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Response of soil hydraulic properties to alpine swamp meadow degradation and
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Abstract: In this research, natural, lightly degraded and heavily degraded marsh meadows, and artificially
established sown grassland (established in 2018 by planting Poa crymophila on degraded meadows for ecological
restoration) in Maqin County, Qinghai Province, were studied. Several key soil properties were measured, and the
changes in soil hydraulic properties within the 0—30 cm soil layer, and factors driving the changes were analyzed.

The results demonstrated that: 1) Biomass, soil porosity, organic carbon content, and total nitrogen content

Wk 1 : 2025-05-09 5 Bl H 4 - 2025-06-25
SEATUE < F 5 AR 4: (42207375) R 548 BHE 7RI (2024-SF-148) 5 H % 1)
YEF RIS - 25 m) (1998— ), 95 W R B L L FE 2B E-mail: 2935008789@qq. com
* WAFE# Corresponding author. E-mail: zhangyongkun321@163. com;rjl@126. com



5 35 B 3 W Ol 2E 3] 2026 4F 53

exhibited a trend of initial decrease and then increase with the degradation of alpine marsh meadows and the
establishment of artificial sown grassland (P<C0.05). 2) In the 0— 20 cm soil layer, the ranking of soil water holding
capacity, field capacity, wilting coefficient, and saturated water content was as follows: natural marsh meadow >
artificially established sown grassland™>heavily degraded marsh meadow. Saturated hydraulic conductivity in the 0—
10 e¢m soil layer was significantly higher than that in the 10— 30 cm soil horizon and decreased significantly with the
degradation of alpine marsh meadows while increasing significantly with the establishment of artificially sown
grassland (P<C0.05). 3) Saturated hydraulic conductivity, saturated water content, and plant-available water
content were significantly positively correlated with soil porosity, organic carbon content, and total nitrogen content
(P<C0.05), and significantly negatively correlated with soil pH (P<C0. 05). Partial least squares regression analysis
revealed that the critical factors influencing soil hydraulic properties were soil porosity and organic carbon content. In
conclusion, the degradation of alpine marsh meadows and the establishment of artificially sown grassland significantly
altered soil hydraulic properties, with the most pronounced impact observed in the surface horizon (0—10 cm). The
data indicate that surface soils are the most sensitive to degradation-induced changes; this is an important insight for
managing the ecological restoration of alpine marsh meadows.

Key words: alpine marsh meadow ; degradation; artificial grassland; soil water holding capacity; saturated hydraulic

conductivity
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Fig.2 Natural, lightly degraded, heavily degraded marsh meadow and artificially established grassland
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Table 1 Basic information of sample plots in the study area

el i 3= I AL A {3
Type Coverage (%) Plant height (¢m) Leaf area index Dominant species
NMM 95.02. 5a 32.0%1.5a 3.940.9a PG R K. dibetica; /N K. pygmaea
LDMM 91.041.0b 3.4+1.0b 1.3£0.3b BB K. humilis
HDMM 82.0+3. 5¢ 3.340.3b 1.2+0.3b HF AT EAEREISF Summer-autumn season: E. den-
sa, C. souliei, etc. ;34 Z :#f 1 Spring-winter season: Bare soil
AEG 94.0+1.5a 21.3+2. 1a 3.0£0.8a B BOR P, crymophila

NMM: X 4K /8 % 5 fa] Natural marsh meadow; LDMM : % [ iR b 7# 7% 52 f) Lightly degraded marsh meadow; HDMM : i Ji iR fk 78 % ¥ fa] Heavily
degraded marsh meadow; AEG: A T #H & Hi Artificially established grassland. ¥4 L ¥ - 4R i iR 22 2 s %78 o Data are expressed as mean=+
standard error. R [Rl/NG P18 A [R] ZBUAE 4 ] 22 5 3% (P<<0.05) . R, Different lowercase letters indicate significant differences among types
(P<<0.05). The same below.
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Fig. 4 Characteristics of aboveground biomass and belowground biomass at different degradation stages and artificially
established grassland

AT K5 7 B e ] — 2 B [a] 4 )2 PR 28 59 2 % (P<<0.05) , Al /NG 7 B 0 (] — )2 PR A W) 28 2 22 5 i %5 (P<C0.05) . R[] o Different
uppercase letters denote significant differences among different soil layers within the same type (P<C0.05). Different lowercase letters indicate significant

differences among different types at the same soil depth (P<C0.05). The same below.

2.2 AR EEAMHK

2.2.1 AP pH  EFEREEEIEAX 0~10 em 4 2 A HLER & &R pH A9 520 i ol B35, BB 1k
T HE T A A B i R R AR 5 R SR VA R ) A L, R IR AR B B 0~10 em . 10~20 cm ,20~30 cm 24
BURK 2 1 FEAIK 29. 996 .46. 6% (P<<0.05) .23. 8% o A T.EHi % fi] 0~10 cm + JZ + 584 HLAR & 155 & R b Bt
FEAI% 30. 796 (P<<0. 05) ,{H 10~20 cm ,20~30 cm + 2 347 HLAR & &85 30. 6% (P<<0.05) .18. 3% . &M+
JZ M HURR B B )2 R B 3G 0 SR R AR, H v O SR VA B ) BRI R i o B 3 (R Sa) o R FE VR L) O~
10 em = J2 4 38 pH Bl 3R fb R B A i ) S 1 i ke B, 5 R AR TR R A A L, AR AR B B R pH B i 21. 1%
(P<<0.05). 10~30 cm + )2 4- 18 pH BE R A 72 B2 fin il 26 34 i 5 i/ o & BB 0~10 em 42 )2 T 58 pH &AL, 3 IK
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F10~30 ecm + 2 . A T B M 5 ) 0~10 em 4 )2 13 pH % 5 B 1B AL B Be 4 i 10. 4 %6 ;10~20 cm . 20~30 cm +
2+ 4 pH BA #1022 55 oK 58 3] W3 K (B 5b) .

100 -
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Fig.5 Soil organic carbon and pH in alpine swamp meadows at different degradation stages and artificially established grassland

2.2.2 HHERERALBE 0 R4 R BN R IEEE A AR X 0~10 em 2 - A T A S d ok B B
AR bR IR A 4 25 T N RN 5 5 K SRR R R L, e AR Ak R R AT R e A R R A BB T
23.3%.34.2%(P<<0.05) . A T.HH1LF A 0~10 cm + 2% + 58 75 8 40 & 57 1R 1k By BE B AIK 10. 2%, 45 B Bt 10~30
em ‘T EHEFEELEEFEES . RRPEFEE M 0~10 cm £ )2 18 B ALBE F i (67. 91 %), # AR bl - 5L &
B BRI . 5 o R AR AR B B A FE, T M ) 0~10 em 2 4 88 FLBR B OJC B E 2% 5, 5 10~20 em . 20~30
em 2 L RALBR B AR AN T 12.1% .12, 0% (P<<0.05) . L3 B LB 5 B 45 FLB A8 (b A AL, 5
JE 3B A B B A HE , A T B M # 48 10~20 em |, 20~30 em 4 J2 32 B4 LB 20 B AN T 26.6% .12, 9% (P<
0.05) . HEERALK B 10~20 cm + )2 + 3 9E B 45 FL B B fe K (8. 31 %0 ), b 0 ) 3R 1 A% 35 Jon B 4 Ak 222 °F R it 34
I - 8 % 1 0 2 AN R A AR bR A

2.2.3 AR SR R 34E DR R R AR AL X £ A AR S R A P R 2
(0~10 cm) +-HE , B r25 J€ V8 P 55 f AR A0 2 32 0 o ) 40 4 e VAU R IK . 3 R BB Bt 0~10 cm . 10~20

x2 TRBRAMBRSEZREANMAIREEMTERESIRE

Table 2 Soil bulk density and porosity of alpine marsh meadows at different degradation stages and artificially established grassland

TR e Faiy SALBR TEALBE ELE LB
Soil depth (cm) Type Bulk density (g-cm ™) Total porosity (%) Capillary porosity ( %) Non-capillary porosity ( %)

0~10 NMM 0.7340.07Bc 67.91+2.35Aa 62.82+1.68Aa 5.1041.02Aa

LDMM 0.90+0. 02Bab 61.61+2.77Ab 57.004+1.92Ab 4.61+1.33Aa

HDMM 0.98+0.04Aa 62.76+2.45Aab 58.90+2. 50Aab 3.86+0. 16Ba

AEG 0.8840.06Bb 61.83+1.48Ab 57.7142.36Ab 4.12+1.37Aa

10~20 NMM 1.12+0.03Aa 55.18+4.71Ba 51.6544. 33Bab 3.5440.58Ab

LDMM 1.11£0. 14Aa 56.76+4.75ABa 53.654+4.90ABa 3.11+0.54Ab

HDMM 1.114+0.11Aa 51.00+1. 86Ba 42.65+3. 24Bb 8.31+2.50Aa

AEG 1.17+0.03Aa 57.19+4.11Aa 54.0143.99Aa 3.1840. 19Ab

20~30 NMM 1.22+0. 14Aa 54.82+ 3. 60Bab 50. 074 3. 88Bab 4.75+0.28Aa

LDMM 1.27+0.06Aa 50.03+1.93Bb 46.48+1.05Bb 3.55+0.95Aa

HDMM 1.09+0.07Aa 51.05+2.78Bb 46.43+1.91Bb 4.63+0.97Ba

AEG 1.22+0.12Aa 57.19+1.15Aa 52.4442.16Aa 4.75+1.15Aa

A KT F ) Fom /] — 2R RUOR R 4 2 3 22 5% 1 3% (P<<0.05) . Different uppercase letters denote significant differences among different soil layers
within the same type (P<<0.05).
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em  20~30 em 2 4 A B 5 R AR T R A B B4 i N R 29. 706 .50, 796,23, 8% (P<C0. 05) ; VA & 4
ST R 23. 126 (P<<0.05) \41. 6% .27. 9% . A LR B ) 3R 2 (0~10 em) 346 8 A & &8 8 8 R B
R4 30. 7% .33. 3% (P<<0.05),1fif 10~20 cm ,20~30 cm + JZ + B8 &\ N T 33. 5% (P<<0.05) .18. 4%, +
WRA G RN RAIER B RSB Z A R A I 11 5 A . RIS, 25 By Be R4 4 B AU &
S it TR R T 2R R A L DK SR T R ) [ B AR Ak B

x3 TRBRAMBRSEZREEANMAIZEEMTERSSETH
Table 3 Changes in total nutrient content of soils in alpine marsh meadows at different degradation stages and artificial

established grasslands

+ e Soil depth (em) 282 Type 4xf% Total carbon (g-kg™") A% Total nitrogen (g-kg ") il & Ltk Carbon to nitrogen ratio
0~10 NMM 73.79+3.08Aa 6.4840.19Aa 11.63+0. 47Aab
LDMM 57.2844.98Ab 5.2440.12Ab 12.0240.45Aa
HDMM 51.8649.76Ab 4.984+0.78Ab 11.13£0. 58Ab
AEG 35.964+11.02Ac 3.3240.94Ac 12.12+0. 10Aa
10~20 NMM 35.9742.77Ba 3.3940. 28Ba 10.60+0. 27Aa
LDMM 32.93+10. 21Ba 3.36+0.96Ba 11.4640.63Aa
HDMM 17.734+3.88Bb 1.9840. 40Ba 11.14+2.00Aa
AEG 23.67+14.59Aab 2.10%1.09Aa 12.5640.25Aa
20~30 NMM 24.94+8.00Ba 2.69740.93Ba 11.65+2.40Aa
LDMM 23.20+1.25Bab 2.66+0.16Ba 11.27+0. 46Aa
HDMM 19.01+4. 69Bb 1.94+0.27Ba 12.50+1.52Aa
AEG 22.50+8. 54Aab 2.0840.82Aa 11.90+0. 68Aa

2.3 EERAMR

2.3.1 KA FRAE 2R P 6 J2 kT Gardner #5 B 4YL 5 5 F€ VH 7 i fa) 1B A 55 0K 52 3 B2 A W) 4 )2 9 380K o3
FRAE M2, H e 3 5 RS K A BB AR A I B A B e REU(RY) . Bl 6a R R JZE (0~10
em ) 285 a (i Fifl = FE T P R fa) 3R 00 R R 00 T 9D L B AR A B B R SR T B B TR R VA R ) R K BE T 43 A
TFET 17.8% .35. 3% (P<C0.05) , )2 (0~10 em) A T Ml By B 5 K 4R T JE 773 8 0 ) 19 15 7K RE 7 AR S 25 22 90
BAF W FE KA. J7 3 I 6b R 10~20 em )2 56 B3R Ak R ) 1) 280 a {55 N T b R ) RO, W 3 o 1 R LB

o (a) 0~10 cm 70 - (b) 10~20 cm 70¢ (¢) 20~30 cm
= NMM a=34749A R'=0.95 o s NMM a=37.970A R’=0.98 s NMM a=29.297A R’=0.99
s 60 e LDMM a=28.578B R>=0.98 [ ¢ e LDMM a=34.095B R’=0.95 60 e LDMM a=29.117A R’=0.98
< A HDMMa=22.468C R*=0.99 A HDMM a=22.739C R’=0.99 sol x 4 HDMM a=15.403C R'=0.98
i £ 501 v AEG a=34807A R'=097 [ |vAEG a=33.955B R=0.94 v AEG a=25.139B R*=0.99
¥ = -
= 5 40} 401 40
! B
it § 30t 30} A
= 20}
2 20f 20}
10}
W3 —% 9 1z 15 13 90 3 ¢ 9 12 15

J£ J57i 4 Matric potential (X 10 *kPa)
Bl6 ERM MR EK S HFE i 2
Fig. 6 Soil water characteristic curves at different degradation stages and artificially established grassland
a B 24 a is the model parameter; AR K5 5 b 2R 7] — + 2 VR AR 28 8 2 57 g 25 (P<C0.05) . Different uppercase letters denote significant
differences among different types at the same soil depth (P<20.05).
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BWMSE i AR T RBREFE AN SE i K 6c B Y 8or NMM [Z7]LDMM
7 20~30 em - 2% IR AL TR B B (9 B8 a {5 R S ool A HDMM [ AEG
SRRV S , B T R R AL B B a fi, ﬁA 1L do
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BRAL VIR BT BRI IR R ks BET | z I A
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W Bt - S 7K R 7 I TR K 0 A S B U /0 11 § ol T A

i, T AR A0 V8 R B4 5 R R I 3K A 2 B L5V Soil depth (cm)
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Fig. 7 Saturated hydraulic conductivity of soils in alpine

2.3.2 HIEWAMGARE IR RCREIRE
DI 7) < 5 SRR PR 56 o A R OA TR B ), R swamp meadows at different degradation stages and artificial
JZ (0~10 cm) + 51 Fl 5 7K 2 B AL 44.89% (P<< established grasslands

0.05) , 1 HEIR b I 7 w5 AR B T 48 B AR AL R v B )

#J2(0~10 cm) £ M AT K FFEAR 74. 2096 (P<C0. 05) , A T 5 MK 52 45 0 13 5B AL VA i3 ) %2 (0~10 em) £
B4 S K ARSI N 64. 96 20 (P<<0. 05) 5 A [7] B B ey 5 11 7 B0 fa) 3R )2 (0~10 em) LA FI K R Bk, & T 10~
30 cm +JZ,10~20 cm 5 20~30 em 4 JZ T AR AN K RIFIC W 3E 22 5, L HEM AN Tk R B BUZ [ 5 Bk A
] A5 55 T A dk iR 0 A S SR B R AR BL (18T 3b) o

2.3.3 LR K N WA ROK S R 4P I E R KR (FC) 2 R B (WC) Sy oK 7 A il 2k
£ — 30 F1— 1500 kPa T X Rif 14 - 338 35 7Kkt , Bt 18 A0 7 B2 A i i /), 2 J2= (0~ 10 em ) AT 0 3t B B iy 1 ] 425
K P2 R RS R AR BOE PR R T R 22 5 0 K | 0~30 em LR MW BUK & (PAWC, PAWC=
FC—WC) BB A2 B2 (9 i i 5 80/ 48 0, 0~10 em 42 2, TSR TH 56 i fa) (AL ) A3 80K & i B, R IR AL TH
) R ) AT ROK S R A, R IR AR B B 5N B M A AR A ROK i 25 O FOR 3 B 2 R S AR A AL

x4 FEARUMBESETZFEGANMAIRBEEHEYARKSEMNTEBMEKE
Table 4 Plant-available water content and soil saturated water content in alpine swamp meadow at different degradation stages

and artificial established grassland

+E R 2 + 32 %% /K B Soil moisture content (%)

Soil depth (e¢m) Type —30kPa (FC) —1500 kPa (WC) PAWC SSWC

0~10 NMM 45.359a 25. 566a 19. 793a 68. 953a
LDMM 34.158b 20. 980b 13.178b 63.923ab

HDMM 30.071b 14. 148c 15.923b 62.773b

AEG 30.770b 15. 559¢ 15.212b 63.057b

10~20 NMM 43.247a 28.828a 14. 419a 56. 523a

LDMM 40. 247ab 27.493a 12. 754a 52.363a

HDMM 28.827b 15. 145h 13. 682a 58.077a

AEG 38. 253ab 24.371a 13.882a 58.503a
20~30 NMM 33.977a 22.737a 11. 240a 56. 193ab
LDMM 32.581a 23.134a 9.447b 52. 560ab

HDMM 22.739b 10. 953¢ 11. 786a 51.563b

AEG 29. 865a 18.070b 11. 795a 58.503a

FC: HIAFf/K & Field capacity; WC: i %5 5 5 Wilting coefficient; PAWC: A5 44 2 & /K & Plant available water content; SSWC: 431t Fl & /K &
Soil saturated water content. A [l /NG 8RR [l — + 2R B A 288 22 F & 2% (P<<0.05) . Different lowercase letters indicate significant
differences among different types at the same soil depth (P<0.05).
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Fig. 8 Heat map of variable correlation matrix analyzed by small
squares method

SOC: + 34 HL#k Soil organic carbon; TC: 48 Total carbon; TN: & % Total
nitrogen; C/N: il % l& Carbon to nitrogen ratio; TP: & FLER B Total porosity;
CP: B LB Capillary porosity; NCP: JF & % L Bl & Non-capillary porosity;
BGB: HuF 4 ¥ & Belowground biomass; Clay: &% ; Silt: ¥ki; Sand. #ki;
Ks: 18 f1 5 7K % Saturated hydraulic conductivity. a A7 # %1 2 % a is the model
parameter; PAWC: Hi¥76 #K # #& Plant available water content; SSWC: + 1
0 A F UK i Soil saturated water content. *: P<C0.05, **:; P<C0.01, ®*%%,; P<C
0.001. T [A] The same below.
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