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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] The 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.
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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

- biES BRI ) TR < B FRIN ]
Iiadt]; Temperature Incubation time Temperature x Incubation time
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

W FAEM PESNFRESNETTZ 0GB EZENAE. P<0.05 FRERLEE. MBC: EMENE
W: BG: P-#l&#E T EE; BXYL: B-RHETFES: CBH: 24k “WE/KA#ly; PER: WA WEE: PPO: LM% ALHEE: C-
Hyd: BG. BXYLL CBH[EH1; C-Oxi: PPOL PER (A, NAG: B-N-ZBEtEILH & MEE; AKP: GlIEwERL Ay,
C-OxiHyd: BRACHISEILEE S KMERI AR N:C-Hyd: R SBACH/KMEERILLE; P:C-Hyd: 85 BRACHIK AR ELAE -
T IAl. 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: B-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.

R 2 NEIRE RN EIEF M R R T IR E S A aINEEE T

Table 2 MBC and extracellular enzyme activities in grassland soils at different incubation stages under 15 °C and 25 °C

lﬁﬁi‘il;)ﬂn Tenjﬁimre MBC/ BG/ BXYL/ CBH/ PER/
time/d oC (mg-kg!) (nmol-g!'-h'h) (nmol-g''-h'") (nmol-g!'-h'h) (mg-g'-h™")
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 1354 +9.1Ba 1354+9.1Aa 1.17+0.11Ba
o 25 303.5+20.1Cb 259.4 £22.3Aa 1179+ 11.4Aa 1179+ 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 447 +1.7Cb 2.05+0.03Aa
15 579.1 £23.2Ba 255.3+12.8Ba 80.9+7.2Ca 73.5+7.8Ba 1.36 £ 0.07Ba
366 25 504.7 £ 14.7Ba 193.8 +8.7Bb 59.2+34Ba 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
>3 25 265.8=+13.9Cb 214.7 £ 19.4ABa 74.6 +4.8Ba 50.3 + 1.0BCa 1.26 £ 0.03Ca
B TR T B PPO/ C-Hyd/ C-Oxi/ NAG/ AKP/
Incubation Temperature/°C (mg-g'-h) (nmol-g''-h'» (mg-g'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
21

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
o 25 0.93 + 0.06Ba 636.8 +55.8Aa 1.93 +£ 0.06Da 21.55+7.14ABa 424.8 £20.5Ca
15 1.79 £ 0.08Aa 848.5 +35.3Aa 3.94+0.07Aa 27.08 +£0.62Aa 489.1 £ 8.4Ba
18 25 1.67 £ 0.09Aa 576.4 + 42ABb 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 27.21+3.13Aa 465.0+21.1Ba
360 25 1.60 £ 0.07Aa 446.7£21.0Cb 3.09 £ 0.04Ba 24.39 + 1.65ABa 4104+ 11.5Ca
15 0.97 +0.02Ca 529.8 +£10.8Ca 224+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

e RPHEE NI £ HEIRE . ARKE FRRREA—FFRREZ T AR RN EZ RER 8%, ARNSTE
REFOR A — B 350 [ FANFIS R 2 M2 R 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).
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Fig. 2 Extracellular enzyme stoichiometry of grassland soils at different incubation stages under 15 °C and 25 °C
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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
24 WEYEYIE. RBINER. EVIREEEMXT SOC ZES RHISNT
AL LAERA, 2287 15 °C A1 25 °C FEFRFAF T MBC BREVE /K Ak il A2 A0 Bl
SRR RRIRE (K 3). 45 REIR, 1E 15 °C #97 F, MBC Fl AKP &b VERk PE 3 il (1) 1E
R RHE T (P < 0.05), C-Oxi /LA /) i (¥ IE 2N T (P < 0.05), NAG Al
AKP U5 PR 23 AR K IE R 45 7 (P < 0.05). 7 25 °CHiFR R, MBC R PR 7>
AR IE T P42 0GB R 7 (P < 0.05), 1ff C-Oxiv NAG 1 AKP T & M5 PR P 43 g (1) 1= 1o i 42
KT (P<0.05).
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Table 3 Stepwise regression equations of MBC and extracellular enzyme activities on the decomposition of SOC three

pools
o EIEp ® »
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 + 2.1x102C-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 + 6.2x107 0.92 <0.001
25 fR1=-1.0x10*C-Hyd - 2.3x102C-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 + 1.9x102C-Oxi + 1.4x10°NAG + 1.1x10*AKP - 9.2x10°MBC + 9.2x10? 0.95 <0.001

TE: fRI: EVERRPE DA o5 SR L] (R2: SRR S gt o O LA (R308RI D L
%, T [A. 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.
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significant correlation (P < 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.
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Fig. 4 Effects of extracellular enzymes and microbial communities on carbon pool decomposition rates
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