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Abstract ; Soil extracellular enzymes are closely related to the metabolic requirements and nutrient supply of microorganisms
and are major players in biogeochemical cycles. However, the status of soil microbial nutrient limitation and its drivers in
mountain ecosystems along the elevation gradient are not well understood in the arid regions. Taking the soils of seven
elevation gradients from 1300 m to 2700 m in Helan Mountain as the research object, this paper revealed the elevation
distribution patterns of soil physical and chemical properties, exiracellular enzyme activities and microbial nutrient
limitation, and analyzed the driving factors affecting microbial nutrient limitation. The results showed that with the increase
of altitude gradient, the soil water content (SWC) and soil organic carbon (SOC) gradually increased, the bulk density
(BD) and pH gradually decreased. Altitude had significant effect on soil extracellular enzyme activities, and the activities
of five enzymes involved in soil carbon ( C), nitrogen (N) and phosphorus (P) cycles gradually increased with the
increase of altitude. Vector analysis of extracellular enzymes showed that the vector length was higher at mid and low
altitudes, while the vector angle was higher at high altitudes, indicating that soil microorganisms in Helan Mountain had
relatively strong C limitation at mid and low altitudes, and P limitation at high altitude. Soil moisture content, bulk density,
C, N and P contents were significantly correlated with soil extracellular enzyme activities and their stoichiometric ratios,
which were main factors regulating soil extracellular enzyme activities with altitude, indicating that the extracellular enzymes
played an important role in soil material cycling in arid mountainous ecosystem. The study results provide a scientific basis
for revealing the coupling mechanism of nutrient element cycling between soil microorganisms and extracellular enzymes,
and for further exploring the material cycling of the forest ecosystem and the effective management of vegetation at different

altitude gradients in Helan Mountain.

Key Words: soil extracellular enzyme ; stoichiometry; nutrient limitation; elevational gradient; Helan Mountain
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R e J T L L P AP e A L DX S E € P BRI TR M X, O B 32 B ORISR AF AN L 57
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AN IR S TR R (AR T B E B R BRI E P AR L, X S SRR BT XU 1
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TP ST He oA A Joy SRR B I R BT

B R R X R 3 B R OR B LA s T 58 B A T B O A L AR R
ISR INE B A A AR R O AR AR SE 50T 65 o I LSRAT SEB 2 1L SR B IR A 52 31
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Table 1 Basic information of sample plots

Fdh ik Werz gL e HHFh

Sample site Elevation/m Slope/° Longitude, latitude Soil types Predominant species

HJEAE ( Convolvulus tragacanthoides ) |
HM 1349 — 38°27'N,106°10'E iz £ (Stipa capillata) |
FEHE G )L ( Caragana roborovskyi)

1 Ak (Amygdalus mongolica) |
GM 1722 15 38°44'N,105°56'E. e+ 4 FE M (Potentilla fruticose) |
FEHER Y )L ( Caragana roborovskyi)

BAf ( Ulmus glaucescens)
HY 1968 13 38°46'N,105°55'E YRR B 5E/NEE ( Berberis dubia Schneid) |
52845 ( Spiraea salicifolia L.)
AR ( Pinus tabuliformis) .
YS 2034 32 38°43'N,105°54'E KA+ L3 ( Spiraea salicifolia L.) |
B 5E/NSE ( Berberis dubia Schneid)
HiE =42 (Picea crassifolia) |
HJ 2238 19 38°44'N,105°54'E K+ [J_ITZI(Populus davidiana)
B 5E/INEE ( Berberis dubia Schneid)
HF A2 (Picea crassifolia) |
QY 2396 27 38°46'N,105°54'E A+ B 5E/NBE( Berberis dubia Schneid) .
B HL( Carex spp)
B 5 (Artemisiacapillaries) |
4 FE M (Potentilla fruticose)
HM : T BEE R Desert steppe; GM : 52 i ik Amygdalus mongolica; HY . JKAy Ulmus glaucescens; YS:WAS Pinus tabuliformis; HJ: 1R 3EHK Mixed

forest; QY: =42 Picea crassifolia; CD: V. 111 %48 Subalpine meadow

cDh 2590 10 38°46'N,105°53'E &1l &ife) £
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2021 4 8 H 78T BB 221 ARHE 1300—2700m i FBl N, 15 25 T4 43 i BCEL A AR R 1S BE R JBL (HM) |
STk (GM) JRARSEAR(HY) JHAAZEAR (YS) \ = IR M (HI) (B = A2 800K (QY ) FINE i 1L %A
(CD)7 FhHLAIRE 5 2670 e AR IR R E 6 D PRIERE T - TR A A, TR AR S A RE Iy
KNG 20mx20m  10mx 10m  Imx 1m, 3 42 RETy . FERAFERLBEDLIEER 5 >0, 23 B M 3R AN V& 9 R
BT G FHEAE dem 1Y HECRAERZE 0—20em (1 HHERES . AR HHERE IR & 5 B A [ B84 0]
T KRB YR R AR, 28 2mm 55 43 BLHAR , — 0y 2 R0 HEA T e TG PRI A2 |, 55— HAR AT I kA T
AR R AR RS B AL LR 1,

1.2 3R s

pH SR A pH THIAE (7K B 2.5:1) 5 13 7K f AR 6 BBUREHE 1 Bk B 1000 5 5 25 J R FH A 0 BROREJE T AR E 1%
ISE 5 A5 BB SR FH TR A% TR B0 A NI 52 5 4R FH HCL0,-H, SO, AN 20 2283 66 B B 2 5 A A
SR FHBILEC 2 U I 5 5 S R PR B 1 T 2 sh A H S s 1)

1.3 SR PRI

4 C NP 3KEUEE (BG .CBH \NAG ,LAP I AKP, % 2) #i¢f# Saiya—Cork %" () )7 IR FIIALAR 9615
W 5E  FRE 1g HrfeE A MA 125mL mmol/L A BERR £ 2% Wil (pH =5) 7£ 25°CfHIR R IR L2 2 /et il & +
B, W T mL B T B0 T A 0.25mL ZOGIKY , B2 5) 5 BRI e AR A . BlIS#E 25°C fE iR Bs
FEAE B S R R FE 4 /NI B FREE RN AW EE N 1mol/L B NaOH £ (1 F2 v, f )i FHAS e e B 250 L
FEFIAE] 96 FLEFARA H_EALIE , 7390 7€ 365nm Fl 450nm i T I 2EG(AE

R2 TEEBEMME ES RWININEE

Table 2 Type, abbreviation, substrate, and function of different soil enzymes

et ] 7] FH it

Soil enzyme Abbreviation Substrate Types Function

B—%%*}Eﬁﬁ@ B-glucosaminidase BG 4-MUB-B-D-glucoside C-targeting hydrolytic T A B ity

LFYEZE K fFEE Cellobiosidase CBH 4-MUB-B-D-cellobioside C-targeting hydrolytic AR L

N- -B- Gikaki 4-MUB-N-acetyl-B- "
LB A B 1 NAG acetyl- N-targeting hydrolytic SRR

B-1,4,-N-acetylglucosaminidase D-glucosaminide

O ) . . . L-Leucine- 7-amido-4- . . - )

SERFRA LK L-leucine aminopeptidase LAP . . N-targeting hydrolytic SR

methylcoumarin hydrochloride
VR RS Alkaline phosphatase AKP 4-MUB-phosphate P-targeting hydrolytic s B

1.4 FdEabr
AW E R =TT R I (Egy Eop Eyp ) 52 C NP RIS (BG,CBH,NAG ,LAP F1 AKP) [ [t

" AR

E.\=Ln(BG+CBH)/Ln(NAG+LAP) (1)
E.»=Ln(BG+CBH)/Ln( AKP) (2)
Ey,=Ln(NAG+LAP)/Ln( AKP) (3)

AT R A2 A O A (V)RR I A (VA ) 5 T3 - 398 Bl A W 14 A0 SR AR X PR
PRI TR AR .

VectorL=+/(In (BG+CBH)/In [ NAG+LAP ])*+(In (BG+CBH)/InAKP )" (4)

VectorA =Degrees(ATAN2( (In (BG+CBH)/InAKP) , (In (BG+CBH)/In [ NAG+LAP]))) (5)

b, VL BRACE U AT C PRI EEBOK ; VA<45° 5 >45° )43 BIC R A W AT N B P BRI BBk
AHIFGE i S 0 T AT WL A% F A T I 23 A e e S A 9 S 1 1 A A A RN T 25 55 AR JE AN [ TR AR A
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JEE ) T AR T | A SRSt I I B R A T B R 2R 5 25 73T ( One-Way ANOVA) IR LSD #4725 L #K
(P<0.05) o >RHAHI BT RIITA T BB [ VR - 3L o R0 £ S A A P 2 HL Ak 24 F it e 2 [l Y
K F, FSH Excel 2016 XBHRHEATHI 83 | SPSS 25.0 #4755 114047 , Origin 2021 F1 Canoco 5.0 #4724 (8 Fl
A E T UBE N

£3 TRBHEBETEEUER
Table 3 Soil physicochemical properties at different altitudes
FEb ER K RE 2R s A LA AR

Sample site  Elevation/m SWC/ % BD/(g/cm®) pH TN/ (g/kg) TP/ (g/kg) SOC/ (g/kg) AP/ (g/kg)
HM 1349 0.53+0.10¢ 1.33+£0.15a 7.76+0.06a 0.50+0.13be 0.58+0.08ab 11.40+0.43¢ 13.46+2.12¢
GM 1722 1.33+0.19¢ 1.13+0.07ab 7.89+0.08a 0.93+0.19bc 0.66+0.11ab 16.48+1.62¢ 15.09+0.97b
HY 1968 2.96+0.59¢ 1.20+0.05ab  7.57+0.05b 2.06+0.52b 0.59+0.16ab  21.35+1.82b 14.25+1.05¢
YS 2034 8.33+0.95b 0.92+0.09¢ 7.16+0.03¢ 0.73+0.23bc 0.40+0.14b 24.51+3.11b 19.02+1.55a
HJ 2238 8.67+0.91b 0.85+0.07¢ 6.93+0.04d 1.72+0.44b 0.76+0.13a 37.27+3.62ab  17.27+1.66ab
QY 2396 14.79+3.21a 0.82+0.16¢ 7.18+0.08¢ 2.96+0.65a 0.83+0.08a 43.79+1.76a 20.35+1.83a
CD 2590 7.39+1.51b 0.91+0.04¢ 7.53+0.09b 0.09+0.02d 0.05+0.01¢ 51.89+4.60a 14.94+1.67h

TP N A5 e 22, RR/NG PR R IRAS R 3 8] 22 F 1 .35 (P<0.05) ;SWC: 138 7KK Soil water content; BD; %% # Bulk
density;TN:Exﬁ Total nitrogen; TP . B Total phosphorus ; SOC ; ALK Soil organic carbon; AP . B3 Available phosphorus

2 HREHSH

2.1 ARSI A T

ARV PR A B A AN R s . IR 3 TR LI Y B W 4R 80 B2 1) BT, SWC I SOC % 1t 74 7
B, 43 SIAEHEK 2396m Fl 2590m AbHRE . SWC FEIFIR 1349,1772m F1 1968m Z [H] 22 7 AW (P>0.05) .
Bl PR B B 1 T, BD ORI pH 3K A 52 B T AR A Ra #4, HL BD 78 Hh s T RORR E 2 ) 22 S NI B (P>
0.05), SWC.TN Fll AP 7 2396m Ab e, H 2% & T H EK (P<0.05) , K& 165 R F 5, TN TP Al
AP TEA R Z A AE 25 B AR AN T B
2.2 AN[ETERAR A B A SRS M A 2E T R AR

L 1 AT N [RIVEEARORS B - SR TR A W 25 25 S, DRSS P Tl i FLRh 2 5+ C N P T AR i
TGP B A VR A T B R S B T AR e R B A R TR (2238 ,2396m T 2590m ) i 35 K T IRk
(1349 1722 ,1968m #12034m) ,

I 2 WT AL BEE AR BT, R B BRI T R AR A b S 1R B N E 23 B
MEAR AR b ka s, +3E E A E,, FOAEIER 1722m 4b 5327 T Hifhis 3k ; -3 7RI 1349m Zb i,

BRI A A 25 SRR (& 3) , 4 RHER AL AT b 2 A7 B S I e M SRk, H 3 By B, T E 1Y
AN 2.25.2.01 F12.06, B REKT 1, 1 (BCG+CBH) : (NAG+LAP) Fil AKP [L{HII>1, LHE(NAG+
LAP) : AKP HfE<1, UL IIHI L+ 38 (NAG+LAP ) 1 AKP i, 38 A= 4 10 1] 48 9% 57 55 19 ( BG+CBH) [iff,
AHLE 45 (NAGHLAP) Jifg, - S50 Wy ] 450 9¢ T 3 1) AKP g

RN AR I (K 4) &K VA BR T 1349m SM4>45° RUIFEAE— @ R MW RR 1 . VA BEIEIR T
T, H VA 7E R (2238 .2396m F1 2590m ) 5 R TARHEK (1349m F1 1722m) |, F6 W iR i Ak W 1E
TERRFEREMBERR T . Ak, 203 VL BR T 1349m S50 Fifi 25 65 P06 BE T 5 1M s 0k , 70 Hh I 4 & 3 3 T
T, PRI - U E 2 3 C BRI R
2.3 R R T SRS M B R s

YT (1 5) £ SR 0T SWC 15 FL RIS NIRRT M (3.3 1E ARG, BD A1 pH 5 T AR IS I V3 SR G
TN F1 TP 5 FRp SN % M S Ak 1 B A DGR 38, AP 5 BG A1 NAG {2 35 1IE4H ¢, SOC 55 BG \NAG,
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Fig.1 Soil enzyme activities at different altitude gradient
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Fig.2 Ecoenzymatic stoichiometry at different altitude gradient

BG. B-#ijZg i b-1,4-glucosidase; CBH . 2T 4 2 7K fiti it b-D-cellobiosidase; NAG ; B-N-Z. Pk % Ji 7 25 A ity b-1,4-N-acetylglucosaminidase ;

LAP . SRR E LK L-leucine aminopeptidase; AKP B PEBERRES alkaline phosphatase

F4 TEBEFEREAFSHENRSTERLET RDA HIFNETERRITRER

Table 4 Eigenvalues and cumulative variances of RDA ordination of soil enzyme activities and its stoichiometry and soil physicochemical factors

HEF 4 Axes I I I v
S il 5 A A %
LIRRIAFE RS 0.544 0.066 0.024 0.005
Eigenvalues of soil enzyme activities
WG 5 K-~ 22 8] B A 2
j:.jwﬁ{ﬁ & Iﬁj: gfﬁé%%znﬂﬂﬁfﬁa&ﬁ . 0.889 0.581 0.640 0.357
Soil enzyme activities and soil properties correlations
J9E i VR PR AR '~‘/nglﬂu
ARSI 02 5 BV R bt % . 54.36 60.94 63.32 63.82
Cumulative percentage variance of soil enzyme activities
j;“,‘\“gj;?‘, ‘/\\/[_{A‘xgg
b IEAE S AL TR R % %473 04.98 08,68 9946

Cumulative percentage variance of soil enzyme activities and soil properties
MFEHFEE Sum of all canonical eigenvalues

SVEFAE(E Sum of all eigenvalues

0.638
1.000

RDA : TUAY /M HF Redundancy analysis
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