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Soil Extracellular Enzyme Activity and Stoichiometry Along an Elevation
Gradient in Southern Subtropical Mountainous Forests

OU Mengfei', LIU Yanyan', HUANG Xinting', LI Zhiliang', PEI Guangting', SUN Zhaolin>®, ZHANG Jianbing',
LI Zhongguo®, SU Hongxin’, WEI Haiyong® , CHAO Lin" 7"

(1. Key Laboratory of Environment Change and Resources Use in Beibu Gulf, Ministry of Education, Guangxi Key Laboratory of Earth
Surface Processes and Intelligent Simulation, School of Geography and Planning, Nanning Normal University, Nanning 530001, China; 2.
Guangxi Forestry Research Institute, Nanning 530002, China; 3. Guangxi Lijiangyuan Forest Ecosystem Research Station, Lijiangyuan
Forest Ecosystem Observation and Research Station of Guangxi, Guilin, Guangxi 541316, China; 4. Experimental Center of Tropical Forestry,
Chinese Academy of Forestry, Guangxi Youyiguan Forest Ecosystem Research Station, Pingxiang, Guangxi 532600, China; 5. Guangxi
Jinzhongshan Forest Station of Ecological Quality Comprehensive Monitoring Station, Ministry of Ecology and Environment, Baise, Guangxi
533400, China; 6. Guangxi Jinzhongshan Syrmaticus Humiae National Nature Reserve Management Center, Baise, Guangxi 533000, China;
7. Huitong National Research Station of Forest Ecosystem, Huitong, Hunan 418307, China)

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 eclevational gradient. In contrast, acid phosphatase (ACP) activity initially increased, then decreased along with
clevation, 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, NO,-N, and microbial biomass nitrogen (MBN). Redundancy analysis (RDA) revealed that
NO;-N and microbial biomass phosphorus (MBP) were the key factors driving variations in soil extracellular enzyme activities,
whereas soil enzyme stoichiometry was primarily regulated by NO,-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
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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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Table 1 Characteristics of the sample plot at different elevations

b AR R FERIFPLE AL
Site Coordinate Elevation/m Tree species composition
1 104.8824°E, 24.6584°N 797 LN\ Pinus massoniana
2 104.8745°E, 24.6027°N 925 KA Schima superba . WKL Albizia kalkora. 5%5kAK Rhus chinensis, RPN
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3 104.8746°E, 24.6027°N 1 000 Y Z WA Pinus yunnanensis var. tenuifolia, SCILEME Machilus
wenshanensis . W& Liquidambar formosana, % WX Cyclobalanopsis glauca
4 104.8806°E, 24.6532°N 1109 ¥t Myrica rubra ., &2k Quercus variabilis . Afif . Hirt = ks, HX . 3C
L i A
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TN; total nitrogen, TP; total phosphorus, AP, available phosphorus; TK, total potassium; NH:—N, ammonium nitrogen; NO;-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.

(ES I w32 R A N €2 7 e SR 7D A i e (1

Fig.2 Soil physicochemical properties and microbial biomass along the elevation gradient
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ot dk s WAEMFR 1 602 mAb, +IERR. A . W
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Table 2 Soil enzyme activities and enzymatic stoichiometry along the elevation gradient
5213 +IEEFIE Y Soil enzyme activity/ (nmol-g“h™")

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+2.19¢cd 23.6+1.74a 196.3+3.09¢ 220.8+2.63ab
1000 124.0+1.74b 65.94+2.71b 15.31+0.42cd 244.3+4.11b 188.143.15bc
1109 103.8+3.01c 44.99+1.61cde 13.73+0.32d 271.6+12.74b 169.8+2.33¢cd
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¢ 267.14£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+1.56¢ 13.86+0.65f 8.62+0.28e 194.2+5.55¢ 136.949.25d
1691 113.4+4.84bc 35.01+2.77¢ 12.94+0.55d 183.2+13.87¢ 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

HEY 106.4+11.84 46.40+6.49 14.69+1.49 238.8£16.63 193.5+12.48

SRR 387.1£105.2% 254.9+67.53%* 93.28+24.31%* 418.1£63.21* —

X R 46.46+8.42%** 92.80+27.46 33.2946.11%* 473.9456.65%** 154.5426.73
j5%73 + HEEE k251 TR Soil enzyme stoichiometry

Elevation/m Ecx Ecp Exp CQI
797 1.07+0.01ef 0.88+0c 0.82+0.01a 0.54+0.00bc
925 1.08+0.02def 0.89+0.01abc 0.82+0.01a 0.53+0.00cd
1 000 1.10+0.01cde 0.88+0.00bc 0.8+£0.01ab 0.52+0.00e
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£0.02cd 0.52+0.00¢
1429 1.32+0.01a 0.78+0.01f 0.59+0.01e 0.55+0.00ab
1497 1.17+0.00bc 0.92+0.00a 0.79+0.00ab 0.50+0.00f
1602 1.36+0.01a 0.80+0.00def 0.59+0.00e 0.54+0.00bcd
1691 1.22+0.02f 0.91+0.01ab 0.74+0.01cd 0.54+0.00bc
1 808 1.02+40.02f 0.78+0.01ef 0.77+0.00bc 0.56+0.00a
By 1.16£0.04 0.85+0.02 0.74+0.03 0.53%0.01

SRR RUE® — — — —

A X 0.83+0.02%** 0.59+0.02%** 0.72+0.03 0.56+0.01*

{E: BG, p-HiZAHE; NAG, N-ZME LM AN H i ; LAP, Sea R ILIKEE; ACP, MRIEBENRA; POX, ZBA L Ecn,

T HEMISNEG C : N5 Ecp, LHEMIAME C: P Enp, TIEMIAME N : P : CQI, BRFTHIEE. ABFFRIIME S 2R S FH X 5T ik
FrReEE, =, o RoR 3 HI7E 0.05. 0.01 Al 0.001 K FRFERE S AR/NG FRER R A R 5K A L 5 i 0 A R A
FRAF 22 2 W3 (P <0.05 ). R [A] o 4Bk B A [ X 38 59 5508 43 515 T Sinsabaugh 25UV Zhou 252, Note: BG, f-glucosaminidase;
NAG, N-acetylglucosaminidase; LAP, leucine aminopeptidase; ACP, acid phosphatase; POX, Polyphenol oxidase; Ecn, extracellular
enzymes C to extracellular enzymes N ration; Ecp, extracellular enzymes C to extracellular enzymes P ration; Exp, 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; @Global scale; @ China scale. The data of global scale and China scale were derived from

10201

Sinsabaugh et aland Zhou et al'™”, respectively.
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Thm Bk BRI S TR BRI AR 3, Exp BETRIA
) e S I SERE S T AR {3, Ecp R CQI Fifi
THRIEINICIH AR . ¢ KOIGZE SRR, T Ve 4L
ANEIEA SRR (BG=106.4 nmol-g “*h™")
B ERT 2K (BG=387.1 nmol-g “h') 1)
B T E X R (BG =46.46 nmol-g h ! ) 2%
AN TE] AR R L W R A AH O TS 1 ( NAG
46.40 nmol-g “h™', LAP = 14.69 nmolg “h', ACP
2388nmolg“h' ) ¥ W F MK T 4 Bk ( NAG
254.88 nmol-g "h™', LAP = 93.28 nmol-.g “h', ACP
418.06 nmol-g "-h™" )1 et [ [X 48k ] -1 7K NAG
=92.80 nmol-g “h™", LAP=33.29 nmol-g*h™', ACP
= 473.88 nmol-g "“h") "2 A b [ X 37K A

(Ecn=0.83, Ecp=0.59) PO Gl ARk + 15
Ecn (1.16) Fl Ecp (0.85) WEH H

fitg A oY WoR, R RNRER S B K B AR
BREAEDFEES (P < 0.001). KEKENT
1.29~1.58 Z ] ([ 3a), 1429 m, 1497 m, 1602 m
FUT 691 m X 4 MR T oo mm K B 1 2 vm T oA g
W, ULEHAHE T H AL, BIERUE Y 2 2 o
BB G . 10 AU HRRE BE S A BE SR T 450
(F 3b), HAFEMEER A SR S0 T 1 1
& bJr (B 3c), RUIRFEIGK - 6E Y3432 5
BOh e E IR, LR 1429 m AT 1602 m &
TR TR R R, U] IR
2 B 5 Ay 5 Z A T R PR

a) P<0.001 b) P<0.001 S ¢
16" . ab b_?_gf 607 b be 1b él-o')
s | S SNl T 5 o) & e demml &) |5 2
o T o SO #
5 12} g | &’ ® o R
= = 40} L .-~ Elevation/m
£ g 2 0.6} 2 7 a 297
2 08 2 30 2 £ 2 0o
o = &= 041 .1159
o = 21 E £ |3
I 04r : € ool o 1497
i
() PR 1P U L P O U £ P O 1 ot L L L T LT de§00 - : : : Allgog ;
A R IR I I Y NP PO N d® 00 02 04 06 08 10
SRSV RN PN R IR A NN, SARSVERR RN PN O IR AN
9 \Q \\ \'L \b( \b( \‘o \b \% 9 \Q \\ \’L \b& \b« \b \b \‘b

34K Elevation/m

34K Elevation/m

TR IR (R AR L T+ 3 )

e ARV/NEFRRRRERENKREAEANREHRFE 0.05 KF 225783, Note: Different lowercase letters indicate
significant differences in vector length and vector angle among different elevations at the 0.05 level. MDCarbon and nitrogen acquisition
enzyme ratio is BG/ ( BG*NAG+LAP ); @Carbon and phosphorus acquisition enzyme ratio is BG/ ( BG+ACP ) .

K3 DAL RARIE (a0 RERE; b KREME; o LERRERIE S5 RBEIEEARXT LB )

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

acquisition )

e L2 4R (NMDS ) 1) /1 %4 ( Stress )
H/NT 0.05 (K 4), i#t—LRUIAFEK 1L
PERT . B E A AR E 2 R B, X5 R
2 IR 2 MR 25 S A BT A R — B
23 TEMEAMERECZFHESTIERERFZ

E]:IESES

Mantel #7345 R0, ARV 1 820 A P o
54 EEpE . Mk REMERMKEKE
YA (LS. i, + s vk K b2
KR EMAREMEYS SWC, NO,-N, MBN 4
WEMK (P<0.05), RDA /Mg s, HIER
S R RN D = NI e o R G o )
70.78%, S5 —Hl AN EE Al o AR R T AR B 48.97%

O3 TR RR
Stress = 0.029 =}
1] o S
02 ik
- Ele;gl;on/m
]
0.1 < A o 025
~ . 4 1000
4 0 a o A e 1109
g R * 1209
z . S o 1429
ol RER o 1497
: o 1602
P *x o 1691
02 A a 1808
-0.3
-08 -06 -04 -02 0 02 04 06 08
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Bl 4 ARl R L AR PR . BT 1 S i
AR 2 4E R 7 Hr (NMDS )

Fig. 4 Non-metric multidimensional scale ( NMDS ) analysis for the

different elevation gradients on soil physicochemical, soil enzyme

activities, and enzymatic stoichiometry
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F121.81%, H:r NO-N, MBP., pH. TK Zr5lffeke L IEIREE 7 0l DU Re e b 2 it H R e AR 7
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\ fexs] bws] O | 0 ||| NH,-N 05
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\ | | e e R
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? . T
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Fig. 5 Matrix Pearson coefficient between soil properties and soil extracellular enzyme activity and their stoichiometry

o0
S| a le 21w MBC:MBP NH,"-N
POX \ DOC
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T NO, N (23.6%): P = 0.002
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. . C:N (14.9%): P=0.002
ol oLap MBC:MBNNBp | (TN NOSNT 1 TP (11.1%): P = 0.002 wp/ TN
= [NaG \TC — eswe| & 20 TC  MBC . \N
> ~— T _— > | DU . -
s ~—“MBC S SWC
N BC:MB MBN It M}gc MEN
< MBN:MB . < : AP
3 BG o¢ (NN 2
C:N X
C:P
NO, N (24.9%): P =0.002 ] Eex
MBP (18.1%): P =0.002
o ACP pH(lg.7%): P=0.002 s
n TK| (16.1%): P =0.002 S| Ecp MBP
-1.0 RDA 1 (48.97%) 08 -1.0 RDA 1 (72.15%) 1.0

W REFER AR, WA . MAEYAY R, BESLIREER, W RIEERGE . Bt et Ko
BUE R R R F R it BE % . 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 AR SRR TE (a) RHACAITREHE (b) BITRMT (RDA)

Fig. 6 Redundancy analysis ( RDA ) of soil enzyme activity (a) and their stoichiometry (b ) at different elevation gradients
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72.15%F1 26.03%, Hr NO,-N. MBP. C: N,
TP J& IR ILA T W T, o R
T R R R 23.6% . 18.6% . 14.9%.
11.1% (&l 6b ),

T de /N " ek B AR U ZE S (]| 7) R, +
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0.648, b, WA T IE [0 520 - e EME T (B
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- Sy B A B 0 £ s e R R M (R R
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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
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P B HAR A AR AR A S e RO — S0, wE
B E o AR SR A KOk e R A Y R W
T G A W LS R, T ) S
MBP A 5 - 398 Bl 036 1 0 il 12 72 k1 = 0
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ABETEH XAEAE P BRI, AR P A AR T =
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el oy, R, BERSRE AR AR RUE DRI Y
AR R, A58 th MBP Bt & AR T 5 1
o (& 2), fF—E R LR R Sk R
SR TAN S AT, PLS-PM AL (I 7) B
N, R I R A R A A e T X S
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gt . AT T e/ h Ak g te ot (1 7)
W R WA e A e e pH S5 A~ P o T 1)
T R oA T
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FUBETC R BREN ,  B 5 fore s P T AP 3 1 i 2 B
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L Ay e e e A e . 28, AR
FUAS A P AT L AR 25 R G R AT sd a4
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