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Abstract: In recent decades, large-scale vegetation restoration has been carried out in the middle reaches of the Yellow
River, which is a significant factor leading to the reduction of runoff in many watersheds. Since 1988, the source area of the
Fenhe has continuously carried out three phases of comprehensive soil and water conservation management, and the forest
vegetation coverage in this area has significantly increased. However, the runoff in the Fenhe source area has shown an
opposite increasing trend. The impact mechanism of changing environment on runoff and its components in the area is not yet
clear. Beishihe is an important tributary of the Fenhe source area, and the runoff change in this watershed is mainly caused by

the impacts of vegetation restoration and climate change. Therefore, this study selected the Beishihe watershed as the study
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area, and used 9 numerical simulation methods to separate the baseflow from 1962 to 2018. The trend of runoff, surface runoff
and baseflow and their mutation years were analyzed using the Mann Kendall test and cumulative anomaly method. The impacts
of vegetation restoration and climate change on runoff and its components were evaluated by the double cumulative curve
method, regression analysis method, and elastic coefficient method. Results show that; (1) among the nine numerical
simulation methods, the Lyne-Hollick filtering method had relatively higher estimation accuracy, and its daily baseflow
process line could better reflect the hysteresis and stability of the baseflow. Thus, it was more suitable for baseflow estimation
in the study area. (2) The average annual runoff depth, surface runoff depth, baseflow depth, and baseflow index of the
watershed were 181.2 mm, 67.4 mm, 113.8 mm, and 0.68, respectively, which indicated the baseflow was the main
component of runoff. The annual runoff and annual surface runoff showed an insignificantly increasing trend, while the annual
baseflow showed a significantly increasing trend. The increase of baseflow was the main direct cause of runoff change. In
addition, the results of mutation test showed that the abrupt changes in annual runoff and its components all occurred around
1994. (3) The precipitation change led to an increase in runoff, surface runoff, and baseflow, which played a key role on
runoff change (the contribution rate was 78.1%—79.4% ). Vegetation restoration led to an increase in runoff and baseflow, as
well as a decrease in surface runoff. The main reason is that vegetation restoration could promote precipitation infiltration,
thereby reducing surface runoff. At the same time, the soil and landform conditions of the Beishihe watershed made the
increased precipitation infiltration more likely to form baseflow. The increase in baseflow caused by vegetation restoration
exceeded the decrease in surface runoff caused by vegetation restoration, ultimately increasing the total amount of runoff. The
study can provide scientific basis for the reasonable restoration of vegetation and sustainable utilization of water resources in

the source area of the Fenhe.

Key Words: runoff components; baseflow separation; vegetation restoration; attribution analysis; Fenhe source
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Fig.1 Geographical location of the Beishihe watershed and hydrological stations in the watershed
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Table 1 Baseflow index estimated by different separating methods and their evaluation results
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Table 2 Baseflow index values estimated by different separating methods under different level years
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Fig.2 Daily flow and baseflow processes in 1992 estimated by 9 baseflow separating methods

LEARKIE RO A A K AR S 5 S F IR Rk s 0 ARFSEIAH Lyne-Hollick 152 9 Ry 2 5107
B AT EERV S BRI v 75 SO 2R Lyne-Hollick 5 3845 543 Mt A T el ) S i An Ah e
32 RPN

AR 1962—2018 4EA80 S A 3 GeiH 4 R (18] 3) I A V- AR TR R A I TR AR i TR 23 3
181.2 mm 67.4 mm Al 113.8 mm, 0] WLIEGFEE A2 3 H 1) T ZELRER o0, HE DTk 5 ik 3 T 62.8% ., 7R3 HF
FEHIR], MR R IR AR R 20 TS, =3 b B — B, AR TR R B 4
By, MRS IR AL PR IR B, S AR A e RUEE b IF R R B h s ) B e 5 1 o 3BT = AR B AR 7 R
B, R R AR RIS 5 R EUE (0.92) fi K, FETE TR 978 5 R EUE (0.49) S5/, AR IR M AR 5+ R 80 (0.63)
(A TR TN WO 8 b S e e A e L S s K A e A R T8 = W e b A A O

http ;//www.ecologica.cn



1134 Hie AR R AN A AR A YAl PR X AR 3L S 4 73 B 5 ) 4603

ZAFF-E) BF{EY 0.68,4F BFI {H7E 0.44—0.90 Z B33l , SRR BN W L THES X RRE i 5EIX
WK B 22 BB R 1 BRI AR AR TR AR B9 o LU A

600

500

B
(=3
(=]

w
(=3
(=}
BFI

R4 4 Runoff components/mm
S
(=]

100

0

0 1 1 1 i s 1 1 1 1 h 1 1
1962 1968 1974 1980 1986 1992 1998 2004 2010 2016
44y Year
B3 deAaRE 1962—2018 £ FREAS T AE
Fig.3 Variation of annual runoff and its components in the Beishihe watershed from 1962 to 2018
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Table 3 Statistical values of runoff and its components in the Beishihe watershed during the base and change periods

ing:til R i FRARIR Surface runoff depth IR Baseflow depth

Period Runoff depth/mm {8 Value/mm 45 Proportion/ % {& Value/mm H 45l Proportion/ %
R Base period 152.2 59.2 38.9 92.9 61.1

AF AL Change period 218.3 77.9 35.7 140.4 64.3
AR A Variation value 66.2 18.7 — 41.5 —

3.4 HHEIRE RSB AR AXS AR S HLA  ( 5m)

MUY 1962—2018 AE IR FMER R G E R (K 4) I Z VY BoK & AR BUR & NDVI 43
B4 666.0 mm 931.2 mm AT 0.62 , Hirf AFFE K AIAE NDVI 5280 H I 35 A5 I da 2, 6 25 1% 28 A8 sk [1] 43-31) H
BUAE 1993 470 2011 4, AR TR AEZS R L B A0 SR 90 1 35 ()i i 3, LS 8 st ) v REXE 1980 4FFfHT,
S RA K 3 I AN EZE IR (0% AR A 38 N B2 B T — 2 M AR HEFE T, R I Ak o, B 2 1 3
IS Ke A it (1] 5 428 3 2 A st ] ) s — 2, R IR /K AT RS I A i AR AL O E B2 0K S R 28 5 1 i sk NDVT 1)
T E I TR AR A 8 T 2 T2 SOA A REE— 20 BERSE

R4 BAREERKE BEERREN NDVIEBH TR RTREER

Table 4 Trend analysis and mutation test results of annual precipitation, ET,, and NDVI in the Beishihe watershed

Mann-Kendall G5 i1#556: SRk
AT PSS ZARIE Mann-Kendall test Cumulative anomaly method
Impact factor Annual average value Bt GEARAEAS FRARAEA)y
Statistics Mutation point Mutation point
[% /K& Precipitation/mm 666.0 230" 1993 4 2005 4F 1993 4
IAEZE U BT,/ mm 931.2 - 1.46NS 1979 4% 1981 4
NDVI 0.62 2.727* 2012 4F 2011 4F

NDVI. J3—AAE #3540 Normalized difference vegetation index ; ET| TETEZER K 1 Potential evapotranspiration;NS;4&]&'% Not significant ; * Fn P<
0.05; * * /R P<0.01

FebK i PETEZSHU BT NDVI X = ANMER SR S BT RO (36 5) 5 R R Bk B 5
TR M FRAR RS R A G TR (R B 1 0.8) , HLA: W5 IEASC i3 UM B K IV 2% 02 52 IR A2 I
LA 5y A ) T R I e 8 B S AR S AL AR OGP E R 2 (HE 2 22 B 35 SRR OGS 2R iX 1 W]
TP E 2 O 8 T AR S LA o3 B A Rzt 21 1 BB i UK/ T  NDVI 554230 S 4o A G
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R8s, SRR SRR AR R A A SE R B350 0.059,0.011 F10.116  fEUZAIAR R BIEMSCRE R k%
W1 NDVI B IS TARGR A n] RERS 2 T — 7 B IEROWAEHT

®5 dAAREEREEAN SHMEZNEXITER

Table 5 Correlation analysis between runoff and its components and influencing factors in the Beishihe watershed

[k it Precipitation WL | ET, NDVI
(X LIPS 314 L LB 2 LB ¢ L
Runoff elements Correlation m‘ i Correlation ik ) Correlation ﬁk .

. Significance . Significance . Significance

coefficient coefficient coefficient

IR Runoff depth 0.857 % -0.431 * % 0.059 NS
i FLARRIR Surface runoff depth 0.807 o -0.364 o 0.011 NS
FEFRIR Baseflow depth 0.849 ® ok -0.473 ® K 0.116 NS

S T IR S RSl R ZE R T AR I R 3 RO IE il AR AR A R SR (R 6)
HRAE X B Al £ PN 25 5 | IR K 2 A R Bl 2R A X AR T AR A B SRR R 27.9% 11 72.1% , W b A2 0
AR TTERR ST 45.1% F1 54.9% , ST FEG AR AR BT 73 311 R 20.9%F1 79.1%  ARES A NE A 2551 U
BB A AR A AT B S A A2 I AR A B BTRR A R 78.1% F1 21.9% , %o M 242 1 AR AR 1Y BTk 45 3110 151.9% F11
=51.9% , X B AR AL I TTHRAE 3 3R 49.4% F1 50.6% ; MR HitE REGE TN G5 BRIk AR A Ve ZE UK 2 ik
FAERE XS T AR A ) BIERF53 B K 79.4% \5.3% F 15.4% , X W42 T A2 A0 1) Tk R 4310 182.0% 34.6%
FI-116.6% , X FE AR A TR 9K 65.0% 12.3%H1 22.7% , ARl 75 B B335 45 5 22 ok . W TR IR 234k
E A kA, Rt [l v R R0k B2 S Bl oK R AR AR e £ 5 R R E R R (1
JE L R F RV B T 5 SR WA R M R AR TR AR AL UA R E ok 2t [l ) e st R B0 i T H AR5 SR A
XFHZ B K 3 hnxsd T bR AR TR R3S NS 2] T e MEVE R A AR AR5 R T M SRAR TR iyl | i AR AR h &
LAY 25 R AR AR AL 2 80T MR AR TR ARSI, HL STk R AL s NI AS LA R ER R, =Rk i)
RS RAZ N AR RAAAE— RS , BRI (AR (I et T B n g

F6 tAMREEREEASETUNEARSTESR

Table 6 Attributions of variations of runoff and its components in the Beishihe watershed

KRR 12 e MlENS . s
. . . Sk R Ak

. . Double cumulative Regression analysis . o
RmEE curve method method Elastic coefficient method
Runoff elements - - e -

18 Uik 3 4N UiEkid 493 TETEZE R Uik i3

Precipitation ~ Vegetation ~ Precipitation ~ Vegetation  Precipitation ET, Vegetation

IR Runoff depth 27.9 72.1 78.1 21.9 79.4 5.3 15.4
IR ARRIR Surface runoff depth 45.1 54.9 151.9 -51.9 182.0 34.6 -116.6
IR Baseflow depth 20.9 79.1 49.4 50.6 65.0 12.3 22.7

4 iHig

ABIFER T 9 FEUBEAAU T A T ACA A ST ) 3, 45 R R W, Lyne-Hollick 32 Al SRS BEAR XS
Bim , H H BRI R R M S W e Pl i P RS P, P4 P RUBE B L RE ARSI HG PR /K R A R B X A i 4
SXBISENR , PRI T AR T A 8 Fh U7 ik B B e i T SR 3k A5 BT v A DGR 3 BT ST TR B 2518
BA—F 2 I Lyne-Hollick 3 T VAl v th X BE 3 (4 73 B AT A (8 B . D3 4h , AR 930 R IR
FEM FAE 75 B0 G R AR L TN, Al K FE HOR T Qo7 Q50 FE Quo/ Qs BN A7 3E . KIS RE BRI IR A T
Smakhtin F 2001 4E7E Journal of Hydrology | A& FRM— Rtk STk, iZ 30 ha8 AT U Qg Qs 3X 4R 53K
PR ) A IR E R KA U], 3 B2 2255 B R PSR AR Al S AF L it i) S AL (EL: S b ) R
TR Qs 1 Qo WIRAEH T Z MR RIEARA I B AR AR , RIS K FEECA R BR T Qgp/ Q503X —FE AR, Xof T
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Uit 7 BRI, SR HH Q257 Qs U Qoo Qs BEREAAR BRI AL U] 1|20 Hh 10 B AR L, [ 3t 2 B A /K T8 8805 19
ZERARENE N — RS AE R UEIE T 0 B A5 R BE I 7 25 6 5 18 H B AR el 1 48 1 A% PR 55 07 1A
AL

FETF Lyne-Hollick 4520 A TR 22 4E -1 BFI {E2N 0.68 , %8 = T8 Wl s BRI #{ 0.447° | B AN
T i 280 BFT (EAR A SRR K (R 7) o AR BFT 25 580K, HOR/NZ 3 1 UK IR F B
oA 1 AR ASEE S 20T LRGN . IR 7 TR XD RS DAY BFL (2] 0 i T Al b A
A 3 AT RESR PR g VDR DX 3 S-S, a3 22 T RV i /K VAR | R /K R TR A RE O 5k, DRI K 2
M i ABIE R AR, B AR IE 5 A7 L DX A 5L DA BRI (B AR & T 8 Fe b YR I, il
DRI = VATl M KT A 0 TR AR A A L X kA L X, 3 BET {ELAE 0.49—0.70 Z[BIP# 5], A
WFFEHER R LA L X e AT TR BFT AR 0.68 , 7w Bl 2 N, W SIE 1 AW ST RE IR /1 45 0 1 & B
ACAT T ERA g A L XA SR R, HE A SR, — BN 30—100 mm, [RIFERRMAB BE A H H 8 &
SR IR KR LS5 S B R AR AR AN R AEAR X AN I K B A A7 S R T8 O 2 R T A2 3, AT
KAERATIE PRI, AT IO AU AT e 2 1 (2 B0 SR (A 1l )RR B A 1 (R i R
) BOFEFZIE | S EORE AE R B

R7T BEARHERRS RIS BRI EF AR

Table 7 Research results on BFI value in some watersheds of the middle reaches of the Yellow River

SIRSCER B IX WEFTatEE USRS BFI
References  Study area Study period Main landform type
, R RIS SR TR I 55 v R R .
25 . 4 NEAC T, _
[29] patiien) 1956—2012 4F St AU Ay ET A 0.33—0.42 2 i
[31] AL L iiE 1959—2011 4F W e A IX ARIRIK SCubAE 0.348—0.466 22 [H]
JROR LI /I BT
[32] KW W BESF VA, 1959—2006 4F #+ B IAER X AIRIFIRAE 0. 38— 0. 57 Z[H]
NREMRESET)
[33] FiETA] 1953—2015 4F i+ VA EIX Sy = ARSI EN A 0. 27—0. 45 2 [i]
B 7 V47 AL il 2 37 kY
[34] BT R 1950—2010 4 ii'ﬁj%m&gﬂﬁjFﬁ b LB ARIRIK SCub#E 0.35—0.54 2 Ji)
[35] FA E 7] (3] HR i) 1956—2012 4 L BB X 0.435
FABET (el v ) 0.459
[36] TCRE T RIBREIX 1954—2018 4 XD b X 0.71
[37] )i 1956—2010 4E i+ FEBAAR X 0.133
A 1971—2010 4E W e A IX 0.323
75 R KX 1967—2010 4E KD X 0.688
[38] EH)I 1956—2015 4E 5+ B IAER X 0.12
gLl 1960—2015 4f 1+ FEBAAR X 0.55
T G n] 1957—2015 4 UM X 0.79
[27] Pl 1961—2014 4E 5+ B IAER X 0.31
., UER RIS AR TR 5 v BB R
B Bt B 042
TSR RS MEX B+ e i8R IX 0.73
TeRE KB MEX 8 4 i AR IX 0.61
MER(ab) #+ FEBAER X 0.43
j180) 4 EBAAR X N & 0.42
PP X BRI AR X 0.58
oK i+ B JAER X 0.33
=1 é‘;g'hﬁﬁﬁm&*?m}]ﬁiﬁﬁm 070
Y] AR X ALK R AER X 0.55
S N A HE 4
Wikt %J;@E?#JEELU X, i iR B AR A 0.49
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AT A B AT AT AR AR TR AT MR AR I TR 12 AN 0 35 (R B e 3, AP SR S R I 35 A 3
ARPGAR A P2 Hr , Lk 1AL RS R B0k i 2 RER W B R AR AR A Y 5 5 IR (TTRRR D 78.19% A1
79.4%) AHBPCZREARENA R (HEXUR ULk 15 4 R R AR Bl A A AR TR A3 & 21 1 e P A
P (TR 72.1% ) , 5 BE IR A S AL 8] 5 (3 7K S AL I 18] — 50X — M, A7 A 1) FIA Dk Bk SR A2 i
ALY T IR F R R AN TCie IR PR 5 vk S U AR B 2 AR TR A R AR B 1 AR 1) e AR A X5 B
HA i B - VR AR DA e W SR 23T AR TR OB TR S5 A R, L R R AT B AE T b A sy 3R 5
AR I IR S R e B A KA 5 [ P 28 A i, i S ERR A B R 2 HOE I T
FLUL, TSI RN ARIE , ARGE H FAR T AR P I DN A3 AT , P [l U9k R i 28 Bk iy 4 R AR IR 2 T - 3
THEFARTAGIE D, TRURFR 2k i 45 R R WA B A5 RS T AR A I I, 2% 18 2 BRARAE 1 RE S e E I
IKAE  AWTFE A ] TIA AR 225 MR AR IR A D . (SR AL A I = Fh 07 ik i TR A5 R AH
ZERR H R R WA M RS R T SR A

25 LA A T s K B E IR AR T N 60 F2 ZEAR B N 3R Bk AR A5 RS T AR | A It e I ) 3
T, AB IR I 5 S T A AR O 0 LA B 3t A8 O s/, TSR3 K A A A 6 A A58 17 B2 phy 0 Y
ST 2L FRTAT AR BRI A AL (BRI ) A sy B 1 AR il SN sl R MRS I (el ) =
FESR AR IMEE IS B U EARDP G, SEAT I AT . A3 e 1L DRI 2 SRV AR X Ry A1) ZE A 5T 3k
B A X AR — T 225 S s A IR A8, 5 — T3 i A L DX SR A A P i A ek A
B ARG M AR, AN TSR, B A i 1 I A A i, PR e e AR I e i S
BN Rt TAE o+ S R AR X, H IR AT A 50—200 m, i /K SRRAR TR , BRIy T (AR Wk 2
BN A R ARIE M AR PR AR DA BOHARSR R ALK A 5 RS ) 28 IR S e BEAS FEAS IR
B R I I A B i, 30l 5 BRI fat 2 Y B/ R 1 o sl A et/ A B Tt 3 A U
— BRI PR B IR i 2 S B T e 2t AR AR sl D i A DAL, A RIVR B2 AR TRk
I EAAMH TAE B A AP LRI S LA [R) AR B i 3 | SR PR IR ZR A R Wi T 2 R BUAN[R]
AR IR RONE , N ATERILR] bR SR AR R I AR IX — FR A GRS R IR A5 38 3 52 e 28 BRI A BB R S M A2 it
AR U AR AL, T B SN AR I, XL R AR B 7K A 5 R AN B 2 5 2 ) SR, A8 D B fe A S 1
JEIMARAR_E ORI ARG B2 BUR SN AS i 2 (A R A 25 2R DA B R Ui M SR AR U M I 1 o
A RER AR RE R IR LK S RS L AR I TCZa X0 XN DGR o F3 81, 3d i % i 3 e
T AT He oI, S BRANIR] D5 ik R AN 4 R 22 S BK A 15 Fratt— 20T AR it AR AL A R 9 D ik et ELAIF S AT
PERPEAT A T SEEA S B

5 #it

ARSCLAICAT ISR X3, 44T T 1962—2018 4423 S A 7 AR BR A A R , 805 T AE RV 2 F /<
AR XS PR B LA oy By e i), LB AN T

(1) Lyne-Hollick JEIEE FAl SIS BEARXT A iy, BRIt 23 B 45 R LA AT 5 S B H BS AR ALREAIE , R AR PR RUBE
A REIAREL S FRK AR AR X AR A A B, R 2 AR T A 8 A I e AR A X LA T e A
TN FEFFRE XA IKFEECR T Q157 Qo L Qoo Q5 BE R A3 , P RESE: PRI AT R DX IRT ) A2 3 B T ) o R3S, Q5
EE Qo EREMRILT I AMATESE

(2) IR AR K i WA ZE WU 1 NDVI 4398 666.0 mm 931.2 mm A1 0.62, Hir | 4 F /K i Fn4E
NDVI {E S B G 25 A3 a3, M AETR /e 25 B8 i S B S BRSBTSk AR AR IR R
RV FEF A B9 181.2 mm 67.4 mm 113.8 mm 1 0.68, o AR R AEH BRI R A B
(3G IS AR LR BRI 2 80 5 35 p 8 ka#h . D3 b, 580 K 4 SR e B, 28 I B LAl o0 1 98 AR AR A B4 7
1994 4R
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(3) At T e K S AR AT i) 2 2K B 2R (TR 78.19%0—79.4% ) , KR /K LT 1R T 423 |
HBRAR ST RE N, AR DI 5 | 7L 1 A2 0 RIS U AR 8 0 L2 R b R Bt ) i , It Sl e K 2 ) A8 S 48
RO 32 B e BRI AT S 2
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