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Abstract: To elucidate the initial effects of nitrogen deposition on soil organic carbon (SOC) and its stability in
alpine meadows, we conducted a field nitrogen addition experiment in the eastern Qilian Mountains. Aboveg-
round biomass, soil physicochemical properties, enzyme activities, and SOC fractions were measured, and
their key drivers were identified using variance partitioning. Nitrogen addition significantly increased aboveg-
round biomass but reduced cellulase and -glucosidase activities (P<Z0.05). Particulate organic carbon (POC)
content and proportion decreased markedly, whereas easily oxidizable organic carbon (EOC) and mineral-
associated organic carbon (MAOC) increased significantly (P<Z0.05). POC dynamics were mainly regulated
by total phosphorus and carbon-acquiring enzymes, MAOC was closely associated with aboveground biomass,
pH, and B -glucosidase, while EOC was primarily driven by available phosphorus and cellulase. Overall,
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microbial biomass carbon (17%) and dissolved organic carbon (14.1%) primarily explained short-term SOC
variations. In summary, nitrogen addition enhanced soil carbon pool stability by promoting plant carbon inputs,
modulating enzyme activities, and reshaping the distribution of SOC fractions. These findings reveal the path-
ways through which nitrogen deposition stabilizes SOC in alpine meadows, providing critical insights into
carbon cycling processes and the carbon sequestration potential of fragile ecosystems under nitrogen enrichment.

Key words: Alpine meadow ; Nitrogen addition; Activated carbon components; Carbon pool stability ; Variance

decomposition

FFREEK MR WERREZ — 251
R i il 187 AR B 3006 , e - ERR Ak 5 0k 423 Pg, o
S ERBE LA S R G IE R 15%~17%"" ., FRE XK
SR B JUTE FR 24 4 10° hm?, f7 [ 4 B FRY 41 % LA
b RAeRREEEERE EENERZ -, R
)V Ry 9 e it e L ] 5 Ml DX U A SIS A L
A ) e T IR R 55 09 AR AR R M R 4 R X
Ty BRERIRIEA ST M EEASREY, &
ARk, 32 A R AR AL 5 R TR IR 5 e R 9E A
MWASRGEEEM T ERDELET BHF LA,
F T X A0 ST B B s TR AU A
Xof - A ML ok R ) S B 4

+ ¥ Pl (Soil organic carbon, SOC) J& il Hs
A2 A R G0k PR Y 2 R G, el Bl A ) R AR L
Az A B AR 7 ) o3 i R AT B 6 4 R
A B E P AR . SOC JfdE — b 1 i
A T2 B 220 B ] 7 T 30 25 R e 3 I A 4y
PR, AL S B AR A MLk (Easily oxidized
carbon, EOC) | ¥ fi# ¥ A #Hl ik (Dissolved organic
carbon, DOC) 8 4= ¥ A= ¥y & Wk (Microbial biomass
carbon, MBC) . i ¥ A& #l ik (Particulate organic
carbon, POC) X W25 6754 WLk (Mineral-associated
organic carbon, MAOC) %" X & 4 43 7 Bk (1) fifi
A7 RIS e Ak b 4 TEOAS [A) A 0, R TF A Bl 2R T BR
JE B AR . - SRR R U (2T 2 R L B AT
A P REOBE B A 2 IK Bl AT ALAR S L A 4 A
B AR 5 RRE B DG B A A AR [RD B 2
FLAR M S5 R0 Bl 2 RS A SRR R RO

R A S R G0 Y BRI SR A AR A A
23 I 2 O R R R, R Z B2 e A ) A T
HE IR IR B A 7 AR O AR A AR
TAE SOC 4 43 FEfeE MR R 7 % B 25,6
A% A1 T8 G A A A5 3 58 A Ak 17 g e Sk R
O A W58 R W1, S I AT B8 38 ) 1 n AR ) e e A\ AN
0 Bl 2 W Sy A A AR 0 O M e ) i R R
B A WEFE TR, A A B = BCR ROPE TS AT
A M AT P S e S R . A,

Chen 2 A" H7F 5 3% B 00 0 36 4 f 21 4 e
PERR 420 ¥ AT R EVE A . A Janssens %6 A0k &
NI RT 2 3 Aok o0 ) APk T T A T R A A A A X AR
FE AT LR I o3 i, DT 48 o5 B MR AL 4 o R
F 5% N A U N T R 2 38 2o 30 b o 2 K R
RV b 0 el 2 o R Ml ) TR L X gk s bk
ZEE IR R UUREXT SOC 443 59 5 m LI i AS BA B
A REAR T A 25 R G R A KO B S 5 4 R
L |INE ., HAT, L2 HIT CUES2 KW R D0
SOC K H20 53 5% i & 2, 10 Jo 103 96 4 A 4 103 40007
f T BT AR RES 48 7 SOC T8 R UL 1R B B i
B A ) B P A S R A o 3 T UL, AT 5T 3 i B A
RS LG | 2R G0 00 AR % L AR B e 2E B ) AN TR b
R 5 MURk S A oy IR 25 A R R4 T
PE B R A B BT TF 50 T SOC 414343 B ks
R 5 Bk PERR E I B A AR R R ST, B EH
71 1 FE REAR) SOC J 193 0w 1o AL ) 5 0 42 B A%, Sl DA
UL S AF T = € 504 1) W T8 ) S R0 R 22 A 4l
A ERAES RGN E S R RS,

1 #H5FE

1.1 HARXER

WFR X AL T AR % I RB R EINEFH o
(37°11'N, 102°29"E, g 4% 2700~3100 m)"*', 4 1
R 7K i 410 mm, B ZE(6—8 AD[F/KIRZ , (F &4
KEM60% L b ¥R —0.1C, 1 H ik
—18.3°C,7 Ak 12. 7°C. KW FEZ Iy AU/
B T 2 i X R AU AR R TR A 10. 05
kg« hm?, H v 8 25 A0 RS 25 AR U0 B G 53 ) o
2.63F17.42 kg-hm #*' B2 A Ky = FEw ), +
HEAL W R o RIS O 4,37~
5. 27 gokg ! AR £ B W 452. 01~558. 02 mg-kg
YA K ] 120~140 d, £ 39 Fh o 0% AR &
(Kobresia humilis) , H At ) Fh 40 55 2 B $7 6% 72
CElymus nutans) % 98 22 B 5 (Potentilla anserina)
555 (Stipa aliena) % o



5 6 44 i

A5 N TN X e S ) 3 )2 e AT WL B 2 53 (Y 90 S0 5

2079

1.2 {8t

ARSLE - E# T 20234F 7 H ARYE EI PR AE AL
5 W 4% Nutrient Network (NutNet) Chttps://nutnet.
org) 5 Drought-Net (DroughtNET) Chttps://
droughtnet. weebly. com) . & 5 >R FH B #L IX 4 %
i, R 16 S Ab BRI 96 AN /N X RS /N X T AR
F6mX6m, i diE NI mCE 1), LA & =24k
B DR K AE A O BR800 5096 (1 m 50%0) , i i
TR 9D 1SR B K IR HE K BB X S ©
Fr 5 I COR it IE SR N/P /K #2414 NP/NK/
PK.=Jt44 NPK),N/P/KHMEE K10 g m *a '
OB E (U T CK 5 NPK) . A8 4 B I 21
JRZE(N & 44% &8 818 g+ /NX D B U5 h FE 2o
BEMRAS (4 P& i 17% , F & 2118 g- /X ™), 4 A
R B R B (4l K B 4000, FTERE 900 g /X, = Fil

Feor B TS H — ORI A o S DAl K0 S
X} e 2 R i) b AT AL AR K2 o3 9 RN A BIF 5T 3k
CCK 5 NARBE g 12 /N X, JF J A= | 34k
PEJTT T T R N i 2H 43 WL 5 53 A o

1.3 BHHMAESHMR

TE DT 2 PRt IR (2024 4F- 5 A 5 202545 ADJ&
F 20254 8 AAE 124 /NX 1 m X 1 m K A [ & B
CEE T A7 AD AT HE 4 400 o 200 10 I 80 6 455 A ) o
LS Y CRERRBEALIN & 1O M) R 35 % . Hh
4= ¥ i (Aboveground biomass, AGB)RFEZERE T
PIEEECH S 0.1 m*(10 X 100 em) K75 HE 17 B IR P
FRECE 147 B) 76 B HUIN X FEHLE 8 4 0~10 cm
+ 2 53 2 mm 5 5 R A 350 50 W A —
PR AT — A CUKFR PR EE , — 353 KT R A7 (B 1D

| ° 4 mx4 m ® |
DAL A B
Species composition|
1 2
: RO RE .
Biomass sampling
3 4
2mx2m
C D
) AR RAHIE )
Future studies Future studies
ZenhixX
Buffer
1m
THERAE S
6 mx6 m .SOII sampling points -

Bl XERaHE(EZ)REIKEE(R)

NP1 PK1 NPKW-1 W+1 NPKW-2 [ NPKW+2 W-2 NW+2
NPKE1 NK1 K1 NPK1 PK-2 CK2 NPK2 NPKE2
NPKW+1| NW-1 NW+1 W-1 E2 P2 N2 NK2
N1 P1 El CK1 NP2 K2 NW-2 W+2
W-3 NPKW+3 CK3 K3 NPKW+4 | NW-4 K4 N4
PK3 NP3 W+3 NW-3 NK4 NP4 W+4 NPKW-4
NPKE3 NK3 E3 P3 NPKE4 PK4 P4 NPK4
NPK3 NPKW-3 | NW+3 N3 NW+4 W-4 CK4 E4
ES PK5 NW-5 | NPKW+5 PK6 NP6 N6 NPK6
P5 K5 W+5 Ww-5 W-6 NW+6 NW-6 |NPKW+6
NKS NPS NS NPKS5 CK6 E6 K6 NP6
CK5 NPKES NW+5 | NPKW-5 NPKE6 P6 W+6 NPKW-6
Fig. 1
Y s e e o B
1.3.1 M4 $HEMFEHTE FEMEA=CHEXH

J& -+ R D /2
Patrick 8%t (R) : R=5S
Shannon-Wiener#8 %t (H) : H'= *zf:lP,.lnP,
Pielou$§#% (/) :J=H'/InS
Simpsongﬁ‘ﬁ%%{(D):DZl—z;PE
KA, SHYHMECH , P oA i PR i E A .
1.3.2 EREARRABKLRBEEEGMNE +
e B AL PE TS AR T A DU E 5 S 0L B e Y
(B AL Ay B ) CEB = RO v gy B o -
% /K i (Soil water content, SWC) | % & (Bulk

Sampling point distribution map (left) and sampling point setting map (right)

density, BD) 43 5I12% A 105°CHE T % 5 58 ) 20 5
4 HE AL 2 R4 A (Total N, TN) .4 # (Total P,
TP) 48 (Total K, TK) 73l 5% H 2 i & B IR E A
P B R - = AR T AR NaOH #4 Bl - UG ' BE vk
FE 5 3 A & (Available N, AND 3 52 (Avail-
able P, AP) ¥ Z # (Available K, AK) 43 51l % il il
ROk B B T LL 3 F NHL,OAc 12 48 - KA
JEE V0 7 5 - HE pH {RLR FH F A 0

+ HELT 2k 2 i (Cellulase, CEL) R H 3,5- i 3t
IR R 5 - 78 4 B i (a-glucosidase , AG) Al B-F
ZPBETF i (B-glucosidase , BG )R F il h: He (G 58 o



2080 B

S

o534 5

1.3.3 g Abasmadasyne LAk
(SOC) & 1k 2K FH T 55 R 41 - ViR O TR 0 I A4 25 75
E S G EARE HLIR (EOC) & 8 5% JH w4 TR A1 4R
4Jctt@{£(u“”“o VAR AE A HLER (DOC) i A= 9
Ak (MBO) 43 31 R B 9% £ 3= 18 125 0 4 5 28 2% 4
Bk s

TR A HLEK (POCO R P 45 &4 HLik (MAOC)
%% Cambardella % N 5k, H 5 g+ L' i
% 40 PR ¥ 43 8L (18 h, 180 remin 1) , B ¥ i 53 pm
i, ZE AR K RS2 e, O 3 40 S URL A AL T 3 ik
53 pm i B #E i RIS W) 25 5 A BT, 65°C
BT 0E 5 S S S b R L T Y
(BT U T = L AR S VIR T ﬁr‘é’%ﬁﬁ*\/
AL S W 45 45 2 BT 1A BB R
%ﬁihﬁ;i%ﬁunmxﬂ“éﬂé}ﬁMﬁAE’““

1.4 HiELHESSHT

1,401 ERA WU AR AL 8 M % 4 BE Yo A5 4R X 35 AR
ot A A F 5Tl T - 98 8 5 3 JE (Carbon activ-
ity, CA) | B¢ J£ i J& 48 ¥t (Carbon activity index,
CAD B JE 4§ % (Carbon pool index, CPT) LA K %
& B 45 %% (Carbon pool management index, CPMD)
ok W A UL R0 I (OND R HE B R EI’J
DI B CCKORE M 30 2% 3H ik 4
fobr . HARHR AT

(/E()C
A= — (1)
‘ (/S()(‘, * CE()(‘,
A(‘, N
Ioy=—— 2
o ALT‘CK ( )
Csoc N
]")::: - ( Eg)
“ Cso(‘ CK
TIepn=1Icx X I:p X 100 (4)
- HEfR 20 5343 BE H ) (PO R TSR A =N
Proc= = X 100% (5)
S0C
(/MB(
Pype=——X100% (6)
(/so(
(/1)()(
Pl)()( X 100/ (7)
CS()(,
Proc=—2-X100% (8)
so(
(/M AOC
Puroe= X 100% (9)

S()(

AP, AR BR BT T Toa D B 215 JEE 8 50, Ter
DR 268 B8, Tewns 00 B A B R, C 3R i 5 B (ERL

B R g kg™, Cooc I EHEA HLIK 5 & , Croc
R 5 E AL HLBR & 18, Cune 8 CE 90 A4 W BB &5
i1, Cooc NI TRYER PLEK , Cooc N UKL A HLIK , Cusoc
NG ALK

1.4.2 ¥ AT Excel B M A4,
SPSS 27 A7 M S AR A T A5 50 He % CK 5 N AR B 22
5 OERE L) Mean+=SE 23 ; JH R 4. 5. 1 #147 Pearson
AH S 43T, 0 2 S B AR d (B B O 22 I Bk IR 7 VIF
KT 10 (PR BT B ) 57 DL X A 0 BE HIL B 7 1) 26 1
RA RN AL H glmm. hp 5 Imed XA Bl M 2H
Sy FERE AL 3 B RME AT T 20 S AR 1R
ffi H Origin 2024 5 R 4.5. 1,

2 ER5HMH

2.1 RAMTHEEHEFITESH EEYE

N b B AE — 5 P b okAE T SE R TR Y
Mo AR R MRV ARAE (R D WA E EAEN
EFR R R R B M I0ME9, HER AR .
BEVE ZRETEFE 8007 11, N AL B R Shannon-Wiener $§
0 Pielou ¥ 2] FE 8 B Simpson 85 R FLH T
Metadh (B 22 R R B EKFE. 53R CKH
o, NAREE T AGB B3 10, i 445.49g-m 2 &
£ 627.86 g+m 2(P<<0.05)., Hid , RAR AGB &
FHIN, 426,23 gem CHEE E 556.75 gem ?
(P<<0.05).

2.2 WARMT RN RS wmIkIEE M

2R, Y BE B, N AR EE T £ 4%
Ky HEFEBHA M HERARE . LA
PE BT J7 I, N &b B AR 4 R e A i (P<
0.05), i 3 5 sl o % 7 P<<0.05) ., LA .
G R R RO A N HE R 38 CKO g
A¥Gm, L pHAE M A FRAL H2ER AR % . N
PR AR T LT R B - A 0l T
(F 2A,C; P<<0.05) , % o~ 25 55 1 B 52 0 R I 3%
(K 2B).

23 aRmxLtERNKA
=20

N &b 31 % /& %€ 25 41 SOC & 1 T6 i % 52 i (&
3A) . POCTENAbHLN W FREAL, by 44.48 g-kg !
%= 21.71 g-kg ' C(# 3E; P<<0.05) , i EOC 5



5 6 3] &

A5 N TN X e S ) 3 )2 e AT WL B 2 53 (Y 90 S0 5

2081

F1 AFNMEEEAERSTESH EEMENETL

Table 1 Changes in vegetation characteristics and aboveground biomass of alpine meadow under nitrogen addition

W FE I ER-GEHPHEE Pleloufi 4

Hit -2 ¥ Aboveground biomass/(g-m ™ ?)

b . , AR
S S Sl - Piel ER: 3 Je AW
Treatment ‘peme% . 1ann<'>n . elou Simpson index E‘H *ZFH AR i
richness Winener index index Leguminosae Gramineae Forbs Total
X CK  10.2540.95° 2.12+0.11° 0.93+0.01° 0.86+0.02° 0.2540.07"  426.234+34.96" 12.85+8.29" 445.49+51.92
Jifi 2L N 8.5040.65" 1.9340.06" 0.89+0.01° 0.83+0.01° 8.26+6.12"  556.754+25.81" 9.93+3.54"  627.86-+30.34"

T R PR TR/NG P 3% R [ gk #R) 22 5 8 2% (P<<0.05) . A

Note: Different lowercase letters in the table indicate significant differences among different treatments (P<Z0.05). The same as below
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Table 2 Changes in soil physical and chemical properties of alpine meadow under nitrogen treatment

Ab# Treatment Xt iR CK Jiti N
7K i Moisture content/ % 24.0040.59* 26.00+1.70°
27 Bulk density/ (g-cm ™) 0.68+0.04" 0.7740.02*
4% Total N/ (g-kg ) 2.63+0.22° 3.09+0.34
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224 Total K/ (g-kg ) 9.14+0.23° 9.4640.42°
A Available N/ (mg-kg ') 450.79+17.38" 457.88+9.52°
R Available P/ (mg-kg 1) 13.72+0.09" 14.5040.23"
B Available K/ (mg-kg ") 243.83+18.31" 255.20413.15"
pH{H pH value 7.5640.02° 7.5440.02
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Fig. 2 Impact of nitrogen addition on the activities of soil cellulase (A), a-glucosidase (B), and B-glucosidase (C) in alpine meadows
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Note: Different lowercase letters in the figure indicate significant differences among different treatments (P<<0.05), where CK represents the con-

trol and N represents the nitrogen treatment. The same as below
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Fig. 3

Impact of nitrogen addition on soil organic carbon (A) and its components: easily oxidizable organic carbon (B),

microbial biomass carbon (C), dissolved organic carbon (D), particulate organic carbon (E), and mineral-bound organic carbon

(F) in alpine meadows
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Table 3 Distribution proportion of soil organic carbon components in alpine meadow with nitrogen addition

Lb 3 i 1 5 MLRK % 5 (% HL 1) Proportion of soil organic carbon content/ %
Treatmen BEMAABEOC  BUEPEYREBKMBC  BEMEA I DOC  BREA P POC  §" Y% & B4 Pk MAOC
X CK 1.054£0.45 1.60£0.06* 0.6140.03" 54.004+4.76° 33.00£4.53
it /N 7.75+0.63" 1.80+0.10* 0.6840.03" 26.2745.14" 54.05+2.16°
x4 FANMEREALEREREENRM
Table 4 Impact of nitrogen addition on soil carbon pool stability in alpine meadows
A F Treatment i%ﬁb’?ﬁ?(ﬁjﬁ . ME@E}EQ{ . ﬁﬁ’()ﬁ}"ﬁ;ﬁ . BRI .
Carbon activity Carbon activity index Carbon pool index Carbon pool management index
Xt CK 0.0440.00° 1.00=£0.00" 1.0040.00° 100.0040.00
Jiti A N 0.08+0.01° 1.444+0.17 1.004-0.02" 136.76+10.89"
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Fig.4 Correlation analysis between soil organic carbon and
its components and environmental factors in alpine meadow
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Note: *#*,  #* and * represent significant correlations at the 0. 001,
0.01, and 0. 05 levels, respectively; SWC denotes soil moisture con-
tent; BD stands for bulk density; TP represents total phosphorus;
AP indicates available phosphorus; TK signifies total potassium; AK
stands for available potassium; TN represents total nitrogen; AN
stands for available nitrogen; CEL represents cellulase; AG denotes
a-glucosidase; BG represents 3-glucosidase; AGB stands for aboveground
biomass; H represents Shannon-Wiener index; R denotes species
richness; J represents evenness index; D denotes Simpson index;
SOC stands for soil organic carbon; POC represents particulate
organic carbon; MAOC denotes mineral-associated organic carbon;
EOC indicates easily oxidizable organic carbon; DOC stands for dis-

solved organic carbon; MBC represents microbial biomass carbon
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Fig. 5 Correlation analysis between soil carbon pool stability
index and environmental factors in alpine meadows
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Note: *, ** and *** represent significant correlations at the 0.05,
0.01, and 0.001 levels, respectively; SWC denotes soil moisture
content; BD stands for bulk density; TP represents total phosphorus;
AP indicates available phosphorus; TK signifies total potassium; AK
represents available potassium; TN stands for total nitrogen; AN rep-
resents available nitrogen; CEL stands for cellulase; AG represents a
-glucosidase; BG denotes 8 -glucosidase; AGB stands for aboveg-
round biomass; H represents Shannon-Wiener index; R represents
species richness; J represents evenness index; D represents Simpson
index; CA represents carbon pool activity; CAI represents carbon
activity index; CPI represents carbon pool index; CPMI represents

carbon pool management index
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Fig. 6 Exploring the relative importance of soil factors and vegetation characteristics on EOC (A), POC (B), MAOC (C), and

the impact of each component on SOC (D)
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