S, Katul G G, et al. Survey and synthesis of intra-
efficiency[D]. Yangling: Northwest A&F University, 2021. and inter-specific variation in stomatal sensitivity to vapour

[25] Oogathoo S, Houle D, Duchesne L, et al. Vapour pressure deficit pressure deficit[J]. Plant, Cell & Environment, 1999, 22(12):
and solar radiation are the major drivers of transpiration of balsam 1515-1526.
fir and black spruce tree species in humid boreal regions, even [37] Chen S N, Wei W. Effects of environmental variables on canopy
during a short-term drought[J]. Agricultural and Forest transpiration in two coniferous forests at different growing-season
Meteorology, 2020, 291: 108063. stages[J]. Forest Ecosystems, 2025, 14: 100342.

[26] FEJ¥, PRk, R, &5, F 500 N FR0 -55 A B A X (38 K . B o o i o e X R A P 28 R K AR ALE X e
T DR BR N AR WB0AT K 52 (0], B3 bl R A2 2 4, DR L [D]. #: P ALRBRERE R, 2020
2024, 46(4): 127-140. He Q Y. Response of transpiration consumption characteristics of
Wang B, Chen L X, Wu Y M, et al. Impact of environmental and Robinia pseudoacacia plantations in the semi-humid area of the
physiological factors during drought stress on sap flow in Robinia Loess Plateau to rainfall reduction[D]. Yangling: Northwest A&F
pseudoacacia plantations in the loess region of western Shanxi University, 2020.

Province of northern China[J]. Journal of Beijing Forestry [39] Besson C K, Lobo-do-Vale R, Rodrigues M L, et al. Cork oak
University, 2024, 46(4): 127-140. physiological responses to manipulated water availability in a

(271 BRAESEK, WR7E ) Fe, BRI, 55, BERY X R AR S KRG R T Mediterranean woodland[J]. Agricultural and Forest Meteorology,
T B FE IR B4 ) 1 5 [0]. UK AR FR AR, 2023, 37(4): 2014, 184: 230-242.

284-293. [40] HEARE, BHT, AN, . WA T KRR TR
Wei L W, Chen-Zuo S N, Chen S N, et al. Effects of rainfall on FKEma B [T]. 7K EEREFIF 7T, 2020, 28(6): 144—-152.

sap flow and its en-vironmental controls in a riparian poplar Xia Y H, Zhang X P, Dai J J, et al. Response of stem sap flow of
plantation ecosystem[J]. Journal of Soil and Water Conservation, Cinnamomum  camphora to precipitation under different
2023, 37(4): 284—293. environments in the subtropical monsoon region[J]. Research of

(28] FL&E, BRIEAN, 1L, 55, BRSE M B RRIBIR B30 20 A S FL s Soil and Water Conservation, 2020, 28(6): 144—152.

o [J]. Mol 2, 2020, 56(3): 8-20. (411 B, 5k R, 50808, 56, BRIV M rE G 1 Fa PRZE I ot 2
Kong Z, Chen S N, Lii J, et al. Characteristics of Populus HIEBRAR A K 5 K J R K2 ] 26 & [T]. ARl R, 2020,
euramericana sap flow over day and night and its influencing 56(11): 31-40.

factors[J]. Scientia Silvae Sinicae, 2020, 56(3): 8—20. Han H, Zhang X L, Dang H Z, et al. Inter-annual variation of

[29] Granier A. A new method of sap flow measurement in tree transpiration intensity of Pinus sylvestris var. mongolica stand on
stems[J]. Annalesdes Sciences Forestieres, 1985, 42(2): 193—200. the southern margin of Horqin Sandy Land and its relationship

[30] Clearwater M J, Meinzer F C, Rade J L, et al. Potential errors in with precipitation and groundwater level[J]. Scientia Silvae
measurement of nonuniform sap flow using heat dissipation Sinicae, 2020, 56(11): 31-40.
probes[J]. Tree Physiology, 1999, 19(10): 681-687. [(42] whgide, w8, TR, 2% 2 Mk 44 T AL A MR I AR

[(31] e hb, V4, ENmRk, 5. ¥ 763 4 X 3 SR A TR T HABERLZER [J]. WL R KK, 2024, 41(5):

WAL 2 R AT [J]. MO RHERF AL, 2019, 32(2): 46-52.

949-958.


https://doi.org/10.1111/j.1469-8137.2008.02436.x
https://doi.org/10.1016/S0168-1923(00)00144-1
https://doi.org/10.1016/j.agrformet.2020.108063
https://doi.org/10.1016/j.agrformet.2020.108063
https://doi.org/10.1051/forest:19850204
https://doi.org/10.1093/treephys/19.10.681
https://doi.org/10.1016/j.agrformet.2020.107904
https://doi.org/10.1016/j.fecs.2025.100342
https://doi.org/10.1016/j.agrformet.2013.10.004

10 4

T REANEE AN R K R 3 e SRR N AR ZE I AL S SL AR s iy B 53

[43]

[44]

[45]

[46]

471

Han X S, Wang X, Wang Y H, et al. Difference of daily
understory evapotranspiration under two water conditionsin Larix
principis-rupprechtii  plantation[J]. Journal of Zhejiang A&F
University, 2024, 41(5): 949-958.

WRZESE, T —, TalEF . R T R R 5 R B A S 1R 9%
Z [0]. R EUKEARARRREE, 2006, 4(2): 103-107.
XuJL,MaLY, Yan H P. Relationship between process of sap
flow of Pinus tabulaeformis and solar radiation[J]. Science of Soil
and Water Conservation, 2006, 4(2): 103—107.

Jian S Q, Wu Z N, Hu C H. Estimation of water use of Pinus
tabuliformis Carr. in Loess Plateau of northwest China[J]. Journal
of Hydrology and Hydromechanics, 2019, 67(3): 271-279.

B, R, ThES, S5 I TR TR E (B AT RO J 1)
Ly o AT SR B AR M AN R 2 R AL S B )], A AR A2, 2006,
30(4): 655-665.

Zhao P, Rao X Q, Ma L, et al. Sap flow-scaled stand transpiration
and canopy stomatal conductance in an Acacia mangium forest[J].
Journal of Plant Ecology, 2006, 30(4): 655—665.

IV, B, B2, S5 ARIRTE R 5 2P 2 R AL S R
Joox BB R T o R [0]. AR A % 4 &, 2011, 30(10):
2122-2128.

Sun L, Guan W, Wang Y H, et al. Simulations of Larix principis-
rupprechtii stand mean canopy stomatal conductance and its
responses to environmental Chinese Journal of
Ecology, 2011, 30(10): 2122-2128.

Zhu L W, Zhao P, Wang Q, et al. Stomatal and hydraulic

factors[J].

(48]

[49]

[50]

[51]

conductance and water use in a eucalypt plantation in Guangxi,
southern China[J]. Agricultural and Forest Meteorology, 2015,
202: 61-68.

Wi AR, FLEE, BRILAR, 55, 2 T 5 XT3 T il As Ak 0 250
REE S S MR T [J]. 435254, 2020, 40(4): 1269-1280.
Chen S N, Kong Z, Chen L X, et al. The stand transpiration
characteristics of Pinus tabuliformis and its influential factors in a
semi-arid urban environment[J]. Acta Ecologica Sinica, 2020,
40(4): 1269—-1280.

Jackson R B, Sperry J S, Dawson T E. Root water uptake and
transport: using physiological processes in global predictions[J].
Trends in Plant Science, 2000, 5(11): 482—488.

JiaG D, Liu Z Q, Chen L X D, et al. Distinguish water utilization
strategies of trees growing on earth-rocky mountainous area with
transpiration and water isotopes[J]. Ecology and Evolution, 2017,
7(24): 10640—10651.

AF AR, A%, S5 R 3 AN AN IR B K H SR
MRHLAK 2 A7 90 5 LI AR A RSN, [T]. Aol AL, 2010,
46(11): 25-35.

Li J, Wang X C, Shao M A, et al. Simulation of water-limiting
biomass produc-tivity of Chinese pine plantations and the soil
desiccation effect in 3 sites with different annual precipitation on

Loess Plateau[J]. Scientia Silvae Sinicae, 2010, 46(11): 25-35.

(THEHRE KReZ
TEmRE O BER)


https://doi.org/10.2478/johh-2019-0013
https://doi.org/10.2478/johh-2019-0013
https://doi.org/10.1016/j.agrformet.2014.12.003
https://doi.org/10.1016/S1360-1385(00)01766-0
https://doi.org/10.1002/ece3.3584

	1 研究区概况与研究方法
	1.1 研究区概况
	1.2 研究方法
	1.2.1 样地布设
	1.2.2 环境因子获取
	1.2.3 样木选取与蒸腾量计算
	1.2.4 蒸腾速率差异性分析
	1.2.5 蒸腾量驱动因子分析
	1.2.6 冠层导度计算与分析

	1.3 数据统计

	2 结果与分析
	2.1 环境因子的动态变化
	2.2 不同降水梯度下油松人工林蒸腾特征
	2.2.1 小时尺度油松蒸腾速率变化
	2.2.2 油松蒸腾速率的季节动态

	2.3 不同降水梯度下油松人工林蒸腾量对环境因子的响应
	2.4 不同降水梯度下油松人工林冠层导度动态变化及气孔调节作用

	3 讨　　论
	3.1 不同降水梯度下油松林分蒸腾变化特征
	3.2 不同降水梯度下影响油松蒸腾的主要影响因素

	4 结　　论
	参考文献

