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Abstract: [Objective] Determining the patterns of regulatory factors of soil extracellular enzyme activity along
elevational gradients is critical for understanding microbial nutrient limitation and metabolic processes. This
contributes to predicting the responses of soil biogeochemical cycles to global change. However, knowledge of the
elevational patterns in soil extracellular enzyme activity and their stoichiometry, as well as their drivers, remains
limited. [Method] Soil samples (0-10 cm) were collected from different elevation gradients on Jinzhongshan
Mountain in Guangxi, China. These samples were used to investigate the elevational patterns of soil physical and
chemical properties, extracellular enzyme activities, and microbial nutrient limitations. Also, the major factors
influencing microbial extracellular enzyme activities and their stoichiometry were evaluated. [Result] The results
indicate that (1) soil water content (SWC), soil nutrient content, stoichiometric ratios, and microbial biomass content
increased with increasing elevation. However, soil bulk density (BD), pH, and available phosphorus (AP) content
decreased with increasing elevation. (2) The activities of carbon and nitrogen degradation-related enzymes, including
B -glucosidase (BG), N-acetylamino glucosidase (NAG), and leucine aminopeptidase (LAP), exhibited no clear
pattern with increasing elevational gradient. In contrast, acid phosphatase (ACP) activity initially increased, then
decreased along with elevation, presenting a unimodal pattern. Vector analysis of ecoenzyme activities revealed that
vector lengths were larger at middle and high elevations (1 429-1 691 m), suggesting an enhanced carbon limitation
for soil microorganisms. Additionally, all vector angles were greater than 45° | indicating a widespread phosphorus
limitation for soil microbes in the study region. (3) Compared with soil enzyme activity data at the global scale and
in Chinese regions, soil enzyme activities related to carbon, nitrogen, and phosphorus cycling in Jinzhongshan, which
is located in the transition zone from the eastern humid region to the western semi-humid and semi-arid region, were
generally low. This suggested that soil microorganisms in this area were subject to relatively greater N and P
limitations. Furthermore, compared to soils in humid regions, the activities of C-, N-, and P-cycling enzymes were
lower, whereas the activities of enzymes associated with C and P cycling were relatively higher when compared
with arid regions. (4) Mantel test results indicated that soil extracellular enzyme activity and their stoichiometry
were significantly correlated with SWC, NO3-N, and microbial biomass nitrogen (MBN). Redundancy analysis
(RDA) revealed that NO3-N and microbial biomass phosphorus (MBP) were the key factors driving variations in
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soil extracellular enzyme activities, whereas soil enzyme stoichiometry was primarily regulated by NOs™-N, total
phosphorus (TP), C:N, and MBP. (5) Partial least squares path modeling (PLS-PM) demonstrated that soil physical
properties and microbial biomass directly influenced soil extracellular enzyme activities, whereas soil
physicochemical properties together with microbial biomass exerted direct effects on enzyme stoichiometry.
[ Conclusion] Elevation affected extracellular enzyme activities mainly through regulating soil physical properties
and microbial biomass, but indirectly modulated enzyme stoichiometry via altering soil physicochemical properties
and microbial biomass. These findings contribute to enhancing the mechanistic understanding of how soil
extracellular enzyme activities and their stoichiometric patterns respond to elevation gradients in mountain forest
ecosystems under global climate change.
Key words: Soil microorganisms; Enzyme vector model; Nutrient limitation; Elevation gradient; Mountain

ecosystem
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Fig. 1 Location of the study sites comprising ten elevational gradients
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Table 1 Characteristics of the sample plot at different elevations

R AR R TR F LR

Site Coordinate Elevation/m Tree species composition

1 104.8824°E, 24.6584°N 797 LKA Pinus massoniana

2 104.8745°E, 24.6027°N 925 Afif Schima superba. IR Albizia kalkora. h#AK Rhus chinensis. K

R Ficus auriculata
3 104.8746°E, 24.6027°N 1000 Y = FEFA Pinus yunnanensis var. tenuifolia, SCULiiENE Machilus

wenshanensis. W& Liquidambar formosana. & X Cyclobalanopsis

glauca

4 104.8806°E, 24.6532°N 1109 Mg Myrica rubra. ¥tk Quercus variabilis. KA. 4t Zmis. 5
X\ Sl

5 104.8773°E, 24.6499°N 1209 mlL#HE Castanopsis delavayi. ARk Quercus fabri. Vit Betula

alnoides. VAW Albizia chinensis. R
6 104.9130°E, 24.6332°N 1429 FIER & Choerospondias axillaris. ¥ Betula luminifera. 7545
Alniphyllum fortunei. EYT Phyllostachys edulis. ¥k AT

7 104.9254°E, 24.6266°N 1497 B%IMA2 Keteleeria davidiana, FKk. A=A F X

8 104.9599°E, 24.6048°N 1602 iR Vernicia fordii

9 104.9514°E, 24.6128°N 1691 KK Cunninghamia lanceolata . W%k Carya cathayensis. L4t H
PRy TR

10 104.9524°E, 24.6145°N 1808 KT Litsea pungens BRI Lyonia ovalifolia. 2K, w4k, HER
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carbon, TN; total nitrogen, TP; total phosphorus, AP, available phosphorus; TK, total potassium; NH,*-N, ammonium nitrogen;
NO5™-N, nitrate nitrogen; C:N, soil carbon to nitrogen ratio; C:P, soil carbon to phosphorus ratio; N:P, soil nitrogen to phosphorus
ratio; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; MBP, microbial biomass phosphorus; MBC:MBP,
microbial biomass carbon to phosphorus ratio; MBC:MBN, microbial biomass carbon to nitrogen ratio; MBN:MBP, microbial
biomass nitrogen to phosphorus ratio. The same below.
B2 3P R S A R B SR R AL
Fig. 2 Soil physicochemical properties and microbial biomass along the elevation gradient
2.2 T REHREEDIREEE R AU FE BT
HEHONT IR T S B ST B LI R B 2 (P<0.001, K 2) « 13 BG. NAG.

LAP JE AT T U AR A e, 13 ACP IS PR BB 0 T v S D0 L Bl R AR,
AR HERAEHER 1 497 m (320.5 nmol-g*h')) , 3% POX i& M BE Ik T S 80t 5 6 0 T
Ak . BeAh, FEIHA 1 497 m 4k, +3E BG. NAG M ACP iE 12 25 i T H AR 4
MERER 1602 m &b, 3. &0, BRAHSC B PR U 2 2201 Hefhifeth . Eon BEIR I TT
e AR L 2P e T A B AL S Exe BRI 2B S B J5 THI AL B, Ece M
CQI BEHRIEINTC ] BAR R o ¢ AT A R, | P B L AN [ A S ok o gl 0 128

(BG=106.4 nmol-gh'!) WFELTEERFH/KF (BG=387.1 nmol'g!h'!) U9, (HEEE
T A E X AR (BG =46.46 nmol-g'-h') 20 AN[E|MEHk 3385 W R A AH DSBS 1 (NAG
= 46.40 nmol-g''-h"!, LAP = 14.69 nmol-g'-h!, ACP = 238.8 nmol-g'"-h"") #J & E LT 4Bk

(NAG=254.88 nmol-g'-h"!, LAP=93.28 nmol-g-h"!, ACP=418.06 nmol-g'!-h’') FIrf [FH[X
WREFKF (NAG=92.80 nmol-g'-h"', LAP=33.29 nmol-g"'-h"!, ACP=473.88 nmol-g
Phet) 09201 AT o [ XK (Eon=0.83, Ecp= 0.59) 0, il AR+ Eon

(1.16) Al Ecp (0.85) 23T .

® 2 TRIERME TIREEEM R E U F T B

Table 2 Soil enzyme activities and enzymatic stoichiometry along the elevation gradient

LIREEEE Soil enzyme activity/(nmol g h')

K
Elevation/m BG NAG LAP ACP POX
797 86.77+0.57de 53.07+3.28cd 13.24+0.22d 164.0+1.45¢ 188.1£1.78bc
925 111.1£5.5bc 53.66+2.19cd 23.6+1.74a 196.3+3.09¢ 220.84+2.63ab
1 000 124.0+1.74b 65.94+2.71b 15.31+0.42cd 244.3+4.11b 188.1£3.15bc
1109 103.8+3.01¢ 44.99+1.61cde 13.73+0.32d 271.6+£12.74b 169.8+2.33cd
1209 99.05+3.41cd 43.06+3.45de 19.8+0.26b 280.1+12.44ab 139.6+4.84d
1429 77.35+1.82ef 18.27+1.11f 8.99+0.38¢ 267.1+£5.97b 193.4+3.69bc
1497 199.6+1.46a 79.88+1.26a 13.34+£0.91d 320.5+7.91a 209.7+7.73ab
1602 69.43+1.56g 13.86+0.65f 8.62+0.28¢ 194.2+5.55¢ 136.9+9.25d
1 691 113.4+4.84bc 35.01£2.77¢ 12.94+0.55d 183.2+£13.87¢c 246.9+18.47a
1 808 80.01+3.3ef 56.28+1.84bc 17.36+0.45¢ 266.6+2.45b 241.5+3.01a
HEO® 106.4+11.84 46.40+6.49 14.69+1.49 238.8+16.63 193.5+£12.48
SRR E® 387.14105.2%  2549467.53%% o PSEAITT pg g3 01 —
i EH X @ 46.46+8.42%** 92.80+27.46 33.2946.11%%* 473'9iz6'65** 154.5+26.73
- 35EEEL 2 Soil enzyme stoichiometry
R
Elevation/m Ecx Ecp Exp CQI
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797 1.07+0.01ef 0.880c 0.82+0.01a 0.540.00bc
925 1.08:0.02def 0.89::0.01abc 0.82+0.01a 0.530.00cd
1000 1.10+0.01cde 0.88+0.00bc 0.8+0.01ab 0.52:0.00¢
1109 1.14+0.00cd 0.83+0.00d 0.73+0.01d 0.53+0.00de
1209 1.11=0.02cde 0.82+0.01de 0.73+0.02¢d 0.52:0.00¢
1429 13240.01a 0.78+0.01f 0.59+0.01¢ 0.550.00ab
1497 1.17+0.00be 0.92::0.00a 0.79+0.00ab 0.50:£0.00f
1602 1.360.01a 0.80+0.00def 0.59:£0.00¢ 0.54:0.00bcd
1691 1.2240.02f 0.910.01ab 0.74+0.01cd 0.54:0.00bc
1 808 1.02+0.02f 0.78+0.01ef 0.77+0.00bc 0.56:£0.00a
BHO 1.16+0.04 0.85+0.02 0.740.03 0.53+0.01
AIRRUEO - — — —
(X O 0.83:0.02% 0.59::0.02% 0.72:0.03 0.56+0.01*

I£: BG, S A NAG, N-ZBHEEMEM1E: LAP, e BEUEkNs: ACP, MVERIRGRY: POX, £y ILH:
Ecny, LIEMUAME C : N Ecp, HIRMUSNEG C:P; Exp, LIEMISNEE N:P: CQL BRUTETSE. AHFFUME S 2Rk RUZ B [ X 45
WEFHEATELER, . R+ om0 I7E 0.05 0.01 A1 0.001 /K RS FHZER: ANFE/NG T RERIRANF ) 35 M S 1 K&
HAETT BRHEE R RE (P <0.05). T ARk R E X IR0 EdE 7> HRIET Sinsabaugh S5 Zhou S5, Note: BG,
p-glucosaminidase; NAG, N-acetylglucosaminidase; LAP, leucine aminopeptidase; ACP, acid phosphatase; POX, Polyphenol oxidase; Ecx,
extracellular enzymes C to extracellular enzymes N ration; Ecp, extracellular enzymes C to extracellular enzymes P ration; Enp,
extracellular enzymes N to extracellular enzymes P ration; CQI, Carbon mass index. The mean values of this study are compared with
those from global-scale or regional studies conducted in China. *, **, and *** denote significant differences at 0.05, 0.01, and 0.001 levels,
respectively. Different lowercase letters indicate significant differences in extracellular enzyme activity and its stoichiometric characteristics
among soils at different elevations (P < 0.05). The same below. (DMean; (2)Global scale; (3)China scale. The data of global scale and

China scale were derived from Sinsabaugh et all'! and Zhou et al?’], respectively.

Mtk 2Eit EF L s, ANRERABEKEMREAEFAEREER (P<0.00D) . K=
KT 1.29~1.58 2 a] (K 3a) , 1429m. 1497 m. 1602 m Fl 1691 miX 4 MR TR
K T AR, VAR T AR, IR AR ) 52 B B S E R R . 10 A
WIS R B AR T 45° (I 3b) , AR HIEATE s ST 11 & 2y (K
3¢) , REAFMEHR HIERMEYZ R BN E BRG], Ak 1429 m 11602 m &
EAEEEE ST HAERARE, Ui HIEREYZ B E AR E IR TR IR

9
N2

b) P<0.001 a

a P <0001 a
1.6 ab 2 ib 60 — —— © 10
¢ & ¢ ¢ ¢ ™ e de L +bc de be ed 2
e I —— d - e = e — §
= % = 0.8 sy 7 e
g 12 3 oy s o ik
S g 40 i s Elevation/m
< g 2 o6 o 4 As’ u 797
k3 3 = /. ° 95
i 08 > 30 # & A 1000
= = B
oy = E o4 . 1109
2] = 20 e * 1209
K 2 O 1429
S oa < £ S 17
10 & 02 o 1602
= o o161
ol L L o L PR P B I il
P 1 1 P 1 i A B A P 0 . . . . )
797 925 10001 1091209142914971 6021 6911808 797 925 100011091209 1429149716021 691 1 808 0 02 04 0.6 0.8 1.0
4R Elevation/m HEHR Elevation/m AR (BRI D ©

T ANF/NGFRERIR KRR i AN FIR (A LE 0.05 /KT B 2257 3% . Note: Different lowercase letters indicate
significant differences in vector length and vector angle among different elevations at the 0.05 level. @Carbon and nitrogen
acquisition enzyme ratio is BG/ (BG*NAG+LAP) ; (2)Carbon and phosphorus acquisition enzyme ratio is BG/ (BG+ACP) .

K 3 LIRS AL 2 BAFIE (a0 REKSE; b REMAL; o TIRWBREGKHUEG SR UERHUEEAR XS LU

Fig. 3 Extracellular enzymatic stoichiometry traits ( a. vector length; b. vector angles; c. the relative proportions of C to P versus
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C to N acquisition)

EEELZY4ERNE (NMDS) RN /1 RH (Stress) /N T 0.05 (K 4) , #F—HEAFE
R TR M L BEVE T S HAL S BRMEE R RE, X 5K 2 AR 2 BBdE 2= R

iR

NMDS2

031 mrg%
Stress = 0.029 ) =)
[ | : ]
02r : ik
i Elevation/m
- i
01l - : 797
° A 925
[} : A 1000
0 b _____ QO ___________________________ ® 1109
o * 1209
) o
s & S e
0.1 + *e |
H O 1602
A A *‘z‘ O 1691
0.2 A A 1808
-03 1 I I ! I I
-0.8 -0.6 -0.4 0.2 0 0.2 04 0.6 0.8
NMDS1

B 4 AR LA R T, BE v X AT B AR B 2 4R 047 (NMDS)

Fig.4 Non-metric multidimensional scale (NMDS) analysis for the different elevation gradients on soil physicochemical, soil

enzyme activities, and enzymatic stoichiometry
2.3 TEMEMREMFTESIEMER FZEXR

Mantel 5236 45 R0, AS[FIERE L3RR A0 1 5 5 L3RRS T . BRILSE & REMEA
REKEHTIAERE 548 0, TIENREYE LA E  REREMREM S SWC.
NOs;-N. MBN £ EMIE (P<0.05) . RDA T4 RER, TSR 18] URBEA
AR LIRS 1 AR 5 1) 70.78%, RIS Al o> AR T AR B ) 48.97%F1 21.81%, HH
NOs-N. MBP. pH. TK 7 Hllfffe TR S 1 1) 24.9%. 18.1%. 16.7%. 16.1% (& 6a)
T IEIRIE R T CARRE IR AL 2 B LA IE AR 7 1Y 98.18%, S — R AN EE Al o B T
AF I 72.15%F1 26.03%, H:A NOy-N. MBP. C:N. TP j& Il {b 15 1) 53 52 A
T AR T IR AR LR 23.6% 18.6% 14.9%. 11.1% (B 6b)
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Fig.5 Matrix Pearson coefficient between soil properties and soil extracellular enzyme activity and their stoichiometry

3 a) pH 3 2| b) NON(23.6%):P=0.002 MBC:MBP NH,”-N
i < MBP (18.6%):P= 0.002 DOC
POX C:N (14.9%):P= 0002
! TP (11.1%):P=0.002  MBN:MBP
T
AP | LINP
MBC:MBN | -
AP Bp |LTN NO, -N - o/ TN -
S —~ N TC
: ‘\TC swe| & — MBN
— =3 o
o MBC e SWC
& MBN S pH CN
é p MBC:MBN Ap
NH, -N 2
TK
NO;-N (24.9%):P=0.002
ACP MBP (18.1%):P= 0.002
pH (16.7%):P= 0.002 o«
3 TK (16.1%):P=0.002 < Ee MBP
-1.0 RDA 1 (48.97%) 0.8 -1.0 RDA 1 (72.15%) 1.0

e KOFEAFOR AR, WA, MR, ROFCAFOR R, B RREE . B R AE

U R R IR R I FE 2R . Note: Grey arrows indicate independent variables, namely soil physicochemical

properties and microbial biomass; Black arrows indicate dependent variables, namely soil enzyme activity and enzyme

stoichiometric characteristics. The values in the figure indicate the explanation rates of soil environmental factors.

K6 ANFIEEHRE L HIREHEE (a) RHALZEHERHME (b)) MITARHT (RDA)

Fig.6 Redundancy analysis (RDA) of soil enzyme activity (a) and their stoichiometry(b) at different elevation gradients

Pt/ RSB A IR (8 7) R, IR AU (goodness-of-fit,
GOF) 74 0.648, JLrft, ESIT LM LA ENE i (2 R HON 0.848™)  HaE{LeE
PR CBRAE REON 0.9077) MEEYAME (BARRETN 0.766™") » LY BT 45
Gl S T EREE I (BR AR R EON-1.389"") , Sl EM A=) AR N I 1va S v - SN % (%
BRECN 0.852") (K 7a) o JeAh, LHEEEICFITE GOF v 0.714, b, Wtk i
SO LI (AR RN 0.848™) LI ZENER (A2 RECH 0.9027) FITAEY)
AWE C B RECN 0.785™) 5 LIWBIERT (BR12 R EON-1.203"") M3 tbA 1k (%
12 2 H09-0.506") G Nt s IR R LA TR R, UM AR (B8R R EON 0.9927)
(3 I [ e 3B E AL 2= T R LG (B 7b) o e si v ot R s B B KR (s
RONN-1.113) AV RSN LR TR LR A R (RN 0.992) .
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LA 1 it or
Soil en: vity
R AR ORI R
Elevation Soil physical Soil chemical ~ Microbial biomass
AR S )
Goodness of Fit = 0.714 fRF & Explanatory variable

TE: SRR EAREYW, BANELREEW, ISR UM R R R, R R R R A R
J7» Note: Solid and dashed arrows represent positive and negative effects, respectively, and the numbers on the arrows represent
standardized path coefficients. R? indicates the explained variance.
B 7 3T i IR AR AR T HIRNEE TR (20 KR (b) MGG R SR B AN
Fig.7 Cascade relationship and standard total effect of elevation regulating soil enzyme activity (a) and their stoichiometry (b)

based on partial least squares path model

3t i

3.1 BRI IR UM RIS

AW I, WO I I | IR0 B A AT BRI (R 2),
Her, SWC RS E LB, Xt A28 HIEAERTREM. FE/D
I, Gita 2L, EIEMER, AT KSR . AT, HIEAEIRER
BEEDEWFEIC (B 2) , HE SWC 2RE5AMHE (B 5, HENHE T Z#FHERR. St
[FI, SR X B I SWC 2 Iid 4TS B85 SRR B0 B F kA I A2 20, b iR X
ZARIR PR 1, 3 BRI R A R R A A A RS TR 1 B RE A5, AT PR 138 pHI,
IERA X 1E pH MR mmbEE (8 2 MEEERE. #F P o&RKIE %X pH
A AR UK, pH FFZ 6 B, P I TR 70%, X 51K pH 38k, B8 15 8 i
5 IR ER Y BRUTIE 2 VAR 23, b mT L, A 7e 38 AP & BB S B, Tl
e 4 pH BRI IR E L (B 2) , L pH 5 AP S EEEFIEMHX (K5 W
PRAEHE S8 . IEAh, AR R TCL TN 5 TP & BB A 2 BT (B 2) .
X B R S A RIR I 55 - 3G LT A e SR A%, AR T I B R, thAh,
EERARIEA AN ) RAFIE LR 3, 180 P G RIRIE, I8E R P A R FIRE ) P
W SRR B AR, BRI A6 438 TP & B BE VIR T = i 4
3.2 TIERINERTEME R AT ERERAINE
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554 R ROBE AT [ DX 3 SRR SIS B - S i Vs PR 25000 o) B R I, i S AT LU AR AR A 25
R T B BHHCERS YRR, EABTRNS, | S SRHRESRSEA.
WEBR I A (R 2) , R ZIX A Y BR A 22 OB PR AR B T A R el ] [X 3 R B
18, BTS20k H 2 B JF A XUIREIA, | PE e L AR MR S R I A RN 23 KA A ], B
A VAR S5 B T PR 2R SR X 1] G 0 2 i e 2 DX I 0 A, SR AR b T A 2 RS
% 38 0h 2 VR RE A AE A7)~ - 38— A= W 2 (A1 RO AH LA FH DA B 3R ) A= A5 Th g 5 S 1R X
CanfRg A R LD M, TSR A FRER LI B BRI OCEE TS R B A T AR
A #EIl (BG=379.8nmol-g'-h"!, NAG=225.7nmol-g!-h"', LAP=47.50nmol-g"'-h"!, ACP
=4727nmol-g'-h') B3, A FHMAMFREX (T EH =1, BG=68.60nmol-g'-h"', NAG
=25.76 nmol-g"-h'!, LAP =35.82 nmol-g'-h'") RORRAEIFEEE M 5 1, V08 BRI P A T
XFFBEIEARE, T2 X B2 AN AR R B R BES ME (82.80 nmol-g-h')) ZEHRAK T4
B Ly S TR R TR P Tl R A Vi 200 o 33X 9 T Ak 2 S ) X 1) G 38 0 e e 2 X
MW PSR, MR TIRIE X . R BRIEIAEEIS M AR, (ST RIXAEL, B, B
T RS T ARG B i, X A] RS TR AR X B /K B 22 S 5 VAR 9% o ASHIF S0 &l L AR 2B 7K
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[ R A A VA T IR I E A, A NSRRI, LAP BEREVEZ B 2 FEERI £ E
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T PR B AP R B T S R0, VR S AR RS S e L R MR
HER BN AR 797 m 5 RAAAAT 1602 m (1R 28355 bk L S5 0 M B R il v
PERAA LT WM E S gk (GR2) WA R, H—J7m, waefhT
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Aot RS M (R . IR EE R, RIS B RURR B, IR AR
SARRIE I, DA R FE IR TR SR, A BURANSZ SR D A R (1) P AR R0, A S, A
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EAARA B A R A A I POX BEEPEAEHHR 1 691 m AT 1 808 m Abfk i (F
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K5 AIE Ecp (0.85) Fl Enp (0.74) ¥ T ABRBEHA S RGN FME Ece (0.62)
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JEFRIX B 2L A AR L3R SWC. pH. 75 7 B T REiE PR IR 2 B RS [ R 201, AR
WFFidid Mantel A756 &0, 35 AMBEEPE A AL 2215 SWCL NOs-N. MBN %
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AR G B B R R LIRS MECO) T I I R A R R S A R, O L IR
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