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Abstract. The vegetation phenology of the Qinghai-Xizang Plateau is changing significantly in the context of climate change. However, there are many hydrothermal factors affecting

.
8, China; 3. Key Laboratory of Marine Environment and Ecology, Ministry of Education,

ey Laboratory of Marine Environment and Geological Engineering, Ocean University of China,

the phenology, and few studies have focused on the effects of multiple factors on the phenology of the Qinghai-Xizang Plateau, resulting in a lack of understanding of the mechanisms
underlying phenological changes on the Qinghai-Xizang Plateau. In this study, we used remote sensing data interpretation to analyze the spatial and temporal variability of grassland
phenology on the Qinghai-Xizang Plateau from 2002 to 2021, focusing on precipitation, temperature, altitude, soil, and other aspects to reveal the dominant factors of phenological
variability using an interpretable machine learning method (SHAP) and to quantify the interactive effects of multiple factors on phenology. The results showed that: (D) The growing
season start (SOS) of grasslands on the Qinghai-Xizang Plateau mostly ranged from 110 to 150 d, with 56.32% of grasslands showing an early SOS trend; the growing season end
(EOS) mostly ranged from 290-320 d, with 67.65% of grasslands showing a delayed EOS trend; and the growing season length (LOS) mostly ranged from 120 to 210 d, with 65.50%
of the grasslands showing a trend towards longer growing season lengths. @) SOS in grasslands on the Qinghai-Xizang Plateau was mainly influenced by moisture conditions, in which
soil moisture between 10 and 25 kg*m™ in the 0-10 em soil layer in March promoted the advancement of SOS and peaked at approximately 20 kg*m™. EOS was mainly influenced by
temperature, with higher temperatures in September and October having a stronger effect on EOS latency promotion and peaking at over 8°C and -0.5°C, respectively. The main
influencing factors of LOS were more consistent with SOS, in which soil moisture hetween 15 and 25 kg*m™ in the 0-10 cm soil layer in March promoted the prolongation of LOS and
peaked at approximately 18 kg*m™. (3) There was an obvious interactive effect of water and heat and other factors on phenology ; after soil moisture reached 20 kg*m™ in the 0-10 ¢cm
soil layer in March, SOS was more advanced in low-precipitation and low-altitude areas. Better moisture conditions were more conducive to EOS delay at temperatures above 0°C in
October, and soil moisture in high precipitation areas promoted LOS prolongation more when soil moisture was between 12 and 22 kg*m™ in 0-10 em in March. The results also
demonstrated that interpretable machine learning methods could provide a new approach to the analysis of the multifactorial effects of phenological change.

Key words: Qinghai-Xizang Plateau; grassland phenology; spatial and temporal variation; extreme gradient boosting (XGBoost) ; shapley additive explanations (SHAP) ;
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Fig. 3 Spatial and temporal trends in grassland EOS on the Qinghai-Xizang Plateau from 2002 to 2021



3380 E78 5

B 455

LOS#{#/d LOSAFfk % /d-a”!

LOSHE k&%

EE <120 [ 180-210 B <10 3005 . 0 300k
[ 120~150 W >210 B -1.0~-0.5 I 0.5~1.0 O eBEEk
[ 150~180 CJ1-05~0 WM>10 .

4 2002~2021 FEEEEEMLOSAHZ=

TiEs

Fig. 4 Spatial and temporal trends in grassland LOS on the Qinghai-Xizang Plateau from 2002 to 2021

SHBREKE . R DL R IR AR oK &, WK e
(a)Fin, 3SARBXHOK & SHBEKEK, #
PAR DL Ko V5 45 3 1 7K o AR 2 A1 a0 75 7 e DI 5
SOS [ 4 Hif (SHAPfH Ry 1) ; EOS 32 222 H il B T e
M LEIS(b) ], Xk H 5 i f5 K B R 2 9 H R 10 A 11
W, HUOEEHk . 7HRE0~ 10 em) R 5K
9 10 ~ 40 em 3K 73 DL S 6 H BEKaE, WE 6(b)
F)T/T SHAP{E A IEAUERF W [N 3% 2 it df EOS ZE3R

U (9 3 F1 10 F )76 . EIR G . 2 K B R AR 4 (7
ARZE TR 6 RO, uzwﬁm 40 cm
IR AR 2 A BEEOS SEIR . LOS E’]’Eﬁ@{iﬁfﬂ[’}‘?”ﬁ
sos?txjj ﬁ*[zls(d
%{0~1ocmﬁﬁt§’7kéj\ HEIR ﬁéﬁﬁw}f 1L/EJ
| 10K 8 AR 10H&E 2H/ET“
;ﬁrszku;za%/ B, AP 6() R, SHAd?{Ejﬂ

WA (i LOS I @%ﬁmﬂi&éﬁljﬂ&i&f )

H%mﬁ‘f)ﬁ’;‘?:ﬂﬁms%‘ﬁiﬂ T ATIE
ﬂﬁ#xﬁos&;k

:«%%‘u < S 5 [K 2R % SOS 1y §2 i 7775 Wtk 11
BIEA, WE7(a) iR, M3 H R E 50K
KT 10 kg-m B, XFSOS (14 $2 757 oy 90 5 5% 0y f2 S 1
F(SHAP A tH IE#6 1), I 78 188K 50 20 kgem™
Ze A AR VEVE R B B K, TR & 5K 4y ik — 2
B, HALIEE AR s AR, 5 H BEK S
FEO ~ 12 mm A, FEKHR 2 XF SOS Ay #i 3R 4 FH it
17 24 7K i ok U322 4 3RV B ek 55 O 7E
[ K 35 2] 35 mm I I 502 #E SOS IR T, B /K i ik 3
65 mm B fE #EAE B 8 T H KK 7(b) | W 3kE F
4 500 m B 25 {15 SOSHEIR , 7E 5 000 m B 3X Ff 52 i)
BRI E 7(e) ], HRaE I Bt Bk S T 110 mm B,

FFUR AR BE SOS MR FT, K F £ #F 7 I AE SRR K

L 250 mm B AR A5 AN E 1 7(d) .

F G FZ AT EOS Y2 m 45 R UL E 8, ik
KE, ARKFHMOAMI0 ) EE R, St
EOS [ ZEIR [ K] 8 (a) A1 8(b) ]. ML FE 9 A % T 5°CLU

12 mm,

RO

KMAE 10 H 5 F-3°CHR & {2k EOS HER , {H X F 2 i2F
TER AR, 249 H R L F 8 Cal 10 H il ik
F)-0.5°ChY, HXF EOS #E R #4228 1 A b 3 ok H
Yk S TR 23 AR AR M EOS Y 52 e AN 1 o
WK, AAEW] 0 H A H K 8(e) .7 H 22 14
KR (<22 kg*m™) A2 9 A 10 ~ 40 cm /ﬂéfﬁ%ﬂ(
S35 (> 85 kgem™®) 23[R iE EOS HE IR [ 1§I§(5Lz$118'@)]

9H ii;ykéﬂi&s 100 kg- -2 22 [A] P E,os g AL
AR Ak 1 é’ekéﬁﬁﬁﬂpﬂ f%km%l}o ETME
HEEOS AR [ &l 8(p-1. 3 ff,

I%l?%LOS‘EI’JE’ %ﬂllzw"sﬂﬁ%):'i
HEK 5 1EAS mg zﬁm/\fwmsbﬁ ) ey
AR 1 O 18 ke I 35w G [ 1 9T 1. @ﬁ‘
T4 oooJ%ﬁf_FLdsB’JLk o) T @még%
iﬁmﬁﬁﬁ’lzj&/\&%ﬁwsaﬁﬁﬂ@%w ~9(D T Z iy
B2 (14 9 1 % 4 AE 3 1) RiF R K 35 5] 100
mm, 5AFKER S50 mm, 8HFEKES] 80 mm LA M
R ZEERRT (11 H) BREKIEE] 5 mm AR 2423 LOS
FAE K . A K R AE TRNE (10 ~ 11 ) R B2 8 5 A A1)
FLOSHERK [ 9(g)F19(h) |, 10 i k] -2°Cul
B 11 H IR K F)-7°C i A ) LOS %E K 5% S A HE it
AR FEIFIAHT(2 ~ 3 H )il AR A AT LOS i1 4t
KLE9G)FI19() .

2.3 R e b ) o 32 T R 1Y A LS )

ARWFFEIN MK . S K o A IR S A
FXF 7 7 I M ) A AR S Fsg R, R TR AR
(B & SR A Y OO k7K 7R iy I = s oS
RONHEGHF, FEELEF SRR R PEE—E
R E AT, A, BT TS R )
)38 B2 M . A 5T o 2 b & I E BT A s e R 2R
ZREBAEAE S AR, LA AR R A 7716 W
BN ESISE SOR7/EFiE AT

Z [N R 520 SOS 1Y 32 H AL K WL & 10, 7] LA A&
M3 RZE K IEE] 20 kg mT A4, H
HHE F2H RN TS S0S 2L 3 i 3%



6 1 R EDCAE « 6T AT Ak AL 45 2 >J 1) 75 90K 1o JAL 5 b ) f 7 Al 22 TR 3R 52 ) 2 3381

SM0~10_now_03
P_now_05 |
elev |
P_last09~now03 |
T_now_03
T_now_02
T_now_05

1
]
1
SM10~40_now 03 [ ]
I
]
I
]
-
]
]

T _now_04

T _now_01
P_now_04
SMO0~10_now_05
SM0~10_now_04
SM10~40_now_04

SM10~40_now 05 (@) SOS

0 0.5 1.0 1.5 20 25 30 35

T now_10 |
T now 09 |
elev ]
SMO0~10_now 07 |
SM10~40_now 09 |
P_now_06 |
P_now_09
T_now_08
SM0~10_now 10

—
—
—

TR —
—
—
—
—
—

P_now_08

T now_11
T_now_07
SMO0~10_now_09
SM10~40_now_07

e

(b) EOS

0.00 025 050 075 1.00 125 150 175

SMO0~10_now_03 ]
elev ]
P_last09~now03 ]
T now_11 ]
T —
) —
Tonow 10—
Tnow 02 ]
T —
T —
Pnow 05 ]
Pnow 09 ]
SMO~10_now 06 ]
SMO~10_now 07 ]
Pnow 04 [ ]

00 05 10 15 20 25 30 35
y SR S [N 2 AR HE A s x B R A5 R
[H % SHAP i /9 F {8
E5 RIFHE(SHAPE|) XM ISMNEEZHNEESHE

Fig. 5 Importance ranking of the top 15 variables according

to the mean (ISHAP valuel)

(¢c) LOS

s . Hoh, S H K RRESWIRE K 53 H %2+
JK 3%} SOS 1Y 22 H. 5% i AHBLL & 10(a) A1 10(b) |, R
2 HEK A3 iA ) 20 kg m 2 ZE AT, AR FA K B2 R i 43
i 3 SOS R, WHLR UL, o @ R 7K o S A
HEAF T SOSHEHT . I3 A4 3 H K 4y 20

P

SM0~10_now_03
P_now_05

elev
P_last09~now03
T_now_03
T_now_02

T _now_05
SM10~40_now_03
T _now_04

T now_01 . s mme
P_now_04
SM0~10_now_05
SM0~10_now_04
SM10~40_now_04
SM10~40_now 05 () SOS

W PR AE

=
4

i
25 =20 -15 -10 =5 0 5 10 15

T _now_10 -
T now_09
elev oo
SM0~10_now_07
SM10~40_now_09
P_now_06
P_now 09
T now_08
SM0~10_now_10
P_now_11
P_now_08
T now_11
T _now_07
SM0~10_now_09
SM10~40 now 07 (b)EOS

EALSEE

=

=10 -5 0 5 10

e
W

SMO0~10_now_03
elev
P_last09~now03
T now_11
P now 11
P_now_08
T now_10
T now_02

T now 05 =-
T now_03
P_now 05
P_now_09
SMO0~10_now_06
SM0~10_now_07

P7n0W704 (C) LOS

FALLSE S

-10 0 10 20 30 &
SHAP{H

RFAEHE 44 Cy i) 2275 52 1) PR 3R 0% B 200 5 SHAP {8 (o il ) J2 R AiE AL A
RS PR R B R A S — 3515 AT R 6 AR R A A S A
B[ 52 R ) ok 64 22 TR AR R A0 ) 3R S T PR A 1
(BEAR)

E6 IHANLTEXYIRKIM

Fig. 6 Influence of input variables on phenology
kgemZ B, IV Bk b DXAR 85 T 5 T 4R X 3K 43
XF SOS 4 i 9 i #EAE HI S 3 [ 10(e) | an & 10(d) ~
10(H) iR, MEURES WK AE 50 ~ 110 mm BF, 3 7 3%
JZ KA 5 A BEK & K DL ORI 4 11X SOS
P IR AN N N LT 2 R A TR K R T 250 mm
J5 o B 0 R K 2R A RVEARR 1) 1 4K 23 1 5 U XS SOS



3382 S S . 45 %
15 15
() 34 0~10 cm-337K 43 A SOSHy il (b) 5 H Bk X SOS Hy 5 iy
10
= g o
[ oo
< <
T T
%) ZEEN
=5
-20 L | L I I L -10 | | ; IO | | ) |
0 10 20 30 40 50 60 70 0 25 50 75 100 125 150 175
SM0~10_now_03 P_now_05
10 - 10
(©) #RASOSIIFE M . (d) Z=HT R HFEok X SOS H M
5t N
0
_5 -
o . =
2 -0 R )
o L B o=
“ 15 - X @
i oEEY
200 %
-25 L L
-30 | | | | |
1000 2000 3000 4000 5000 6000 7000 0 50 100 150 200 250 300 350 400
elev P_last09~now03

ﬁﬁtﬁ%%ﬂﬁ:ﬁiﬁ?un%ixﬂj
,l"f'_ & 7|"r XGBoost(SOS) B SHAP ik #i

fig. 7 'SHKf‘/-kndﬁney plot for XGBo
¥y .-"Jf f

I SHAP fH ; HE £y sﬂéﬂﬁjﬁiﬂﬁ@

A
AV

f"'r_ ! L _.-:}
o &
2
0
-2
-4
-6 {
I ;
-10 (a) 107 R EEXFEOS HIFE M -10 (b) 9 FEXFEOS iy 0l -10 - . (o) MHRXTEOSHY I
- I | | | 1 _ 1 | 1 | _ L I L 1 L
1%15 -10 -5 0 5 10 15 12—5 0 5 10 15 20 l12000 2000 3000 4000 5000 6000 7000
T _now_10 T_now_09 elev
10 7 9
8 7k
6 5
@ 4 @
& &
< 2 <
AN S . z 1 T
-2 2 ; -1 7 ; K
[ @ 7H0-10 em bk A ATEOS B M () 9H 10-40 e EHOK A RFEOS B M 'z (D) 6 A HKRFEOS M
-6 -5 - -
0 10 20 30 40 50 60 70 20 60 100 140 180 220 0 40 80 120 160 200 240 280
SMO0~10_now_07 SM10~40_now_09 P_now_06
HIS F R A AR AR L 5 IR D 2 X 1 SHAPAH 5 JE 28 S SHAP 28 i £k
E 8 XGBoost(EOS)HK SHAP {k#i% 7
Fig. 8 SHAP dependency plot for XGBoost (EOS)
FEHT A REFEAE T (8 FE A T BT 0 . [ RE M, 9 3K 0T EOS Y 52 i) 35 1

IS
2

WE11(a) ~ 11(e) fion, HEEXT EOS Y 5 ik B
5852 B K A3 Z A 45 . 10 7 AR T =30 2 4
il EOS Y RER | H 7K 4348 i 0 /R S5 5 29 10
JREE S T 0°C, 6 AREKE R, 7HKE LK
1 AR 9 1 10 ~ 40 em 4= 587K 43 i 1 H XX EOS FE R

SO R AR B R 11(d) ~ 11(H) ], ££ 3000 ~
4500m ), 6 AREK. 7THRZ KD EHLIL9
H 10 ~ 40 em 1K I3 @ £ 2 B EOS SER . 6 H KK
Xt EOS ) 52 i) 32 BB 98 5 [ 11 (g) A1 11(h) ],

JIBERKEEART 75 mm B, 9 JJ A1 10 JT i B v, %



6 1 R EDCAE « 6T AT Ak AL 45 2 >J 1) 75 90K 1o JAL 5 b ) f 7 Al 22 TR 3R 52 ) 2 3383

15

(@) 350~

0 cm 3K *FLOSHy i
10k o

SHAP{&

_10 Il 1 1 L 1 1
0 10 20 30 40 50 60 70 1000 3000 5000 7 000

elev

(d) 5 H HErKXFLOSH 5

15

10 10 |-

SHAPH
(=4
1
]
]

_15 Il 1 Il 1 1 1 _10 1 Il Il 1 Il 1
0 50 100 150 200 250 300 350 400 450 0 25 50 75 100 125 150 175
P_last09~now03 P_now_05
14 15

12 (- (e) 8A K XFLOS Hy . () 1L Mok RELOS By R

SHAP{&
SHAP{&

| -
0 40 80 120 160 200 240 280 50 60 %
P_now_08 P_now_11
10 15 —
(&) 10HBERTLOSHITEMT, . 2 () TR BEXTLOSHI K
# 5+ 10 |- .
W @ 0 po====---- e eeed iﬂ 5+
~ w1 &
= =
[z ZI N SRR -
-10 |- -5 L
-15 1 | Il 1 1 -10 1 1 1 1 1 1
-15 -10 -5 0 5 10 15 =25 -20 -15 -10 -5 0 5 10
T now_10 T now_11
15 — 15—
() 24 I BEXFLOS 5y () 37 IR EXFLOS I FE
‘e AN
T S 10 Lo

=30 -25 -20 -15 -10 -5 0 5 10 =25 =20 -15 -10 -5 0 5 10
T_now_02 T _now_03

TR 3R R AL b L 52 1 D3R 0 B A SHAP (B 5 HE 265 SHAPH A 2 1 28
9 XGBoost(LOS) ) SHAP R #t X &
Fig. 9 SHAP dependency plot for XGBoost (LOS)

EOS ZE R Ay 42 JE/E H #iss ; 6 A K &Mt 75 mm FIEmE11G) ]
JG . 9. 10 F IR B AR A H IX. EOS B 4B R . BRIt 2 RA K I AR R BE #0432 52 ) LOS R 38 7K 43 1)
A, 6 HREKEREE, 7HRKZE KN EOS L w107 [ 12(a) ~ 12(d) ). 3 A )2 H8K e 12 ~ 22



3384 woo%m B 45 %
—~ 90 P ~ 10

g 10 @] [ g ® boo  Z @) 15000

g s 70 g 175¢0 2 5 4750

= a8 | z =

2 505 & 125 2 2 >
=] = Q2 < 4250 ©
> -5 40 4! = % S -5 2
j”@ 0 iﬁ ;go 5 2 4000

-10 ~ 10 3750
715 : 10 = : 25 Z-15 : 3500
10 20 30 40 50 60 10 20 30 40 50 60 10 20 30 40 50 60
SMO0~10_now_03 SMO0~10_now_03 SM0~10_now_03
_ 90
% 15 8‘ % 80 § 5 5000
g 14 é Zg 70 g 4750
vy

%i B2 g g’g g cé 0 4500

Z NI % £ z 4250 3
I S o 40 = I -5 °
= no Z 30~ £ 4000
= = =

2 0 g 20 S-10 3750

= t 9 & ' 10 > ! 3500

0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
P last09~now03 P_last09~now03 P_last09~now03

(a)3 70~ 10 cm 137K 535 5 A BFEAKXT SOS A HH W, (b)3 A 0 ~ 10 em + 37K 435 Z i Rt FE K X SOS B H A, (¢)3 H 0~ 10 em +
HEK Ay 5 1R 0 SOS B ZE AW, (d) BT B3 EK 5 3 A 0~ 10 em T 3K 434 SOS Y AE B2 , (e) BT B WK 5 5 H KK SO_S.E’MCE

B, (O AKX SOS 936 LA, A7 B A BB 4611 52 LA T LA 6B T XY LS élfg;%%r
G AR 0 PR 3 7 2 5 A T 1 P R B o~ |

2 "3 ¥ | \
B 107 % E &0 SOS KX B M po |

Fig. 10 Interdﬁ effects of multiple factors affquljig SOS | | f’_.. /—4

[¢ )

120 4 ()] |30 _ %0
s g ? SR E) © g
I 100 0 g S 2 80 <
g e 3 26 ! 2 g~
Bl 80 <, s -2 24 2 ! 75 ro:l
= 2 = 4 s = 70 o'
1 60 & & 2= 4 ¥
m S @ 2 & 65 <&
T ol g 6 202 = s
= 40 z Z = 60 =
& 20 3 18 A 55 »n
- -10 16
-10 -5 0 5 10
7.5
120 5.0 30 o
2A5 28 " %|
= . [
z 100 o %S T 80 -
G g 2 o 5 g
< 80 S, T 24 g 5 75 5
g 0 s £ Soog 70
< i = 250 2 s 5 65 =
% L 40 &~ % 75 20 & ﬁ H E
o ‘ z c i 60 @
-10.0 ' 20 -10.0 18 » -10.0 H
: : H 55
-12.5 -12.5 16 -12.5
2000 3000 4000 5000 6000 2000 3000 4000 5000 6000 2000 3000 4000 5000 6000
elev elev elev
9 = -
(8 8 S (1)
@ 8 g & 2 5 120
< 7 | )
! z g, 100
g 6 g ¢ 02 = 80 3
| 2 | 1
o 5 ¢ £ z o S
& -2 2
igi 4 :‘ i:_fl 0 gl 5 60 :|
< 3 é -2 -4 = o 40
T 7] ]
2 2 4 < 20
jas}
. 1 . -6 = Y
0 50 100 150 200 250 0 50 100 150 200 250 10 20 30 40 50 60
P_now_06 P_now_06 SMO0~10_now_07

(a) 10 HiR S 6 HREAKXT EOS B2 H 52, (b) 10 HIRE S5 7H 0 ~ 10 em L HEK 50X EOS (5 FHZ2 M, (¢)10 HIRE 59 H 10 ~ 40 cm - 5EK
AT EOS 22 HAEME , (d) 4R 5 6 ] K4 EOS 1938 HAEZ M, (e) WK 5 7 H 0 ~ 10 em 1 HEK 434 EOS (1938 5200, ()45 5 9 J1 10 ~ 40 em
T HEK AR EOS Y 22 B, (g)6 F BE/K 5 9 A EEXT EOS Y28 B2, (h)6 3 K 5 10 F L X EOS 28 B, ()7 5 0 ~ 10 em L3EK
535 6 A B KX EOS 1938 55 M, B 3 R AR Bk 5% i DR 28 7 7= 2 28 A T At A1 28 52 ) F Bz 1) SHAP A 5 €64 6 /R 5 88 Ak b 1 52 iy
IR 2R 7 A 5 AR T IR 3R U

E11 ZEEZMEOSHZEYM

Fig. 11 Interaction effects of multiple factors affecting EOS



6 1 R EDCAE « 6T AT Ak AL 45 2 >J 1) 75 90K 1o JAL 5 b ) f 7 Al 22 TR 3R 52 ) 2 3385

kg m” Z [HJ I}, FATERSE WA K BIF AR R 25 W R K U 2 R 2F LOS I K & R (| T 100
KEAH M T LOSHIE K, HAE LK@ 25 mm), HERMUK A S 0F L0k HAR k1R F R /N2 2k 5
kg m?ZJ5, i @K SR FECT LOS AR & 12 M [ 12Ce) A1 12Ch) J. 9 35 A A 1 DX 2 iR /K 6 LOS
(a) FI12(b) | M SRR F 0wy — 20, ROk SR IEARHHRLIE 12Ce) 1. AR R TF b ek
OYAE 17 ~ 22 kg m™ Z[HIAF, & i AU 3R A5 4 T 3 (5 H) RZs st oK (11 ) % B8 A R F LOS 1 4E
X LOS ZE A (4 42 7E/E R [ & 12(e) Fi 12(d) 1. %R KIE 1200 F1 12(g) 1. 3 H R 2 5K ot 23 08

290
~ @ 1 1500 ~ ® | 1so
2 10 2 10
| | L
z 175 z 70
5 s = L 60
o 5 - 150 % O‘ 5 v
n g N Lso S
% L 125 cz\ g g
) 00 2 N L40 €
= I E ] o
& 75 & (30
5 s T s 20
17 50 7
L 10
25
10 20 30 40 50 60 10 20 30 40 50 60
SM0~10_now_03 SMO0~10_now_03
_ (© 5000 (d)
g0 [ 210 -2
g 4750 z
= 2 L4
s 5 4500 s s -
= z S L—6 zl
= L4250 2 s H
2 0 2 0 e 5
w L4000 o 8 =
g <
E -5 L3750 z -5 -10
wn
3500 12 -
10 20 30 40 50 60 10 20 30 40 50 60 J
SM0~10_now 03 SM0~10_now 03
90
15 5000 15 )
2 10 4750 2 10 (70
Z Z 60
2 4500 T s =)
$ . o
Z 4250 2 z 0 &
a.‘ r_._\ -9
g -5 4000 & s 50
& 3750 < 20
Z-10 Z -10 [
? 3500 10
-15 -15 L
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
P_last09~now03 P_last09~now03
12
15 15 (15
_ 10 o
5 =3 - 14
o
E 10 ~ é 10 g
= 8 — 7 L13 2
Z 5 5! g s g
3 6 & E 12 =
:‘ 0 o n&‘ 0 é
& -5 4 g 1o
& <
%*0 2 % -10 10
=15 b0 -15 . 9
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

P_last09~now03

P_last09~now03

(a)3 1 0~ 10 em T HEK 5315 ZE 0T BRI R LOSHIZZHFZM, (b)3 H 0~ 10 em + 3K 535 5 H KX LOSHIZE E 50, (¢)3 H 0~ 10 em + 3K
S5 RT LOS A BRI, (d)3 H 0 ~ 10 em 387K 45> 5 3 AR BEXT LOS A58 B 52, (e) 2 A RITFEAK 56 LOS A8 A, (1) 2= RBP4
K5 5 A BEKXTLOS 38 BHE , () 21T RITREK 5 11 H B LOS 3 H R, (h) 2207 BT K 53 A 0 ~ 10 em + 5K 5% LOS 938 B3¢

M) , okt 7 A e 5 T R 38 7 7 A 58 EAE 18 At TR 28 5 0 %ok 7 19 SHA P AR 5 € 3R 558 AR b I 5 i R 28 7= 2 5 A FH 11 R 3% U

Fig. 12

E12 ZEEFMLOSKH I BN

Interaction effects of multiple factors affecting LOS



3386 # 8 B % 45 %
ZETRE KT LOS ST K e gEVE FH LI 12(h) . A A TP R ORS A
3 g 4 #ig

FET 2002 ~ 2021 45 7 6 ey JL b ) g 1 25 8 Ak
PSSR, R R SOSHERT, EOS #ER DL K
LOSHEK Ry #a # , X 584 W 0F 50 45 AR —
Forae s RBESE DO IR . S AR R K )
SR AR T AR A, AR B bR AR A
XGBoost B % I {8 JT] SHAP 122 XJ #2580 2% W47 T it
B, DAPRSESE 75 98 SR ) AR 2 R R R
DA R A BAG N . AR A5 SRR, 5 e R b SOS

FEE MK EMKS, 3 HEKZE HBEKHXTSOS
ERk K, XAEEF3IARZHRLLELHFIHA

BEMAAY, KB LM AL THRERE, BER
JE K AT TR Z 1026 K 3 . Wang %7
RS UE I T V5 R AL W o O B L, T 5 T 2
WK R T %, X AT 4 R —
S 2 TR 00 A2 W Ol B 2 S8 T AR
P13t 19 7K 4) %ﬁﬁﬁik#iﬁ%%:%ﬁmﬁ
B SOS FERTES A, % H FERMFEK( > 35 mm)
%ETﬁﬁm?m%ﬁ;mﬁm%&W%Lxﬂ@
IR (LB mé&mzw@mﬁﬁﬁaﬁﬁﬂ

EFWLT%%mWﬁmEﬂFﬂﬁ%ﬁW "EOS
i e L] ik K Prfian” % gk
A3 A AR B 3 i i B R 5 4 %%w w“ﬂm
*%ﬁﬂﬁtﬁﬁﬁﬁﬁﬂﬂﬂmigﬁmﬂﬁ,%

m%@ﬁﬁ??ﬂﬁ%iﬂ ﬁLﬁW%ﬁEﬁﬁf

T@ﬁﬁxﬂﬁ@% A8 2 [N D A B R A T AR

%%mm%mgm,mﬁ <R 2R T0 il A
ﬁiﬁ%%*&u%W%ﬂﬁkﬂﬁéﬁﬁikﬁ
IR 2 5 R R R R, B ATE AL B 7 )
3¢ v 1 DX A 3 R RO LOS Y
SRR 5 SOS BN — B, BT H AR o 26 % A
KFERERER, KR &0FE, R AEE
EQOEIS AL e L (S

ABTIEH I TS, L B R K gy
SENE, AR T O T R R A A AR
SO, R R — 20 R B MR A T A B BB A A
Lo xf K WA B B4 5 e B 1 A, I by 7 R e M AR
AR S RO B O ) A R G T B ST L S R
e SR L, K SO A A% A B AT s (A S R
PR G AS T il X 72 P i D 2 5 DS 3R AT RE AT T 22
B, YT R PR AT BEARK SR R RE S HE il R
T Bl ) ik 11 7 A0 SRR N RN AT £ 1Y
SR DR R, MR A A A A Al B0 4 1) 2 S G v D
I3 0 Z2 AR AR AR ARL B4 DX BT & 70 X T, i o R

(1) 7 76K 55 J5L R Ml SOS Z2 7656 110 ~ 150 d Z [1]
H 56.329% 3 B SOS R HA Y, AT R Y
} 047 d-a”'; EOS £ 7E %6 290 ~ 320 d Z [i] , A
67.65% 1) G F B H BEOS FEIR #a# S 34 4iE 3R K
Y3058 dra'; LOSZTE 120 ~210d 2|, A
65.50% K 5 2 B M LOS FE K3y, S 44 4 K R
H0.94d-a';

(2) 7K $1A5 P38 X 46 48 B 1) 52 1) 7 7E B 2 50
L 08 {250 . 7 A v J R b SOS B B2 A2 K 4y S A
o, 3 H RKIE KD TE 10 ~ 25 kg-m > Z (A 0] 25
P2 E SOS R I 1 20 kg m™ 22 47 BHIE 9E 1 FH s 21 i
ﬁ;mﬁi%%ﬁﬁ%m,iﬁéﬁﬁ9ﬁﬁwﬂ

FEST IR B 5" CAN-3"C e HeXT EOS AE 3 Y47 i 4F: 1]
%ﬁ%ﬁﬁ% ﬁwm%smuM£Wﬁ%%ﬁ¢
Rk B uﬁ%}%w%l%%%ﬁ He= L,

3H%F1%K%T5~%hwﬁz@ﬁ il 1.0S

i, 15 16 i A ik 7J<£i}t

A LO'S L{t o
(3 %ﬁ ot o sy e 1 2 0 o

E%xﬁﬂﬁBH%ﬁi%mﬁLﬂwQﬂﬂﬂ%

E%k%n{ﬁz@fii&l:,ﬁ?fﬁ SOS $1 iy A fi2 bt FHTSE gt 5

10 7§ F@?ﬂcFﬁ%mmﬁ {4 547 FEOS

HE R 3%%Hi$mﬁrn 22 kg-m™ 2 [ B},
mV*ﬁﬁ?ﬁVﬁEﬁﬂ?uﬁik,ﬁmwm

I E] 100 mm J5, TEMEEIRAR . K IF 55 1F 50 2 1Y X I

O LOS JiE < A fig A B R

5%

[1] YaoTD, Xue Y K, Chen D L, et al. Recent Third Pole’s rapid
warming accompanies cryospheric melt and water cycle

intensification and interactions between monsoon and environment :

multidisciplinary approach with observations, modeling, and
analysis [J]. Bulletin of the American Meteorological Society,
2019, 100(3) : 423-444.

[2] LiP, LiuZL, Zhou X L, et al. Combined control of multiple
extreme climate stressors on autumn vegetation phenology on the
Tibetan Plateau under past and future climate change [Jl.
Agricultural and Forest Meteorology, 2021, 308 -309, doi: 10.
1016/j.agrformet.2021.108571.

[3] ShenMG, PiaoS L, Dorji T, et al. Plant phenological responses to
climate change on the Tibetan Plateau: research status and
chaﬂenges[ﬂ. National Science Review, 2015, 2(4): 454-467.

[ 4] AnS, Chen X Q, Zhang X Y, et al. Precipitation and minimum
temperature are primary climatic controls of alpine grassland
autumn phenology on the Qinghai-Tibet Plateau [J]. Remote
Sensing, 2020, 12(3): 431.

[5] Zheng Z T, Zhu W Q, Chen G S, et al. Continuous but diverse
advancement of spring-summer phenology in response to climate

warming across the Qinghai-Tibetan Plateau[J]. Agricultural and



6 1] X SCAE BT AT A R AIL 2 2T 0 T R e TR ) 40k 72 A 22 TR R S AT 3387
Forest Meteorology, 2016, 223: 194-202. 3389/feart.2021.797928.

[6] Zhang G L, Zhang Y J, Dong J] W, et al. Green-up dates in the [21] Che M, Chen B, Innes J L, et al. Spatial and temporal variations in
Tibetan Plateau have continuously advanced from 1982 to 2011[J]. the end date of the vegetation growing season throughout the Qinghai
Proceedings of the National Academy of Sciences of the United - Tibetan Plateau from 1982 to 2011 [J]. Agricultural and Forest
States of America, 2013, 110(11): 4309-4314. Meteorology, 2014, 189-190: 81-90.

[7] ZhuW Q, Jiang N, Chen G S, et al. Divergent shifts and responses [22]  FLAK, skoi, wCHE, 48 1982-2013 4F 1 5k i 5 gl ) fige 75
of plant autumn phenology to climate change on the Qinghai- I S A Z 52 ], B ~A4R7 , 2017, 72(1): 39-52.
Tibetan Plateau [J]. Agricultural and Forest Meteorology, 2017, Kong D D, Zhang Q, Huang W L, et al. Vegetation phenology
239: 166-175. change in Tibetan Plateau from 1982 to 2013 and its related

[ 8] Sun QL, Chen G C, LiBL, et al. Multiple factors induce temporal meteorological factors[J]. Acta Geographica Sinica, 2017, 72(1):
shifts in herbaceous plant leaf senescence dates on the Qinghai- 39-52.

Tibetan Plateau [J]. Agricultural and Forest Meteorology, 2023, [23] Wang X Y, Wu C Y, Liu Y, et al. Earlier leaf senescence dates
334, doi: 10.1016/j.agrformet.2023.109441. are constrained by soil moisture[ J]. Global Change Biology, 2023,

[9] PiaoSL, LiuZz, Wang T, et al. Weakening temperature control on 29(6): 1557-1573.
the interannual variations of spring carbon uptake across northern [24]  FRmiWE, ST, BWA, . 1961—2010 4F 7 5 & Ji UM A2
lands[ J]. Nature Climate Change , 2017, 7(5) : 359-363. AEAEAE BT L) ). B A4, 2019, 38(5): 911-919.

[10] Richardson A D, Keenan T F, Migliavacca M, ei al. Climate XulLJ, HuZY, Zhao Y N, et al. Climate change characteristics in
change, phenology, and phenological control of vegetation Qinghai-Tibetan ~ Plateau  during  1961-2010 [J]. Plateau
feedbacks to the climate system [Jl. Agricultural and Forest Meteorology, 2019, 38(5):911-919.

Meteorology, 2013, 169: 156-173. [25] BT, THI%, SRARGL. TR0 DX 8 28 w5 7 2 ) e g 2 2

[11] Piao S L, Liu Q, Chen A P, et al. Plant phenology and global Ak B e xb =0MeE AR Ak Bl i R [T]. th Hb 2 i, 20!_2-;—37 5):
climate change: current progresses and challenges [J]. Global 639-648. ~ o - k,_ Il,"'_‘i-
Change Biology, 2019, 25(6): 1922-1940. Guan Q M, Ding M J, Zhang H M. SpalloleM va{!auon of

[12] Cheng M, Wang Y, Zhu J X, et al. Precipitation dominates the spring phenpbgr in dlpme grassland and requ,me to (hmale
relative contributions of climate factors to grass]!l;,ngg’ spring changes .on-ll.the vahalH Flbet, China [J]. Mu.unld R-gecucil
phenology on the Tibetan Plateau[J]. Remote Sensing, 2022, 14 2019, 3“7(5"5I 639-6438. !

(3), doi: 10.3390/rs14030517. ,‘l- : 1‘ L] [26] Chen ,X Q An,§ Inouye D W, et al. Temperalure g.m‘I spﬁiﬂall

[13] ShenM G, ng SJP Jiang N, et al. Prdan)hf-nology (‘hdng'es an.d lrlggFrl}lpme vegelat‘on g;_rgen pp on the world”s mo{j:?l Global

f "‘dnvers on ,rh;:._ nghdl Tibetan Pldtedu[ﬂi No}llur_é !fe sl arth Chan@ Bl,wlogy-, 2015, 21( : 3635-3646. " 'I ]
" Envipshmpén, frzz 3(10): 633-651. v ':,-'ﬁ - [27]  HHoeayd A | iﬁmﬁai&m%ﬁ@ /}Z-ft&ﬁ-'—ﬁ ﬂ@

(3] kuc Y.-_Lm Wang X Y, et al shﬂﬁ;g lﬁs’m a-t}%?fé.l- %E’Jﬁé% m%i%}%?& 2006, 30(1): 1} e
|con%uq1.hed to vt__ler constrained emay%temﬁ)v_g.i‘ leb;ﬁanl ateau Yang Y— 1 P:I!ao S LY &arlatlonb in grassland vegetatmn(‘%er in

" LJ Ftontiers i in Plant Science, 2023, l4 011"'10 3?8 /ﬁis 2023 reldtl(lmt() (,l_}ﬂ'ldtl( factors ()n the Tibetan Plateau [J]. Journal of

.-? 11‘25288 |:|IH | N PlanlJFcology, 2006, 30(1 ),ﬂl -8.
HSI gihen M g- Plao S.'.f Cong N, et al. Pmmpltatlﬂj‘i meac'f‘ [28] FEarse, Mk, LA, &5 . 7 = I 5 R 2% 7 25 [a] 36 A8 4%
!' F vf‘g'?lallon spr_llpg phenology on the leelaz Plateau [##5Clobal AIE R H i ] ], A 25241, 2022, 42(16) : 6684-6694.
r-'t'fhange Blology, 2015, 21(10) : 3647-3656. Wang L J, Xiao Y, Kong L Q, et al. Spatiotemporal patterns and

[16]% "Ma P F, Zhao J X, Zhang H Z, et al. Increased precipitation leads early-warning of grassland carrying capacity in the Qinghai-Tibet
to earlier green-up and later senescence in Tibetan alpine grassland Plateau[ J]. Acta Ecologica Sinica, 2022, 42(16) : 6684-6694.
regardless ofwarming[ﬂ.Science of the Total Environment, 2023, [29] Chen J, Jonsson P, Tamura M, et al. A simple method for
871, doi: 10.1016/j.scitotenv.2023.162000. reconstructing a high-quality NDVI time-series data set based on

[17] Chen Z G, Shen M G, Jiang N, et al. Daytime warming the Savitzky-Golay filter [J]. Remote Sensing of Environment,
strengthened delaying effect of precipitation on end of the vegetation 2004, 91(3-4): 332-344.
growing season on the Tibetan Plateau [J]. Science of the Total [30] Jonsson P, Eklundh L. TIMESAT - a program for analyzing time-
Environment, 2023, 892, doi: 10.1016/j.scitotenv.2023.164382. series of satellite sensor datal J]. Computers & Geosciences, 2004,

(18] 158, MG, B2 HE, 4F . 2000 ~ 2020 4F 74 F i X A §% 30(8): 833-845.

NDVI i 28 25 46 K AR ML R T[T ] R BBk, 2023, 44(1) : [31] £, R, 2001—2020 4 = 7T L XA B 1822 L
323-335. FRAESSHTLT ] VKR L, 2023, 45(2) : 711-723.

Xu Y, Dai Q Y, Huang W T, et al. Spatio-temporal variation in Wang T H, Yang D W. Variation characteristics of vegetation
vegetation cover and its driving mechanism exploration in Southwest phenology during 2001-2020 on frozen ground zone of the Three
China from 2000 to 2020 [J]. Environmental Science, 2023, 44 Rivers Source chion[]] Journal of Glaciology and Geocryology
(1): 323-335. 2023, 45(2): 711-723.

[19] WuK, ChenJH, Yang H, et al. Spatiotemporal variations in the [32] B, XBE, /b RE, 45 d6 05 b X i 8BRS 4y o 1) 2 AR
sensitivity of vegetation growth to typical climate factors on the A BRI e B S i 1 [T ] A 524, 2023, 43(9)
Qinghai-Tibet Plateau [ J]. Remote Sensing, 2023, 15(9) , doi: 3744-3755.
10.3390/rs15092355. Zhao X R, Liu J, Yang S K, et al. Spatio-temporal variations of

[20] Wang CY, Wang J N, Wang X F, et al. Phenological changes in typical woodland and grassland phenology and its response to
alpine grasslands and their influencing factors in seasonally frozen meteorological factors in Northern China [J]. Acta Ecologica
ground regions across the Three Parallel Rivers Region, Qinghai- Sinica, 2023, 43(9) : 3744-3755.

Tibet Plateau[J]. Frontiers in Earth Science, 2022, 9, doi: 10. [33] A, Tatm, 250, 5 . BT om i ok i i i 2 AR AL R AE LT ).



3388 I S 45 4
AR, 2018, 38(6): 2139-2155. Hydrology, 2022, 605, doi: 10.1016/j.jhydrol.2021.127320.
He B Z, Ding J L, Li H, et al. Spatiotemporal variation of [43] Lundberg S M, Lee S L. A unified approach to interpreting model
vegetation phenology in Xinjiang from 2001 to 2016 [J]. Acta predictions [A]. In: Proceedings of the 31st International
Ecologica Sinica, 2018, 38(6): 2139-2155. Conference on Neural Information Processing Systems [ C]. Long
[34] LiuXG, Chen YN, LiZ, et al. Driving forces of the changes in Beach: Curran Associates Inc., 2017. 4768-4777.
vegetation phenology in the Qinghai-Tibet Plateau [J]. Remote [44] Zhang W Q, Luo G P, Hamdi R, et al. Can gross primary
Sensing, 2021, 13(23), doi: 10.3390/rs13234952. productivity products be effectively evaluated in regions with few
[35] Wang J, Liu D S. Vegetation green-up date is more sensitive to observation data? [J]. GIScience & Remote Sensing, 2023, 60
permafrost degradation than climate change in spring across the (1), doi: 10.1080/15481603.2023.2213489.
northern permafrost region [J]. Global Change Biology, 2022, 28 [45] Wang T H, Yang D W, Zheng G H, et al. Possible negative effects
(4):1569-1582. of earlier thaw onset and longer thaw duration on vegetation
[36] Wi, FEE, Ih =B, 25 3 I g gy Ay ok A K 208 R greenness over the Tibetan Plateau [1l. Agricultural and Forest
MR B Ar B (D). Hb R AR B BR 2 2 4, 2014, 16(5) - Meteorology, 2022, 326, doi: 10.1016/j.agrformet.2022.109192.
815-823. [46] LiuH, LiuSL, Wang F F, et al. Management practices should be
Chang Q, Wang S Y, Sun Y X, et al. The remote sensing strengthened in high potential vegetation productivity areas based
monitoring model of the typical vegegtation phenology in the on vegetation phenology assessment on the Qinghai-Tibet Plateau
Qinghai-Tibetan Plateau[J]. Journal of Geo-Information Science, [J]. Ecological Indicators, 2022, 140, doi: 10.1016/j. ecolind.
2014, 16(5) : 815-823. 2022.108991.
[37]  FEESE, XBWI, &0 EA, 45 WP E L XS e ) as sh 5 [47] Li P, Peng C H, Wang M, et al. Dynamics of vegetation autumn
Je Hoxk S g As Ak i mi Rz (1], vk 1R £, 2021, 43(5) @ 1400- phenology and its response to multiple environmental factors from
1411. 1982 to 2012 on Qinghai-Tibetan Plateau in China[ﬂ Science of
Tang Z G, Deng G, Hu G J, et al. Spatiotemporal dynamics of the Total Environment, 2018, 637-638: 855-864.
snow phenology in the High Mountain Asia and its response to [48] HBE, ¥EE, [%‘:9%, ﬁﬁmﬁﬁﬂﬁ%ﬂgﬂ{ﬁ-ﬁxﬂﬁ
climate change [J1. Journal of Glaciology and Geocryqlegy, 2021, Z-j][_[%ﬂ’] HHP__LJ Elkﬂ 222023, 40(1) ,4 14 -
43(5): 1400-1411. HhzZX, Pel Fr Clen Y § siet al. Grassland pheno‘logl‘ aniics
[38] &, ®HAE S0, ALY, 4. 1985-2015 4 EK{*}%ZL and its lespp’nse to dhvm factors on the anghﬁﬁ t Plate ul_ﬂh
NDVI I 25 745 fb R o x5 fi BT B o nm-ﬂ.] ﬁgﬁ%}& 2023, Pratdqhmral Scignted 2023 40(1): 4-14. - o
43(15): 6378-6391. / .- q o> [49]  Zetkd sk B, 4 200] - 2020¢Fmﬁzfaaﬁﬁﬁ$@1ﬁﬂ‘r1t
— o Lei Q, Hu 7 W, I,Wang J 7, et al. Spatllotqmpolpall.-ﬂy' 0 n‘?miiﬁ“ r]ﬁiﬁiﬁﬁ#lﬁ‘ZOZ'}» 30(4): 265-274. !‘I B
rJ NDVI 19,.-Chrﬁa from 1985 to 2015: eco%yg}éry:lavlar egu)nal J, ang ZI' G, Dejg > et al. Remole sen%mg momtonzﬁg‘-:)f",
- ldlffereneé's":: an response to c]lmatlcelfacu?_ét 18 ]é\c( Eco ca grasslﬁldr_phe'nolqglcal changes in the Qinghai- leetan Plaff
i Sinica, .-2023 3( 15): 6378-6391. ™ :- I .-. ¥ "fgﬁ durn{g Zﬁl 2920[];"R9sear(h of Soil and Water. Conserv 1bn,
[3?_} IShen M G, Zhang G X, Cong N, et ng}{easm# lllhtudmal 2023, 50(4) 1‘265 274.1 ] d,“j
.-'r g‘rddlent of %p?mg vegetation phenolog du;mgt'lhe Aast EE-( -ade oy [501 TPng_.H ¥, ]:ﬁ'o Z K, ChangJ F, et al. Climate change-induced
Jii gﬂe ng_hal leetaq:—ﬂ’lateau [J]. Agr{blﬂtural anq l*_;gré'st greening on the Tibetan ﬁateau modulated by mountainous
_|i| d?(lr 0gy , 2b14 189 190: 71-80. r characteristics[ J |. Environmental Research Letters, 2021, 16(6) ,
(401" /NG . M AEEAE % T REES R R AL B 1 A doi: 10.1088/1748-9326/abfeeb.
sfﬁﬁ) JEL]. vk %+, 2023, 45(2) : 521-534. [51] Lian X, Piao S L, Li L Z X, et al. Summer soil drying exacerbated
Peng X Q, Tian W W, Li X J, et al. Research progress on changes by earlier spring greening of northern vegetation [J]. Science
in frozen ground on the Qinghai-Tibet Plateau and in the circum- Advances, 2020, 6(1), doi: 10.1126/sciadv.aax0255.
Arctic region[]]. Journal of Glaciology and Geocryology, 2023, 45 [52] Dong S K, Shang Z H, Gao J X, et al. Enhancing sustainability of
(2):521-534. grassland ecosystems through ecological restoration and grazing
[41] Wangs$, Peng H, Hu Q, et al. Analysis of runoff generation driving management in an era of climate change on Qinghai-Tibetan Plateau
factors based on hydrological model and interpretable machine [J]. Agriculture, Ecosystems & Environment, 2020, 287, doi: 10.
learning method [J]. Journal of Hydrology: Regional Studies, 1016/j.agee.2019.106684.
2022, 42, doi: 10.1016/j.€jrh.2022.101139 [53] Lian X, Piao S L, Chen A P, et al. Seasonal biological carryover
[42] WangS, Peng H, Liang S K. Prediction of estuarine water quality dominates northern vegetation growth[J]. Nature Communications,

using interpretable machine learning approach [J]. Journal of

2021, 12(1), doi: 10.1038/541467-021-21223-2.



HUANJING KEXUE Vol. 45 No. 6

Environmental Science (monthly) Jun. 15, 2024

CONTENTS

Research Advances of Groundwater Nitrate Pollution and Source Apportionment in China ««++eesseeesessssssrsmsi TU Chun-lin, CHEN Qing-song, YIN Lin-hu, et al. (3129)
Screening of Highly Hazardous Pollutants in Groundwater of Beijing YANG Lei, XU Ying, YU Shi-hang, et al. (3142)
Prediction Model of Groundwater Sulphate Based on Combined Multi-source Spatio-temporal Data * LI Ru-yue, ZENG Yan-yan, ZHOU Jin-long, et al. (3153)
Pollution Characteristics and Multilevel Risk Assessments of Antibiotics in the Urban Rivers of Beijing, China oeeereesrersseesnesineesnen ZHAO Xiao-shuai, ZHENG Qi-hing, MA Rui, et al. (3165)
Spatial and Temporal Distribution of Antibiotic Resistance Genes in Different River Sediments in Typical Cities: A Case Study of Shijiazhuang
.................................................................................................................................................................. ZHAO Bo, SONG Yuan-meng, LU Meng-gi, et al. (3176)
Analysis of Regional Differences in Cadmium Ecological Risk in Surface Waters of the Yangtze River Basin +oeeeeereerersresrersisnnini. DING Ren, LIAO Zi-tong, LU Yun, et al. (3186)
Hydrochemical and Stable Isotopic Characteristics and Transformation Relationship of Water Bodies in the Guohe River Basin, Anhui Province - XU Jin-zhao, LIU Gui-jian, SI Wen, et al. (3196)
Water Quality Prediction Model for the Pearl River Estuary Based on BiLSTM Improved with Attention Mechanism CHEN Zhan-feng, LI Xiao-fang (3205)
Effect of Integrated Landscape Characteristics Around Chaohu Lake on River Water Quality Based on Watershed Units ANG Jie, LIU An-an, ZHANG Jun-wu, et al. (3214)
Effect of Fallow on Nitrogen Accumulation in Soil Profile and Shallow Groundwater in Cropland Around Fuxian Lake YE Yuan-hang, CHEN An-giang, LI Lin, et al. (3225)
Adsorption of Residual Pesticide Glyphosate Isopropylamine in Surface Water by Modified Biomass Materials ZHOU Yue, LI Yan, WANG Xiao-dong, et al. (3234)
Research Progress on Pollution Characteristics, Degradation, and Transformation of Typical PPCPs in the Process of Wastewater Treatment *HE De-chun, ZHENG Mi-mi, HUANG Wei, et al. (3247)
Impact of Land Use Change on Carbon Storage in Urban Agglomerations in the Guanzhong Plain «++* +++*BIAN Rui, ZHAO An-zhou, LIU Xian-feng, et al. (3260 )
Spatio-temporal Evolution and Prediction of Carbon Storage in Huaibei City Based on InVEST-PLUS Model - YU Zhi-lin, ZHAO Ming-song, GAO Ying-feng, et al. (3270)
Temporal and Spatial Evolution and Prediction of Ecosystem Carbon Storage in Jiangxi Province Based on PLUS-InVEST Model -+ “+++HU Ji-xi, LE Xian-wen, WANG Wei-lin, et al. (3284)
Exploring the Spatial and Temporal Trajectories of Land Use Carbon Emissions and Influencing Factors in the Aksu River Basin from 1990 to 2020
........................................................................................................................................................................ HAN Fang-hong, GAO Fan, HE Bing, et al. (3297)
Spatiotemporal Simulation and Prediction of Soil Organic Carbon Density in Gannan Grassland Under Future Climate Scenarios =«++«+++eesee LI Zhao, ZHANG Mei-ling, ZHANG Rui-qi, et al. (3308)
Trade-off and Synergy of Ecosystem Services in the Yangtze River Economic Belt and Its Driving Factors se+eseeeeesesessssnsenininiiin. HE Liu-jie, ZHENG Bo-fu, WAN Wei, et al. (3318)
Spatiotemporal Response of Ecosystem Service Value to Land Use Change in the Lanzhou-Xining Urban Agglomeration over the Past 20 Years +*LIANG Bin-yue, CAO Chun, LI Jin-chao, et al. (3329)
Coupling Mechanisms of Eco-environmental Quality and Human Activities in China and Their Influencing Factors eeesoeeeseeessersseesnesn ZHAO Ti-xia, ZHU Lian-qi, WANG Li-yuan, et al. (3341)
Spatio-temporal Evolution of Drought and Its Impact on Key Resources in the Important Ecological Functional Area: A Case Study in the Yellow River Basin
..................................................................................................................................................................... LU Dang, WEI Wei, WANG Ji-ping, et al. (3352)
Landscape Pattern Vulnerability and Its Driving Forces in Different Geomorphological Divisions in the Middle Yellow River - **HE Meng-zhen, ZHANG Le-tao, WEI Yi-yuan, et al. (3363)
Multi-factor Impact Analysis of Grassland Phenology Changes on the Qinghai-Xizang Plateau Based on Interpretable Machine Learning «+«++eseeeeeeeees LIU Hui-wen, LIU Huan, HU Peng, et al. (3375)
Impacts of Urban Form on Carbon Emissions Under the Goal of Carbon Emission Peak and Carbon Neutrality: A Case Study of the Yangtze River Economic Belt
........................................................................................................................................................................ FENG Xin-hui, LI Yan, WANG Shi*yi, etal. (3389)
Spatio-temporal Evolution and Coordinated Development of Compactness with Carbon Emission Intensity in the Chengdu-Chongging Urban Agglomeration
..................................................................................................................................................................... Ll Zhi_ying, ZHU Xia()’shﬁn, YANC le el (ll. ( 3402 )
Multi Scenario Carbon Peak Prediction and Emission Reduction Path Analysis of Xi’an Hi-tech Zone JIANG Xu-peng, ZHANG Qiang, ZHAO Wen-ting, et al. (3412)
Construction and Analysis of Machine Learning Based Transportation Carbon Emission Prediction Model LIU Hui-tian, HU Da-wei (3421)
Spatiotemporal Interaction Characteristics and Transition Mechanism of Carbon Intensity in China’s Transportation Industry LI Jian, LIU Shu-qi, WANG Xiao-qi ( 3433 )
Research Progress in Reducing Pollution and Sequestration of Carbon by Carbon Neutral Plants *CHEN Yun, ZHOU Qi-xing, TAO Zong-xin, et al. (3446 )
Carbon Footprint of Spent Ternary Lithium-Ion Battery Waste Recycling SONG Xiao-cong, DU Shuai, XIE Ming-hui, et al. (3459)
Risk Assessment of Antibiotics in Agricultural Environment «+oveeseseesessssemsmnmitiiiiiiiss YANG Zhen-zhen, LI Hong-na, LI Na (3468 )
Driving Factors Analysis for Spatial-Temporal Distribution of Organic Pollutants in the Yangtze River Delta Based on the Optimal-scale Geographical Detector
....................................................................................................................................................... HE Jin-ke, ZHOU Ya-nan, CHEN Yue-hong, etal. (3480)
Spatiotemporal Simulation of Soil Ph Accumulation Process in Urban-Rural Areas: A Case Study of a Large City in Central China SONG Xiao-fan, HOU Ying, DONG Yi-fan, et al. (3493)
Source Apportionment and Health Risk Assessment of Heavy Metals in Dust Around Bus Stops in Kaifeng City Based on APCS-MLR Model
""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" DUAN Hai-jing, SHEN Hao-xin, PENG Chao-yue, et al. (3502)
Evaluation of Heavy Metal Distribution Characteristics and Ecological Risk of Soil of Vegetable Land for Hong Kong in Ningxia +* JILi, MA Kun, XIE Tie-na, et al. (3512)
Effects of Four Amendments on Cadmium Bioavailability and Enzyme Activity in Purple Soil «e+eeeeereeseeseesisinssnsniinen ++DING Xin-ru, XU Man, YAN Ning-zhen, et al. (3523)
Effects of Biochar-loaded Ammonia Nitrogen on Soil Carbon Emissions, Enzyme Activity, and Microbial Communities - *YANG Ru-yi, DONG Yan-hong, XIAO Xin, et al. (3533)
Effects of Rosa roxburghii Pomace Biochar on Yield and Quality of Chinese Cabbage and Soil Properties «e+eereesesressssmmsnnininiinene FAN Hong, XIE Shan, LONG Tian-yu, et al. (3543)
Effects of Biochar Application on the Structure and Function of Fungal Community in Continuous Cropping Watermelon Soil +++++* CHANG Fang-juan, ZHANG Gui-yun, ZHANG Li-ping, et al. (3553 )
Effects of Different Modified Materials on Soil Fungal Community Structure in Saline-Alkali Soil +«+reeeeeeresessremnenimmnini, BAI Xiao-long, ZHANG En, WU Jin-min, et al. (3562)
Effects of Biochar and Straw Return on Soil Microbial Community Characteristics and Functional Differences in Saline Water Drip Irrigation Cotton Fields
......................................................................................................................................................... GUO Xiao-wen, XIANG Gui’qin, ZHANG Fa-chao, et al. (3571)
Effects of Different Proportions of Ammonium Sulfate Replacing Urea on Soil Nutrients and Rhizosphere Microhial Communities s«esseseeseeseeseeeees ZHANG Yan-hui, LIU Yu, HAN Ying, et al. (3584)
Effects of Different Forms of Nitrogen Addition on Soil Physical and Chemical Properties and Microbial Community Structure of Perennial Alpine Cultivated Grassland
TONG Yong-shang, ZHANG Chun-ping, DONG Quan-min, et al. (3595)
Altitude Distribution Characteristics of Farmland Soil Bacteria in Loess Hilly Region of Ningxia WU Xia, CAI Jin-jun, WANG Zhang-jun, et al. (3605 )
Spatial Patterns of Soil Bacterial Communities and N-cycling Functional Groups Along an Altitude Gradient in Datong River Basin * “WANG Zhu, LIU Yang, WANG Fang (3614 )
Dynamic Response of Aerobic Denitrification Bacteria to Water Quality in Baiyangdian Lake Under Different Hydrological Scenarios **++++**MENG Jia-jing, ZHANG Tian-na, CHEN Zhe, et al. (3627)
Effects of Fly Ash on the Efficiency and Bacterial Community Structure of Urban Multi-source Organic Solid Waste +«seeresseressresseienieinen 70U Jia-cheng, DU Yan-hin, SU Kai-wen, et al. (3638)
Effect of Exogenous Chitosan on Physiological Properties, Antioxidant Activity, and Cadmium Uptake of Wheat ( Triticum aestivum L. ) Seedlings Under Cadmium Stress
......................................................................................................................................................... ZHANG Jing-jing, JIAO Qiu-juan, XU Zheng-yang, et al. (3649 )
Response of Relationship Between Microplastic Abundance and Nitrogen Metabolism Function Microorganisms and Genes in Water «++«++eeseeee WANG Zhi-chao, MA Yu, LI Ya-xin-yue, et al. (3661)
Effects and Mechanisms of Polystyrene Microplastics on Extracellular Antibiotic Resistance Genes in Waslewater ++ZHOU Shuai, HUANG A-chao, HUANG Ze-feng, et al. (3671)
Effects of Polyethylene Microplastics on Soil Nutrients and Enzyme Activities LIANG Rong, HE Jiao, SUN Fei-hu, et al. (3679)
Effect of Low-density Polyethylene Microplastics on Natural Attenuation of Oxygenated Polycyclic Aromatic Hydrocarbons in Soil - ++++eeeee TANG Jia-hao, BAO Wen-xiu, ZHANG Wen, et al. (3688)
Aging and Small-sized Particles Release Characteristics of Tire Microplastics in Various Environmental Media ZHANG Tai-shuo, SHANG Jing-jing, LIU Hai-yong, et al. (3700)
Effect of Photoaging on Adsorption of Cu( Il ) by Polystyrene Microplastics with Different Particle Sizes LIU Wen-juan, GUO Yu-feng, DENG Wen-ho ( 3708 )
Effects of Straw Addition on N,0 and C0, Emissions from Red Soil Subjected to Different Long-Term Fertilization TU Hao-ze, LIN Shan, WANG Jun, et al. (3716)
Effect of Partial Substitution of Chemical Fertilizers with Organic Fertilizers on N,0 and NO Emissions from a Peach Orchard *** +*XU Pin-shang, GUO Shu-min, ZHENG Hao-chen, et al. (3725)
Spatiotemporal Pattern and Influencing Factors of Thermal Environment Based on SEM Model: A Case Study in Xi’an Metropolitan Area ***ZHANG Ying, WANG Xu-hong, FENG Zi-hao, et al. (3734)
Air Pollutant Spatiotemporal Evolution Characteristics and Effects on Human Health in Xi%an Gitysseseeeeeesreerersrmssmsn. XU Chuan-qi, BAI Yang, TANG Yuan-wei, et al. (3746)
Characterization of Metal Elements in Atmospheric Fine Particulate Matter and Their Sources in Winter in the Southern Sichuan Urban Agglomeration
...................................................................................................................................................... ZHANG Tian-li, HUANG Xiao-juan, ZHANG Jun-ke, et al. (3756)



	目次
	Column
	我国地下水硝酸盐污染及源解析研究进展
	北京市地下水中高危害污染物筛选
	融合多源时空数据的地下水硫酸盐预测模型
	北京市城市河流中抗生素的污染特征及多层次生态风险评估
	典型城市不同河流沉积物中抗生素抗性基因的时空分布特征：以石家庄为例
	长江流域地表水中镉生态风险的区域差异分析
	安徽涡河流域水化学与同位素特征及水体转化关系
	基于注意力机制优化的BiLSTM珠江口水质预测模型
	基于流域单元的环巢湖综合景观对河流水质的影响
	休耕对抚仙湖周边农田土壤剖面和浅层地下水中氮累积的影响
	改性生物质材料对地表水中残余草甘膦异丙胺盐的吸附
	污水处理过程中典型PPCPs的污染特征及降解转化研究进展
	关中平原城市群土地利用变化对碳储量的影响
	基于InVEST-PLUS模型的淮北市碳储量时空演变及预测
	基于PLUS-InVEST模型的江西省生态系统碳储量时空演变与预测
	1990~2020年阿克苏河流域土地利用碳排放时空轨迹与影响因素
	未来气候情景下甘南草地土壤有机碳密度的时空预测与分析
	长江经济带生态系统服务权衡与协同及其驱动因素
	近20年兰西城市群生态系统服务价值对土地利用转型的时空响应
	中国生态环境质量与人类活动耦合机制及其影响因子
	重要生态功能区干旱时空演变特征及对关键资源的影响：以黄河流域为例
	黄河中游不同地貌分区景观格局脆弱性及其驱动力
	基于可解释机器学习的青藏高原草地物候变化多因素影响分析
	“双碳”目标下城市形态对碳排放的影响：以长江经济带为例
	成渝城市群紧凑度与碳排放强度时空演变及协调发展
	西安高新区多情景碳达峰预测及减排路径分析
	基于机器学习的交通碳排放预测模型构建与分析
	中国交通运输碳排放强度时空交互特征及跃迁机制
	碳中和植物降污固碳及其机制研究进展
	废旧三元锂离子电池回收利用碳足迹
	农业环境中抗生素风险评估的研究进展
	基于最优尺度地理探测的长三角有机污染物时空分布驱动因素分析
	城-郊区域土壤铅（Pb）累积过程时空模拟：以中部某大城市为例
	基于APCS-MLR模型的开封市公交站周边灰尘重金属源解析及健康风险评估
	宁夏供港蔬菜田土壤重金属分布特征及生态风险评价
	4种改良剂对紫色土Cd生物有效性及土壤酶活性的影响
	生物炭负载氨氮对土壤碳排放、酶活性及微生物群落的影响
	刺梨果渣生物炭对白菜产量及品质和土壤性质的影响
	生物炭对西瓜连作土壤真菌群落结构和功能类群的影响
	不同改良物料对盐碱土壤真菌群落结构的影响
	生物炭和秸秆还田对咸水滴灌棉田土壤微生物群落特征及功能差异的影响
	不同比例硫酸铵替代尿素对玉米根际土壤环境及微生物群落的影响
	不同形态氮添加对多年生高寒栽培草地土壤理化性质和微生物群落结构的影响
	宁夏黄土丘陵区农田土壤细菌海拔分布特征
	大通河流域土壤细菌及氮循环功能菌群沿海拔的空间分布
	不同水文情景下白洋淀水体好氧反硝化菌群对水质因子的动态响应
	粉煤灰添加对城市多源有机废弃物联合堆肥效能及堆体细菌群落的影响
	镉胁迫下外源壳聚糖对小麦幼苗生理特性、抗氧化能力及镉吸收的影响
	水体微塑料丰度与氮代谢功能微生物及基因的响应关系
	聚苯乙烯微塑料对污水中胞外耐药基因的影响及其机制
	聚乙烯微塑料对土壤养分和酶活性的影响
	低密度聚乙烯微塑料对土壤中含氧多环芳烃自然衰减的影响
	不同环境介质轮胎微塑料老化及小粒径微粒释放特征
	光老化对不同粒径聚苯乙烯微塑料吸附Cu(Ⅱ)的影响
	秸秆添加对长期施肥旱地红壤N2O和CO2排放的影响
	有机肥部分替代化肥对桃园N2O和NO排放的影响
	基于SEM模型的热环境时空特征及影响因素分析:以西安都市圈为例
	西安市大气污染物时空演化特征及对人体健康评价
	川南城市群冬季大气细颗粒物中金属元素特征及其来源解析


	Contents
	Column
	Research Advances of Groundwater Nitrate Pollution and Source Apportionment in China
	Screening of Highly Hazardous Pollutants in Groundwater of Beijing
	Prediction Model of Groundwater Sulphate Based on Combined Multi-source Spatio-temporal Data
	Pollution Characteristics and Multilevel Risk Assessments of Antibiotics in the Urban Rivers of Beijing, China
	Spatial and Temporal Distribution of Antibiotic Resistance Genes in Different River Sediments in Typical Cities: A Case Study of Shijiazhuang
	Analysis of Regional Differences in Cadmium Ecological Risk in Surface Waters of the Yangtze River Basin
	Hydrochemical and Stable Isotopic Characteristics and Transformation Relationship of Water Bodies in the Guohe River Basin, Anhui Province
	Water Quality Prediction Model for the Pearl River Estuary Based on BiLSTM Improved with Attention Mechanism
	Effect of Integrated Landscape Characteristics Around Chaohu Lake on River Water Quality Based on Watershed Units
	Effect of Fallow on Nitrogen Accumulation in Soil Profile and Shallow Groundwater in Cropland Around Fuxian Lake
	Adsorption of Residual Pesticide Glyphosate Isopropylamine in Surface Water by Modified Biomass Materials
	Research Progress on Pollution Characteristics, Degradation, and Transformation of Typical PPCPs in the Process of Wastewater Treatment
	Impact of Land Use Change on Carbon Storage in Urban Agglomerations in the Guanzhong Plain
	Spatio-temporal Evolution and Prediction of Carbon Storage in Huaibei City Based on InVEST-PLUS Model
	Temporal and Spatial Evolution and Prediction of Ecosystem Carbon Storage in Jiangxi Province Based on PLUS-InVEST Model
	Exploring the Spatial and Temporal Trajectories of Land Use Carbon Emissions and Influencing Factors in the Aksu River Basin from 1990 to 2020
	Spatiotemporal Simulation and Prediction of Soil Organic Carbon Density in Gannan Grassland Under Future Climate Scenarios
	Trade-off and Synergy of Ecosystem Services in the Yangtze River Economic Belt and Its Driving Factors
	Spatiotemporal Response of Ecosystem Service Value to Land Use Change in the Lanzhou-Xining Urban Agglomeration over the Past 20 Years
	Coupling Mechanisms of Eco-environmental Quality and Human Activities in China and Their Influencing Factors
	Spatio-temporal Evolution of Drought and Its Impact on Key Resources in the Important Ecological Functional Area：A Case Study in the Yellow River Basin
	Landscape Pattern Vulnerability and Its Driving Forces in Different Geomorphological Divisions in the Middle Yellow River
	Multi-factor Impact Analysis of Grassland Phenology Changes on the Qinghai-Xizang Plateau Based on Interpretable Machine Learning
	Impacts of Urban Form on Carbon Emissions Under the Goal of Carbon Emission Peak and Carbon Neutrality: A Case Study of the Yangtze River Economic Belt
	Spatio-temporal Evolution and Coordinated Development of Compactness with Carbon Emission Intensity in the Chengdu-Chongqing Urban Agglomeration
	Multi Scenario Carbon Peak Prediction and Emission Reduction Path Analysis of Xi􀆳an Hi-tech Zone
	Construction and Analysis of Machine Learning Based Transportation Carbon Emission Prediction Model
	Spatiotemporal Interaction Characteristics and Transition Mechanism of Carbon Intensity in China􀆳s Transportation Industry
	Research Progress in Reducing Pollution and Sequestration of Carbon by Carbon Neutral Plants
	Carbon Footprint of Spent Ternary Lithium-Ion Battery Waste Recycling
	Risk Assessment of Antibiotics in Agricultural Environment
	Driving Factors Analysis for Spatial-Temporal Distribution of Organic Pollutants in the Yangtze River Delta Based on the Optimal-scale Geographical Detector
	Spatiotemporal Simulation of Soil Pb Accumulation Process in Urban-Rural Areas: A Case Study of a Large City in Central China
	Source Apportionment and Health Risk Assessment of Heavy Metals in Dust Around Bus Stops in Kaifeng City Based on APCS-MLR Model
	Evaluation of Heavy Metal Distribution Characteristics and Ecological Risk of Soil of Vegetable Land for Hong Kong in Ningxia
	Effects of Four Amendments on Cadmium Bioavailability and Enzyme Activity in Purple Soil
	Effects of Biochar-loaded Ammonia Nitrogen on Soil Carbon Emissions, Enzyme Activity, and Microbial Communities
	Effects of Rosa roxburghii Pomace Biochar on Yield and Quality of Chinese Cabbage and Soil Properties
	Effects of Biochar Application on the Structure and Function of Fungal Community in Continuous Cropping Watermelon Soil
	Effects of Different Modified Materials on Soil Fungal Community Structure in Saline-Alkali Soil
	Effects of Biochar and Straw Return on Soil Microbial Community Characteristics and Functional Differences in Saline Water Drip Irrigation Cotton Fields
	Effects of Different Proportions of Ammonium Sulfate Replacing Urea on Soil Nutrients and Rhizosphere Microbial Communities
	Effects of Different Forms of Nitrogen Addition on Soil Physical and Chemical Properties and Microbial Community Structure of Perennial Alpine Cultivated Grassland
	Altitude Distribution Characteristics of Farmland Soil Bacteria in Loess Hilly Region of Ningxia
	Spatial Patterns of Soil Bacterial Communities and N-cycling Functional Groups Along an Altitude Gradient in Datong River Basin
	Dynamic Response of Aerobic Denitrification Bacteria to Water Quality in Baiyangdian Lake Under Different Hydrological Scenarios
	Effects of Fly Ash on the Efficiency and Bacterial Community Structure of Urban Multi-source Organic Solid Waste
	Effect of Exogenous Chitosan on Physiological Properties, Antioxidant Activity, and Cadmium Uptake of Wheat (Triticum aestivum L.) Seedlings Under Cadmium Stress
	Response of Relationship Between Microplastic Abundance and Nitrogen Metabolism Function Microorganisms and Genes in Water
	Effects and Mechanisms of Polystyrene Microplastics on Extracellular Antibiotic Resistance Genes in Wastewater
	Effects of Polyethylene Microplastics on Soil Nutrients and Enzyme Activities
	Effect of Low-density Polyethylene Microplastics on Natural Attenuation of Oxygenated Polycyclic Aromatic Hydrocarbons in Soil
	Aging and Small-sized Particles Release Characteristics of Tire Microplastics in Various Environmental Media
	Effect of Photoaging on Adsorption of Cu(Ⅱ) by Polystyrene Microplastics with Different Particle Sizes
	Effects of Straw Addition on N2O and CO2 Emissions from Red Soil Subjected to Different Long-Term Fertilization
	Effect of Partial Substitution of Chemical Fertilizers with Organic Fertilizers on N2O and NO Emissions from a Peach Orchard
	Spatiotemporal Pattern and Influencing Factors of Thermal Environment Based on SEM Model：A Case Study in Xi􀆳an Metropolitan Area
	Air Pollutant Spatiotemporal Evolution Characteristics and Effects on Human Health in Xi􀆳an City
	Characterization of Metal Elements in Atmospheric Fine Particulate Matter and Their Sources in Winter in the Southern Sichuan Urban Agglomeration



