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Abstract: [ Objective ] Grasslands play an important role in regulating the global carbon cycle through the decomposition of soil
organic carbon (SOC) pools. However, the effects of global warming on SOC decomposition dynamics, and the underlying
microbial and enzymatic regulatory mechanisms remain unclear. This study aims to investigate how warming alters the
decomposition dynamics of active, slow, and passive SOC pools, with a focus on microbial community composition and
extracellular enzyme stoichiometry. [ Method ] This study was conducted using surface soil collected from semi-arid grasslands
on the Loess Plateau in a long-term incubation experiment. Soil samples were incubated at two controlled temperatures (15 °C
and 25 °C) under constant temperature and humidity for 553 days (~1.5 year). During the incubation, soil respiration rates,
microbial biomass carbon (MBC), extracellular enzyme activities, and microbial community compositions were systematically
monitored. [ Result JThe results showed that incubation at 25 °C significantly increased soil respiration rates, cumulative carbon
emissions, and the decomposition rates of the three SOC pools (active, slow, and passive) compared to 15 °C. However, the
magnitude of this enhancement diminished over time. Among the SOC pools, the active pool exhibited the most rapid decline in
respiration rate, followed by the slow pool, with the passive pool showing the slowest decline. Additionally, microbial biomass
carbon and bacterial diversity decreased more rapidly at 25 °C, accompanied by significant shifts in microbial community
composition. The relative abundance of copiotrophic microorganisms, such as Proteobacteria and Ascomycota, decreased during
the incubation, whereas oligotrophic microorganisms, including Actinobacteria and Ascomycota, increased. Notably, copiotrophic
microorganisms were more dominant at 15 °C, while oligotrophic microorganisms were more prevalent at 25 °C. Microbial
oxidative metabolism, nitrogen demand, and phosphorus demand increased progressively throughout the incubation, with overall
higher levels observed at 25 “C compared to 15 °C. Furthermore, the response of the three carbon pool decompositions to
temperature increase was regulated by extracellular enzymes and microbial community composition. Stepwise linear regression
showed that under 15 °C incubation, MBC and oxidases were positive regulatory factors for the decomposition of the active and
slow carbon pools, respectively. Under 25 °C incubation, B-1, 4-N-acetylglucosaminidase, and alkaline phosphatase were
positive regulatory factors for the decomposition of the passive carbon pool. The partial least squares path model analysis
indicated that incubation temperature and time significantly regulated microbial community composition. The microbial
community composition positively regulated extracellular enzyme activity and exerted negative and positive regulation on the
decomposition of the slow and passive carbon pools, respectively. Also, extracellular enzymes, as key regulatory factors for the
decomposition of the active and passive carbon pools, exerted negative and positive regulation on the decomposition of these
pools, respectively. [ Conclusion ] This study reveals that shifts in microbial community composition, particularly the shift in
species with different ecological strategies, play a key role in regulating extracellular enzyme activities and stoichiometry,
thereby mediating temperature-induced changes in SOC decomposition dynamics. These findings provide critical insights into the
microbial and enzymatic mechanisms that drive SOC turnover under warming conditions, offering valuable evidence to enhance
our understanding of global carbon cycling and its feedback to climate change.

Key words: Grassland; Warming; Microbial respiration; Three-pool model; Mechanisms of organic carbon decomposition
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Fig. 1 Temporal changes in soil respiration rate, cumulative carbon emission, and carbon pool decomposition rates in grassland soils incubated
at 15 C and 25 C
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Table 1 Repeated measures ANOVA of the effects of incubation temperature, incubation time, and their interactions on soil MBC, extracellular

enzyme, and their stoichiometry

i e L] TR x BRFRm]
fits
Temperature Incubation time Temperature x Incubation time
Index
F P F P F P

MBC 51.71 0.002 127.74 <0.001 13.00 <0.001
BG 12.24 0.025 6.77 0.002 1.77 0.184
BXYL 26.30 0.007 33.93 <0.001 17.55 <0.001
CBH 15.22 0.018 27.65 <0.001 0.38 0.821
PER 5.17 0.085 145.36 <0.001 2.12 0.126
PPO 5.75 0.074 61.15 <0.001 3.49 0.031
C-Hyd 16.87 0.015 11.36 <0.001 3.56 0.029
C-Oxi 1.24 0.329 227.85 <0.001 4.95 0.009
NAG 1.28 0.322 6.17 0.003 0.75 0.571
AKP 6.15 0.068 60.40 <0.001 6.64 0.002
C-Oxi: Hyd 26.47 0.007 51.23 <0.001 8.11 <0.001
N: C-Hyd 0.85 0.410 19.05 <0.001 0.48 0.754
P: C-Hyd 11.18 0.029 49.96 <0.001 0.36 0.833

TE: F AR PAESM R B M7 22 7 M i et i LK. P<0.05 RoRZEREE . MBC: A AEYRK; BG: B-

HAFETFEG; BXYL: B-ARMEFFA; CBH: £F4E KM, PER: % L¥Ws; PPO: ZMA LAf; C-Hyd: BG. BXYL 5 CBH
BEFI; C-Oxi: PPO 5 PER MBI NAG: B-N-ZBEE LA AR 11 ; AKP: SPEBEMRNG; C-Oxi: Hyd: BRICISHEILEE 5K MY
e ; N: C-Hyd: & S58ACHI/KMEER LM ; P: C-Hyd: B SBAGIAKMEER L. TF . Note: F values and P values represent the
test statistic and significance level of repeated measures ANOVA, respectively. P < 0.05 indicates significant differences. MBC: microbial
biomass carbon; BG: B-glucosidase; BXYL: B-xylosidase; CBH: cellobiose hydrolase; PER: peroxidase; PPO: polyphenol oxidase;
C-Hyd: the sum of BG, BXYL, and CBH; C-Oxi: the sum of PPO and PER; NAG: f-N-acetylglucosaminidase; AKP: alkaline phosphatase;
C-Oxi: Hyd: the ratio of C-Oxi to C-Hyd; N: C-Hyd: the ratio of NAG to C-Hyd; P: C-Hyd: the ratio of AKP to C-Hyd. The same below.
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Table 2 MBC and extracellular enzyme activities in grassland soils at different incubation stages under 15 °C and 25 °C
B AR 1]
L MBC/ BG/ BXYL/ CBH/ PER/
Incubation
Temperature/'C (mgkg") (nmol-g"h™") (nmol-g*h™") (nmol-g"h™") (mgg'h")
time/d
15 737.2 £ 3.4Aa 252.4 £36.0Ba 93.7+5.5Ca 81.2+12.0Ba 0.77 £ 0.03Ca
2 25 675.2 £ 12.0Ab 218.4+ 12.8ABa 77.5+3.1Ba 69.5 + 8.8Ba 0.79 + 0.04Ea
15 456.6 = 8.1Ca 273.6 + 15.4Ba 135.4+9.1Ba 1354+ 9.1Aa 1.17+0.11Ba
ot 25 303.5+20.1Cb 259.4 £22.3Aa 117.9 £ 11.4Aa 117.9 £ 11.4Aa 1.00 £ 0.00Da
15 7299 £ 11.1Aa 340.1 £ 19.1Aa 168.3 £ 10.8Aa 67.9 £ 6.0Ba 2.16 £0.05Aa
18 25 641.8 £ 3.8Ab 252.6 + 3.0Ab 71.1 £ 4.9Bb 44.7+1.7Cb 2.05+0.03Aa
15 579.1 £23.2Ba 2553+ 12.8Ba 80.9+7.2Ca 73.5+7.8Ba 1.36 £0.07Ba
360 25 504.7 + 14.7Ba 193.8 + 8.7Bb 59.2 +3.4Ba 51.4 £8.0BCa 1.50 + 0.06Ba
15 559.9 £ 53.6Ba 222.3 +3.6Ba 85.1 +4.8Ca 56.9 + 3.8Ba 1.28 £0.04Ba
> 25 265.8 + 13.9Cb 214.7 + 19.4ABa 74.6 £ 4.8Ba 50.3 £ 1.0BCa 1.26 £0.03Ca
]
poyEs PPO/ C-Hyd/ C-Oxi/ NAG/ AKP/
Incubation
Temperature/C (mgg™ht) (nmol-g"h™") (mgg'h?') (nmol-g“h™") (nmol-g"h™")
time/d
15 0.90+0.11Ca 598.5+73.3BCa 1.67 £0.10Da 16.10 = 2.59Ba 466.9 + 26.7Ba
2 25 0.79 £ 0.03Ba 514.4 £ 28.2BCa 1.58 £ 0.04Ea 15.03 £ 1.26Ba 511.3 + 14.4Ba
15 0.75+0.07Ca 682.5 £29.2Ba 1.92 £0.15Da 21.78 £ 0.48ABa 393.4+5.6Ca
o4 25 0.93 £0.06Ba 636.8 £ 55.8Aa 1.93 £ 0.06Da 21.55+7.14ABa 424.8 £20.5Ca
15 1.79 + 0.08 Aa 848.5 £ 35.3Aa 3.94+£0.07Aa 27.08 £ 0.62Aa 489.1 + 8.4Ba
1 25 1.67 £ 0.09Aa 576.4 £ 4.2ABb 3.72£0.10Aa 18.97 £ 2.33ABb  394.3 + 4.6Cb
15 1.28 £ 0.06Bb 591.4 £ 32.8BCa 2.64 = 0.02Bb 2721 £3.13Aa 465.0 =21.1Ba
36 25 1.60 = 0.07Aa 446.7 = 21.0Cb 3.09 + 0.04Ba 2439+ 1.65ABa 4104 +11.5Ca
15 0.97 £ 0.02Ca 529.8 £ 10.8Ca 2.24+0.02 Ca 27.82 + 1.88Aa 628.8 £ 11.4Aa
> 25 0.95 +0.02Ba 503.9 £ 43.3BCa 2.21 £0.05Ca 26.34+0.72Aa 651.2+12. 8Aa

W BREIETFHME £ fRifEiR%E . ARIKE FRFRRRE — B3R E N R E SR B 22 0 25 5 B3, AR/ FhER R [F—
B IR B T AR 5 3R IR 2 (M) 22 53 8.3 (P < 0.05 ), Note: Data are expressed as mean + standard error. Different uppercase letters indicate

significant differences between different incubation times at the same incubation temperature, while different lowercase letters indicate

significant differences between different incubation temperatures at the same incubation time ( P <0.05) .

I - 398 ) B AN B TL 2 TR AR A R SR IR
FmfE TR B EZES (FR1, P <0.05), 15
AT 5K I (C-Oxi: Hyd ). & S5tk
fi#mE L (N: C-Hyd ). B S5afCiKfgmgt (P: C-
Hyd ) 7EARER =~ SR 20 B s (EF2).
1625 CHFEEMT, C-Oxi: Hyd 1 366 d i ik %
B KAE (6.96 gmmol '), FlJGHEA R, JE7E 553 d
I FRaE (4.45 gmmol ' ); TM7E 15 CREFRZM:

T, X—HAETE 185 d AT IN, FEAES 185 Kik
Fl e KAE (4.66 gmmol '), FHGIGA R, HEFAN
BFE., 521 dHL, 15 °CH 25 CHFE T HIE N,
C-Hyd 7£ 553 d B0 5il$2¢ 5 17 95.43%55 80.38%, P:
C-Hyd 258 I1T 49.71%5 30.64%. 5 15 CE;:F#HH
F, 25 CRiFE4MF R C-Oxi: Hyd, N: C-Hyd. P:
C-Hyd 7R3 IR B R B s e, P35
BIEL 15 CIEFRE 26.02% . 7.31%F1 16.76%
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T AFRE FBERR 7] — B FR LB T A ) e FR I 18] 2 18] 28 5 25, S [l /NG 5 B 2 s ) — 5 93 I ()R A [5) 85 9 0 B2 =2 1) 2 53

23 (P <0.05), Note: Different uppercase letters indicate significant differences between different incubation times at the same incubation

temperature, while different lowercase letters indicate significant differences between different incubation temperatures at the same

incubation time ( P <0.05) .

Bl 2 NEREEAN R R R B B st - e A AL 23

Fig. 2 Extracellular enzyme stoichiometry of grassland soils at different incubation stages under 15 °C and 25 C
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FERFR S B AR 15 CA&M N HE o, RULE
25 CALHR, TlA Y REVR Al R A8 A T S JR B

DIAERTFEEERT 5% LS REbniE, st
P IR A R A5 IE AT 1( Proteobacteria ).
MaAT T ] ( Acidobacteria ), JZKHI ] ( Actinobacteria ).
L #F # '] ( Bacteroidetes ) Fl % ¥iF & [
( Planctomycetes ) ( [ 3e); LS5 FC TR T #0451
177 (Ascomycota ), ¥1F &[] ( Basidiomycota ) F1
B E ] ( Mortierellomycota ) ( [ 3f ), ARIHAY)
W TR TR B rh R R R ) 3h A28 k. R4S
L TR TR AR X S A T L B B AR R T
W, Hrh 25 CHiFRMIRENRE S 27.28%, 1M 15 CH;
FAUTRE 9.17%; BAHIRE BT, 15 CA4Hp-F
VIEHE 25 °Criy 7.76% BUET 1A XS 3 BE 7 P fh

T BE SR Y38 - TF, 25 CREFE R AR SRR T
T 54.83%, MMifE 15 CEiFRp ETHT 19.96%; 7F
BARFRA R, 25 CAABFHERE 15 ChbH
o 12.74% . LBV AR A i 38 7E R Fh iR B 2%
RIS AR, T T AR X S A A L
AT IR R, MR AT R
Friash, s, PRI EERE 25 C&MHF
TRERAN, WAE 15 CAAFF MR E
24 WEMEWME. KEINEE. MEWEEAMRIT

SOC = EE 5 RIS

PRI, 4387 15 CHI 25 CRE R4
1T MBC .. e Bl 7K i il A0 S A0 X — T2 ik 114 52
M (% 3). &R ER, 78 15 CHIRT, MBC #
AKP 2 B P2 43 i (%) 1 1) PR 45 B T (P <
0.05), C-Oxi J&Z& &4k P2 43 fif 1) 1E ] 4 (P <
0.05), NAG Fll AKP W25 P 2 - fiff (14 1 1] afe] 42
FF (P<0.05), 7E25 CHEFH T, MBC &6 Mk
JE 43 it VA L ) R A DGR - (P < 0.05), Tfif C-Oxi
NAG FlI AKP ) 24 P ik 22 43 i 149 1 ) 8 425 R 5
(P<0.05),

PR B 95 T BIAHOCHE A P 4 R o, 1
W e S S ik 243 e C-Oxi: Hyd. N: C-Hyd.
P: C-Hyd WFFAHE (Kl 4a, P < 0.05), 4ipHE
KA S =R . C-Hyd . C-Oxi. NAG il AKP
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W *RREMERRMEFEN (P<0.05) . Note: *denotes significance of the linear relationship ( P < 0.05) .

B3 AT IR o Be e A AT i W B bR T L TR
Fig.3 Bacterial and fungal richness, principal coordinate analysis, and community composition at the phylum level in soils at different

incubation stages under 15 °C and 25 C

&3 WMEVMEMERMMEIETEEN SOC ZESRME L E T

Table 3 Stepwise regression equations of MBC and extracellular enzyme activities on the decomposition of SOC three pools

R [m] )= 7
R? P
Temperature/'C Regression equation
15 fR1 =-3.1x102C-Hyd — 1.5x10°NAG + 1.0x10 *AKP +9.4x10°MBC+ 0.43 0.96  <0.001
fR2 = 1.4x10 *C-Hyd + 2.1x10 *C-Oxi — 1.2x10 °NAG — 2.1x10 *AKP + 0.50 0.96  <0.001
fR3 =—1.8x10"C—Hyd + 2.7x10°NAG + 1.1x10 *AKP — 7.0x10°MBC + 6.2x10* 0.92  <0.001
25 fR1 =-1.0x10*C-Hyd — 2.3x10 2C-Oxi + 7.7x10 *AKP +6.1x10 "MBC+ 0.5 0.94  <0.001
fR2 =2.8x10*C—Hyd — 1.5x10 °NAG — 2.1x10 *AKP + 4.4 0.91  <0.001

fR3 = —2.0x10 *C-Hyd + 1.9x10*C-Oxi + 1.4x10°NAG + 1.1x10 *AKP — 9.2x10°"MBC + 9.2x102  0.95  <0.001

TE: R EVERREME G SF AT L fR2: BRI R T3 At o BTGB LU A7) 5 RS 1 PEBR 206 o BRI L Bl I

Note: fR1: Proportion of active carbon pool decomposition to total respiration. fR2: Proportion of slow carbon pool decomposition to total

respiration. fR3: Proportion of passive carbon pool decomposition to total respiration. The same below.

fif . C-Hyd. C-Oxi il NAG W.EM I, Wi/ 0.64, ZR IR, KR AL K 8] X Gl A4 Yy i v 24
TR AT B — D AT S R A S AR SR B B B IR A . BRIV RO I S
Xt =PI B AN RN, (18] 4b)e BERURIIE 1SRRI 0 i R B S5 TR R, X 2 50 ) i
Ph RN VB 126 40 ik 1) i REJE 20 3 R 42% D) S G S R L R 4 G ORI R R
50% . 84%, HAEARII G ( GoF )70l 0.56.,0.57,  GUIREIE PEOR i . VAT, 1537 IRLE AN 7]
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TE: a) FRRFE A 5 5 WA O A DGR AT M W BEYE Mantel 43HT. ZRARBIEIRE Mantel Kii0 i  E bk, kTR
fiE Mantel #:5% r (M4 XHE ;s BUEOMS (LR Spearman AR KL, *RARMXMRE (P<0.05) . b) PLS-PM B K 1% SOC
SERPEST R R AR o Horb GO PR R 20 T R BT R IR TR AR AR I AR — A RAE s GoF RIS IRRE s K Rl G k4
FORIE MM AE S F, 5k BN A A0 R AR ML R K /s * P<0.05, ** P<0.01, *** P<0.001, Note: a ) Correlation analysis
of decomposition rates of carbon pools with extracellular enzymes and Mantel analysis with microbial communities. Line color represents the
significance of the Mantel test, while line width represents the absolute value of the Mantel test ». The color gradient represents the Spearman

correlation coefficient, and [ indicats a significant correlation ( 2 < 0.05) . b) PLS-PM simulates the impact of various factors on the

decomposition rates of SOC three carbon pools. Microbial communities are represented by the first principal coordinate axes of bacterial
community and fungal community. GoF: the goodness of fit of the model. Blue and red arrows indicate positive and negative relationships,

with line thickness and numbers representing the magnitude of standardized coefficients. * P < 0.05, ** P<0.01, *** P <0.001.

Bl 4 AR TRl B R A T 5 AR P2 ik i R ) R )

Fig. 4 Effects of extracellular enzymes and microbial communities on carbon pool decomposition rates
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