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Abstract: The aim of this research was to investigate the effects of fertilization on soil enzyme activities and soil
enzyme stoichiometry in subtropical cultivated grassland. We conducted a field experiment in which organic fertilizer
and biochar were applied to subtropical grassland. Then, changes in soil physicochemical properties were monitored
and the impacts of these inputs on soil enzyme activities and enzyme stoichiometric indices were determined.
Additionally, microbial nutrient limitations were assessed through determination of the stoichiometric characteristics

of soil extracellular enzyme activities. The results show that the application of organic fertilizer and biochar to
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subtropical cultivated grassland significantly increased the soil organic carbon and total nitrogen contents, as well as
soil pH (P<C0.05). The application of organic fertilizer significantly increased B-1, 4-glucosidase activity in the 0—
10 ecm, 10—20 cm, and 20— 30 cm soil layers by 36.18%, 37.21%, and 59.30%, respectively (P<C0.05). It
also increased B-1, 4-N-acetyl aminidinidase activity in the 0—10 c¢cm, 10—20 cm, and 20—30 cm soil layers by
21.16%, 17.25%, and 30.24%, respectively (P<C0.05). Application of biochar significantly increased leuine
ameptiase and B-1,4-N-acetyl aminidinidase activity in all three soil layers (P<C0.05). The average ratio of C:N: P
for enzyme acquisition in subtropical cultivated grassland soil was 1:1.31:1.72, deviating from 1:1:1, indicating
that microorganisms in this area are phosphorus-limited. After fertilization, the vector length and vector angle
decreased, suggesting that fertilization can alleviate carbon and phosphorus limitations in the soil of subtropical
grassland. These findings provide a theoretical basis for the improvement and management of subtropical cultivated
grassland. Our results show that the appropriate application of organic fertilizers or biochar can contribute to the
enhancement and restoration of subtropical artificial grassland, thereby alleviating carbon and phosphorus limitation in soil.

Key words: soil enzyme activity; soil enzyme stoichiometry; nutrient limitation; organic fertilizer; biochar
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SR FH i 05 M < 4 3 A7 2R 42 K (vector length, VL) Rt £ £ (vector angle, VA) JPFHr i 2E 9 35 43 BRI
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Fig. 1 Changes in soil enzyme activity under different fertilization treatments
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Fig. 2 Soil extracellular enzyme stoichiometric ratios under fertilization treatments
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Fig. 3 Enzyme stoichiometric characteristics and the reative ratio of soil carbon-nitrogen and carbon-phosphorus acquiring enzyme
stoichiometries
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Correlation of soil enzyme activities and their

stoichiometric characteristics with soil physicochemical
properties
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5535 B 4 W Ol 2E 3] 2026 4F 61

F18 it 7 2 0 A 0 ) 3, DTG I 2 A A 0 %) A K R g ik R e A DG il 1 5 1o A BIF 5t Jn A LA R AR ) e T L A
= BG AINAG I PEM &5 R 5t — 2 (Kl 1lab) o Hodro it A AU E it n A= 9 e 2 &5 BG AT NAG T M 19 8 J3 K,
X AT K R A HLAE P& 5 mT kAl B o i 1) A LR VR, T 8 3 ik B2 2R B K A 0 T EL A A TR S Y LB
RBEIE PERITR Y ML Z R AR R R i, (LA B R R, EOMUE W DA BRI X R s U Y
255 AT A UL b R A S B 1] bR AR SR I (- SR ) DT S KN BG A NAG W& . WF5E &
B, 58 LAP A1 ACP 36 ¥ 7 it in A HUAE A A 4 e I 52 b TR 38 00 iy e 2 e I, 3 T A B ik
I A PRV BTG PR T AN AR W AR I B R R S T A 2 B R SR TR B R R T
W5 H 3 IR0 A AR AR A SR R R R i A e 4 i P S R R R A A LA AT i
AR EE 0 07 2 AR HE T A BT Ak R OG0 B A W R A I 3 T DT A A5 o 2B ) gk 1) LAP A1 ACP 1 M
R SR (& 1e,d) o
3.3 Ghfe st I G A T3 d & 0 A M TR 00

ARWFFE ) eC:N/NF BRI 1. 41,eC: P eN: P T2 Bk R Y 0. 62 F10. 447" R +
Fr 43 Ab T AR A B EDIR A o AE ARG N, b AU B Y L 101 1, R RUE A A T A S R
i RS C N RITP T — A )2 MR, 5 — Lo DR AR 25 R e 28R RIBR B (0 R [l i AR 4k o AR AR 52 o, it
A BURE J5 B0 B S8R AR B 1 S 29 LE 51 o 10 1. 24 1. 49, WG i 2R B % I 04 B Rl R B 1) SF 24 e 4 10 1. 10
1oA7 AW B 7 1:1: 1, B C 3R HUEG TG M AR /N NORLP 3R BR324, PR B 0% 4 A X K C N 3R BRI
T 2R W A7 A U R Bt PR o AR A0 B o 2 2 [l 03 23 BT b B AR R S, OO 9 1 i R EE AT ] T e SR AE SR 43
F10 R X PR A R T AR SR 4 SR R L In BG 5 In AP BIAANR K 0. 97, 5 1R B R B K, ik B B H e
BETE 0O BB s oy W3 o B AR Y A K A BRI PE T R 2 — M & Y eC - P Al eN: P R W] L3k
Py Xt B () 5 SR A A B B K FT R T R A A AR R BRI 2 WG R PR R S S S R
T B ME 5 1 A A5 0 1T b T S AT R IR 2S00 RV A HILAE A0 A ) 5 0 it T ek e T 9 A AR RN LB R L 1 P TR
A= AT R AT, A ) RAE AT AR A7 BR T B A BERY AT B eC: P A eN: P BT, 8 7R 4 5840 F B BR R
Ao BRI R AR R I R IT AR U W 3R 43 BRI 9 DGR EE AR . Ok R B SRR A W 32 B BRI, R
IR T AR YA Y Z B RS . A S0 NE G R A B A%t e A CK R AIG, 158 B it AE ] DA % fige e 9%
BRI . X5 Cul % B WFFE L5108 — 20, BVA DLAC AL R REAR % 84 BE %y 28 ffk e il A O Al o A HILIE (2 F
A PRV 0 A A, 386 o e (Y R R N T L DT T - P LB R T LB 0 e A R TR
REH 1 3 v (8 WL e 1 A T R A ) R BRI R A T TE L L A AR i T R R BRI A ALIC s IR
AL # ML, D B S R R R VS TR A A R IR Y [ R R . WSS S Wi E L R W R
V) 1E b5 51 75 Sy M R 39 b i B L DT % SR B A o A R R T IR/IN T R R B R e A IR T R )
e B B BRI SRy 2B ) i 46 T A A R A A A e VR L R AR ) e 1 R T T I T AR R R E 1 - B BILBK (SOC)
BEY AE—ERE LY T SOC P o i, HRE WS 4k S22 18 BECIE ™ . MAh 2B W e A2 it T Sk W e v
YR, BEWE A2 FE 0l 1 0 0 55 5 Ab R IR 55 38 R W L, O 4 w85 17 ik 1) JR) 2 R DA R i g T R

T pH A A A AL B S s R R Y AR BESE R L BG TG 5 SMUNH, -N. TN . TP,
SOC.C:N & 3 IE A, X 5 mir A58 — B0, 520 Bk & /K & 00 38 0 mT L3 s it 28 o s ok, R Ak 4 25
T S E  E BG I PRI N . Singh & TRFSE R W], SOC 5 BG i M 4L IE A 3¢, SOC Sy i3 A4 4y 482 118 B 0y A e AR
PE BG % P L B i 1 ] AV 5T & B BG TG M 5 NH, -N TN (SOC 1E M1 56 , NH. =N A1 TN /5 Ry ZU0R , {2 2F A= 4
A A R A A, E — 2B B R RG IS HE . SOC F1 TN S 42 44t 42 5 A9 B A A 9, (4% SOC A1 TN 5 LAP 1
ACP B % PE 2 IEAH G,
4 it

AW FE K B, it A HUAE A A= 9 ¢ I 2 1 S B N T b 3 SOC TN & & B + 38 pH . it fin 5 HLAE



62 ACTA PRATACULTURAE SINICA (2026) Vol. 35,No. 4

WBERINA £ 2 3G NAG G M, A= 9 e 83 345 + )2 LAP NAG 36 o 38 TN 2 5 35 52 ) + e G 4
BB o SR N Tl 3 A AR 7 3 e Rl B i A 1 2% i AR 0 ik R B o, i 5 A MLIE A L Tt
A= Wy e e 2% i BB Z2 W B B . AS B FE 45 A T g S Ry N TR b 2l R ER AN TR b S B AR A AR

5 % L #f References:
[1] Bengtsson J, Bullock J] M, Egoh B, et al. Grasslands-more important for ecosystem services than you might think. Ecosphere,
2019, 10(2): 1—20.
[2] FangJY, YuG R, Liu L. L, et al. Climate change, human impacts, and carbon sequestration in China. Proceedings of the
National Academy of Sciences of the United States, 2018, 115(16): 4015—4020.
[3] Cao X, Shi Z, Chen J, et al. Extracellular enzyme characteristics and microbial metabolic limitation in soil of subalpine forest
ecosystems on the eastern Qinghai— Tibetan Plateau. Plant and Soil, 2022, 479(2): 337—353.
[4] Kallenbach C, Frey S, Grandy A. Direct evidence for microbial-derived soil organic matter formation and its ecophysiological
controls. Nature Communications, 2016, 7(9): 13630.
[5] Kuzyakov Y, Xu X. Competition between roots and microorganisms for nitrogen: Mechanisms and ecological relevance. New
Phytologist, 2013, 198(3): 656—669.
[6] Cenini V, Fornara D, Mcmullan G, ez al. Linkages between extracellular enzyme activities and the carbon and nitrogen content of
grassland soils. Soil Biology Biochemistry, 2016, 96(1): 198—206.
[7] YangY, Liang C, Wang Y Q. Soil extracellular enzyme stoichiometry reflects the shift from P- to N-limitation of microorganisms
with grassland restoration. Soil Biology Biochemistry, 2020, 149(1): 107928.
[8] LeiJC, LiuX W, DengJ, et al. Characteristics of changes in soil enzyme activities and stoichiometric under different abandoned
years in the dry area of northern Weihe River Basin. Research of Soil and Water Conservation, 2024, 31(1): 44—52.
WP, XN, XA, A T AL R AS R 4F FR 4R S A S G R M H AR A T A AR AE L K AR FRBFSY, 2024, 31(1):
44—52.
[9] Mmoorhead D, Sinsabaugh R, Hill B, ez al. Vector analysis of ecoenzyme activities reveal constraints on coupled C, N and P
dynamics. Soil Biology Biochemistry, 2016, 93(1): 1—7.
[10] Sinsabaugh R L, Lauber C L., Weintraub M N, ez al. Stoichiometry of soil enzyme activity at global scale. Ecology Letters,
2008, 11(11): 1252—1264.
[11] Doi H, Cherif M, Iwabuchi T, e al. Integrating elements and energy through the metabolic dependencies of gross growth
efficiency and the threshold elemental ratio. Oikos, 2010, 119(5): 752—765.
[12] Zhen Z, Sibo W, Shuwen L, ez al. Significant impacts of both total amount and availability of heavy metals on the functions and
assembly of soil microbial communities in different land use patterns. Frontiers in Microbiology, 2019, 10(1): 2293.
[13] Xu H, Qu Q, Chen Y, et al. Responses of soil enzyme activity and soil organic carbon stability over time after cropland
abandonment in different vegetation zones of the Loess Plateau of China. Catena, 2021, 196(2): 104812.
[14] Turner B. Variation in pH optima of hydrolytic enzyme activities in tropical rain forest soils. Applied and Environmental
Microbiology, 2010, 76(19): 6485—6493.
[15] OuX, Lian H, Chen R Q, et al. Effects of different fertilization treatments on soil physical and chemical properties and enzyme
activity of rare earth mine tailings after planting king grass. Acta Prataculturae Sinica, 2025, 34(2): 94—108.
WA, TR, BRGR, A5 . S [ I Ak B AR B 60 R A - 9 AR TR T R R L R AR, 2025, 34(2) :
94—108.
[16] Men X, Bao Y, Wu M, ez al. Soil enzyme activities responded differently to short-term litter input manipulation under
coniferous and broad-leaved forests in the subalpine area of Southwest China. Forest Ecology and Management, 2023, 12(2) :
546 —557.
[17] Tang S, Ma Q, Marsden K A, ez al. Microbial community succession in soil is mainly driven by carbon and nitrogen contents
rather than phosphorus and sulphur contents. Soil Biology and Biochemistry, 2023, 180(2): 109019.
[18] Ling J, Dungait J A J, Delgado-Baquerizo M, et al. Soil organic carbon thresholds control fertilizer effects on carbon accrual in
croplands worldwide. Nature Communications, 2025, 16(1): 3009—3018.
[19] HeB H, Hao Y Q, Li X G, et al. Community characteristics in Hongchiba area of Wuxi County during ecological restoration
after controlled burning. Chinese Journal of Applied Ecology, 2004, 15(6): 1105—1108.



5535 B 4 W Fll2F 3 2026 4F 63

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

TR, B2 DK, ZEOE, A5 20 UK LS A A KA G e T R R AR 5T B AR AR SRR, 2004, 15(6) : 1105—1108.
ZhouJ H, Yang S M. Ecological suitability assessment of landscape planning on Hongchiba Scenic Zone in Chongqing. Chinese
Landscape Architecture, 2012, 28(12): 74—78.

AR A iR . DRAT i SUSR XS LR i A A B R . R R BE AR, 2012, 28(12) 2 7478,

Liu G M, Zhang X C, Wang X P, ez al. Soil enzymes as indicators of saline soil fertility under various soil amendments.
Agriculture, Ecosystems &. Environment, 2017, 237(2): 274—279.

Duan C W, Li X L, Chai Y, et al. Effects of different rehabilitation measures on plant community and soil nutrient of degraded
alpine meadow in the Yellow River Source. Acta Ecologica Sinica, 2022, 42(18): 7652—7662.

B, Ak, Sed, A R TRIME SR i X B i GR 1 e ZE R AR M RIS 5 R IR R B e L AR AR, 2022, 42(18)
7652—7662.

Jia R, Zhou J, Yang L, et al. Trade-off between soil enzyme activities and hotspots area depends on long-term fertilization: In
situ field zymography. Science of the Total Environment, 2024, 954(1): 176386.

Wu Z, Han X, Chen X, et al. Application of organic manure as a potential strategy to alleviate the limitation of microbial
resources in soybean rhizospheric and bulk soils. Journal of Integrative Agriculture, 2024, 23(6): 2065—2082.

Chen Z, Jin P, Wang H, et al. Ecoenzymatic stoichiometry reveals stronger microbial carbon and nitrogen limitation in biochar
amendment soils: A Meta-analysis. Science of the Total Environment, 2022, 838: 156532.

L1 Q, Zhang D, Song Z, et al. Organic fertilizer activates soil beneficial microorganisms to promote strawberry growth and soil
health after fumigation. Environmental Pollution, 2022, 295(2): 118653.

Tian S'Y, Zhu B J, Yin Y, ef al. Organic fertilization promotes crop productivity through changes in soil aggregation. Soil
Biology and Biochemistry, 2021, 165(5): 108533— 108539.

Wang J, Sun L J, Sun Y F, er a/. Long-term biochar-based fertilizer substitution promotes carbon, nitrogen and phosphorus
acquisition enzymes in dryland soils by affecting soil properties and regulating bacterial community. Applied Soil Ecology, 2025,
206(3): 105801—105810.

Wan H'Y, Chen L, Pang D B, ez a/. Soil enzyme activities and their stoichiometry at different altitudes in Helan Mountains,
Northwest China. Chinese Journal of Applied Ecology, 2021, 32(9): 3045—3052.

T E, Wbk, Behie, . B2 A [ - Sl v RO AR A . AR 2SR, 2021, 32(9) : 3045—3052.

Bao S D. Soil agrochemical analysis. Beijing: China Agricultural Publishing House, 2000: 200—495.

BB R T U P E AR AR, 2000 200—495.

WuC W, XiaJ X, Duan Z R. Review on detection methods of soil organic matter (SOM). Soil, 2015, 47(3): 453—460.

RA B, B, Boget . A HLTINE T A P S B . £, 2015, 47(3): 453—460.

Steinweg J M, Dukes J S, Paul E A, et al. Microbial responses to multi-factor climate change: Effects on soil enzymes.
Frontiers in Microbiology, 2013, 4(5): 146—158.

Verchot L. V, Borelli T. Application of para-nitrophenol (pNP) enzyme assays in degraded tropical soils. Soil Biology and
Biochemistry, 2004, 37(4): 625—633.

Wallenius K, Rita H, Mikkonen A, ez al. Effects of land use on the level, variation and spatial structure of soil enzyme activities
and bacterial communities. Soil Biology and Biochemistry, 2011, 43(7): 1464—1473.

Sinsabaugh R L, Hill B H, Shah J F. Ecoenzymatic stoichiometry of microbial organic nutrient acquisition in soil and sediment.
Nature, 2010, 462(7320): 795—798.

He M, Wang Y C, Wang L. G, e al. Effects of subsoiling combined with fertilization on the fractions of soil active organic
carbon and soil active nitrogen, and enzyme activities in black soil in Northeast China. Acta Pedologica Sinica, 2020, 57(2) :
446—456.

PR, B, AW, AR GEMHE AL X PR A T AT LR A RS R R R R . AR, 2020, 57(2) : 446 —456.

Wang X B, Luo Y M, Li Z G, et al. Effect of long-term stationary fertilization on upland red soil quality in subtropical hilly
regions acidity. Acta Pedologica Sinica, 2011, 48(1): 98—102.

LN, BEOK BT, AR, A K 0 AT A S A o e M XA R B R R R R . LR, 2011, 48(1)
98—102.

Ma F, Ma H L, Qiu H, ez al. Effects of water levels and the additions of different nitrogen forms on soil net nitrogen

transformation rate and N,O emission in subtropical forest soils. Chinese Journal of Applied Ecology, 2015, 26(2): 379—387.
2%, Iharss, BN, 4. KRS T TR 2 0US ons S PR AR AR 9 R AR e NLO RO R2 e . I AR A e



64

ACTA PRATACULTURAE SINICA (2026) Vol. 35,No. 4

[44]

[45]

[46]

[47]

[48]

[49]

[52]

e, 2015, 26(2): 379—387.

Wei Z, Well R, Ma X, ez al. Organic fertilizer amendment decreased N,O/(N,O+N,) ratio by enhancing the mutualism
between bacterial and fungal denitrifiers in high nitrogen loading arable soils. Soil Biology &. Biochemistry, 2024, 198(9) :
109550.

Farrell M, Macdonald L. M, Butler G, et a/. Biochar and fertiliser applications influence phosphorus fractionation and wheat
yield. Biology and Fertility of Soils, 2014, 50(1): 169—178.

Qambrani N A, Rahman M M, Won S, e/ a/. Biochar properties and eco-friendly applications for climate change mitigation,
waste management, and wastewater treatment: A review. Renewable &. Sustainable Energy Reviews, 2017, 79 (11) :
255—273.

Wang HY, Gai X P, Zhai . M, et al. Effect of biochar on soil nitrogen cycling: A review. Acta Ecologica Sinica, 2016, 36(19) :
5998—6011.

Eukg, SR, M, & YR IR RO R . A5, 2016, 36(19): 5998—6011.

Li1J S, Shao X, Huang D, ez al/. Short-term biochar effect on soil physicochemical and microbiological properties of a degraded
alpine grassland. Pedosphere, 2022, 32(3): 426—437.

Hu W, Zhang Y P, Rong X M, et al. Biochar and organic fertilizer applications enhance soil functional microbial abundance and
agroecosystem multifunctionality. Biochar, 2024, 6(1): 3—15.

Lehmann J, Rillig M C, Thies J, ez al. Biochar effects on soil biota— A review. Soil Biology and Biochemistry, 2011, 43(9) :
1812—1836.

Wang Z H, Tang C S, Wang H, et al. Effect of different amounts of biochar on meadow soil characteristics and maize yields
over three years. Bioresources, 2019, 14(2): 4194—42009.

Tian F F, i HF, Wang L Y, er al. Effects of various combinations of fertilizer, soil moisture, and temperature on nitrogen
mineralization and soluble organic nitrogen in agricultural soil. Environmental Science, 2018, 39(10): 4717 —4726.

HRE, 287K, ERa, 5. e Rk A fb X A B R A R0 R T A LA Sh A B R . B R,
2018, 39(10): 4717—4726.

Dong L., Yang X, Shi L L, ez al. Biochar and nitrogen fertilizer co-application changed SOC content and fraction composition in
Huang— Huai— Hai plain, China. Chemosphere, 2022, 291(1): 132925.

Zhang D, Hou C, Ma W M, et al. Study on soil enzyme activities under shrub encroachment gradients in alpine grassland. Acta
Prataculturae Sinica, 2023, 32(9): 79—92.

HRAR, BRSO, A L R M AN [ AR ST A PRI T . A, 2023, 32(9): 79—92.

Dick W A. Influence of long-term tillage and crop rotation combinations on soil enzyme activities. Soil Science Society of
America Journal, 1984, 48(3): 569—574.

Dominchin M F, Verdenelli R A, Berger M G, et al. Impact of N-fertilization and peanut shell biochar on soil microbial
community structure and enzyme activities in a typic haplustoll under different management practices. European Journal of Soil
Biology, 2021, 104(7): 103298.

Zhou G, Gao S, Lu Y, et al. Co-incorporation of green manure and rice straw improves rice production, soil chemical,
biochemical and microbiological properties in a typical paddy field in Southern China. Soil Tillage Research, 2020, 197(9) :
104499.

He C C, Li G C, Yin C B, er al. Effect of manure N input ratios on the utilization of different soil microbial carbon sources.
Journal of Plant Nutrition and Fertilizers, 2018, 24(2): 383—393.

fif AR 28, 2 dR, JYEO, 45 . A B A A LU b O W i UEOR T RRAE B S . R R TR SR AR, 2018, 24(2)
383—393.

Zhang HJ, Yu H Y, Ding W X. The influence of the long-term application of organic manure and mineral fertilizer on microbial
community in calcareous fluvo-aquic soil. Acta Ecologica Sinica, 2011, 31(12): 3308—3314.

SR ZE, ARZLHE, T 4R . KB A PLICHLIE XS - A= W e i 52w . A= 2844, 2011, 31(12): 3308— 3314.

Ren C, Zhou Z, Delgado-Baquerizo M, et al. Thermal sensitivity of soil microbial carbon use efficiency across forest biomes.
Nature Communications, 2024, 15(1): 6269—6279.

Hu P L, Zhang W, Kuzyakov Y, er al. Linking bacterial life strategies with soil organic matter accrual by Karst vegetation
restoration. Soil Biology and Biochemistry, 2023, 177(17): 12— 20.

Shao J, Zhou W J, Song Y, et al. Effects of biochar from different raw materials on microbial activity in heavy metal



5535 B 4 W Fll2F 3 2026 4F 65

[58]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

contaminated soil. Journal of Zhejiang A&.F University, 2022, 39(3) : 644—652.

AR, JASCAY, OREBE, A O IR JEURE A Wy 5T e kg o G R T G b BB 0 R R R WA L W VL AR MR R A R, 2022, 39(3)
644—652.

Wang Q, Geng Z C, Xu C Y, et al. Effects of biochar application on soil microbial nutrient limitations and carbon use efficiency
in Lou soil. Environmental Science, 2020, 41(5): 2425—2433.

ER, BRIGHE, VPRI, A T AR W g R 4 e AR A R 40 BRI A R T R B L BRI R, 2020, 41(5)
2425—2433.

Chen M, Liu Y F, Pan J C, et al. Low-cost Ca/Mg co-modified biochar for effective phosphorus recovery: Adsorption
mechanisms, resourceful utilization, and life cycle assessment. Chemical Engineering Journal, 2024, 502(15): 157993.

Huang Y B, Luo F, Gong X J, er al. Effects of organic fertilizers on soil microbial community characteristics: research
progress. Chinese Agricultural Science Bulletin, 2023, 39(3): 88—96.

B, B, SR, A A LA T SR W R R AR R Y B ST R . R R A AR, 2023, 39(3) : 88—96.

Zhang D, Wang L., Qin S, et a/. Microbial nitrogen and phosphorus co-limitation across permafrost region. Global Change
Biology, 29(14): 3910—3923.

Hill B H, Elonen C M, Jicha T M, ez al. Ecoenzymatic stoichiometry and microbial processing of organic matter in northern
bogs and fens reveals a common P-limitation between peatland types. Biogeochemistry, 120(3): 203—224.

Abay P, Gong L, Luo Y, er al. Soil extracellular enzyme stoichiometry reveals the nutrient limitations in soil microbial
metabolism under different carbon input manipulations. The Science of the Total Environment, 2024, 913(21): 169—193.

Zhao C, Zhang H, Song C, et al. Mechanisms of plant responses and adaptation to soil salinity. Innovation, 2020, 1(1) :
100017.

Schimel J P, Weintraub M N. The implications of exoenzyme activity on microbial carbon and nitrogen limitation in soil: A
theoretical model. Soil Biology and Biochemistry, 2003, 35(4): 549—563.

CuiJ W, Zhang S, Wang X Y, ez al. Enzymatic stoichiometry reveals phosphorus limitation-induced changes in the soil bacterial
communities and element cycling: Evidence from a long-term field experiment. Geoderma, 2022, 426(9): 116—124.

Yang W N, Yu L, Luo D H, ez al. Effect of combined application of biochar with chemical fertilizer and organic fertilizer on soil
phosphatase activity and microbial community. Environmental Science, 2022, 43(1): 540—549.

WS, A%, BRI, S ALIE R HILAE CAE A= 4 e Xk A Sl 1R I 0 M RO W RE VR RS2 . PR RL AR, 2022, 43(1)
540—549.

LiuY L, L1Y, Zhang M, ez al. Effects of long-term fertilization on phosphorus adsorption and desorption characters in yellow
soil. Journal of Plant Nutrition and Fertilizers, 2021, 27(3): 450—459.

XEAR, 2, skbg, 5 KA T it A X B S8 B R O BRE — g R RR A B R R RE B IR SRR 4R, 2021, 27(3) -
450—459.

Zhao K Q, Wang N, Jiang S L, er al. Potential implications of biochar and compost on the stoichiometry-based assessments of
soil enzyme activity in heavy metal-polluted soils. Carbon Research, 2022, 13(1): 29— 39.

Fang J, Jin L, Meng Q, ez al. Interactions of extracellular DNA with aromatized biochar and protection against degradation by
DNase . Journal of Environmental Sciences, 2021, 101(21): 205—216.

Lehmann J, Joseph S. Biochar for environmental management. Science, Technology and Implementation, 2015, 20 (3) :
976—985.

Yan C, Yang G, Li D, et al. Effect of biochar addition on soil respiration of oasis farmland in arid areas. Chinese Journal of
Agrometeorology, 2018, 39(9): 575—584.

LiSY, SunZJ, YuBJ, et al. Effect of grazing exclusion on soil carbon, nitrogen, and phosphorus contents and enzyme
activity and stoichiometry in Seriphidium transiliense desert grasslands. Acta Prataculturae Sinica, 2024, 33(7): 25—40.
IR, PNRIA, T UK, AR B e O AL 5 IR AT A S e U L G R RO A T S R AE R L BB, 2024,
33(7): 25—40.

Kardol P, Cregger M A, Campany C E, et al. Soil ecosystem functioning under climate change: Plant species and community
effects. Ecology, 2010, 91(3): 767—781.

Engelhardt I C, Welty A, Blazewicz S J, et al. Depth matters: effects of precipitation regime on soil microbial activity upon
rewetting of a plant-soil system. ISME Journal, 2018, 12(4): 1061—1071.

Jiang J, Wang Y P, Yang Y H, ez al. Interactive effects of nitrogen and phosphorus on -glucosidase activity in paddy soils.



66

ACTA PRATACULTURAE SINICA (2026) Vol. 35,No. 4

Plant and Soil, 2019, 8(440): 523—537.

Knight T R, Dick R P. Differentiating microbial and stabilized B-glucosidase activity relative to soil quality. Soil Biology &.
Biochemistry, 2004, 36(12): 2089—2096.

Singh A K, Jiang X J, Yang B, ez al. Biological indicators affected by land use change, soil resource availability and seasonality
in dry tropics. Ecological Indicators, 2020, 115(20): 106—119.

Huang H L., Zong N, He N P, ez a/. Characteristics of soil enzyme stoichiometry along an altitude gradient on Qinghai— Tibet
Plateau alpine meadow, China. Chinese Journal of Applied Ecology, 2019, 30(11): 3689—3696.

SRR, ST MG, A TR i e T N [ U A R Al A AT R AR AR AR, 2019, 30(11) : 3689 —3696.
LulJ Y, Tan Y, Tian S H, ez al. Effect of carbon source on carbon and nitrogen metabolism of common heterotrophic

nitrification-aerobic denitrification pathway. Chemosphere, 2024, 361(11): 142525.



