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Abstract: [ Objective ] Extracellular enzymes in soil play a crucial role in mediating the ecosystem’s responses to environmental
drivers, and their stoichiometry can be used to assess the resource limitation for microorganisms. The conversion from pure forest
plantations to mixed forest plantations is an important approach to achieve sustainable forest development. The current study on
ecosystem responses to forest conversion has predominantly concentrated on soil nutrients, carbon (C) sequestration capacities,
timber productivity metrics, and silvicultural landscape attributes. However, the effects of this conversion on extracellular
enzymes and their stoichiometric characteristics in soil remain poorly understood. [ Method ] Here, the 5-year-old mixed forests
of Prunus persica ‘Atropurpurea’ + Malus * micromalus, Cunninghamia lanceolata + Phoebe zhemnan + P. persica
‘Atropurpurea’ and Cinnamomum camphora + Metasequoia glyptostroboides as well as pure forest plantation soil of E. grandis
were investigated. All forest plantations were recently constructed after clear-cutting the E. grandis plantations. It was determined
the effect of mixed forests on soil physical and chemical properties, microbial biomass, extracellular enzymes, and their
stoichiometric characteristics. Moreover, the correlation between soil extracellular enzymes and stoichiometry with various soil
properties was analyzed, and the main controlling factors affecting the extracellular enzymes and stoichiometry in soil were
explored. [ Result] The results showed that: (1) The three mixed forests increased -1, 4-N-acetylglucosaminidase and I-leucine
aminopeptidase activities, but decreased that of -1, 4-glucosidase and acid phosphatase activities in soil. (2) The vector length of
extracellular enzymes ranged from 0.68 to 0.88, while the vector angle ranged from 72.59° to 81.18°, indicating that
microorganisms were co-limited by C and phosphorus (P) in all the forest plantation soils. (3) The three mixed forest plantations
reduce microbial C and P limitations by increasing organic C, total nitrogen (N) content, pH, microbial biomass C : N ratio in soil,
and C : P and N : P ratios in soil. However, the microorganisms were still co-limited by C and P. Therefore, in the early stage of
mixed forest plantation construction, organic and P fertilizer can be applied to reduce resource limitations of soil microorganisms
in the study area. (4) Total N and microbial biomass N were the key controlling factors influencing extracellular enzyme activity
and enzyme stoichiometry in all the forest plantation soils. [ Conclusion ] Collectively, these findings suggest that the conversion
of pure forest plantations to mixed forest plantations alleviates the microbial C and P limitations in soil. Notably, extracellular
enzymes and their stoichiometric characteristics in soil are influenced by interactions among vegetation, soil properties, and forest
microclimate factors. Thus, future studies should prioritize analyzing how mixed forest plantations affect these parameters
through plant diversity assessments (e.g., tree and understory vegetation), and understory microclimate monitoring.

Key words: Eucalyptus grandis plantation; Forest conversion; Extracellular soil enzymes; Enzyme stoichiometry; Microbial

nutrient limitations; Soil carbon, nitrogen, and phosphorus
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BREEET BT, BRI A 2 2R G R R A B 5
BOMOCTE RIS . BRAEAE . AR A FAR AR SO
JRA A T SR, N T A o IR S S
XoF 3 A1 il S AT R R A DA iRGE L T HL
A ) — S 58 45 A IF A — 3. B, FERZAR
( Cunninghamia lanceolata ) N T ZiFk 5| A S 4
Pl T R T R R ARG (AP ) TEHEUO) A,
TE LB ( Pinus massoniana ) N T SR ARE L [
BRI s T e s R = Ik ( LAP )
P, FR R T L -1, 4 (BG)
AP WEPE, IFTE— R LS T LR Y
BRI A — R i ;AT 2 AR RIS AL )
e S U RPN RE )RR TR S5 A FIAR 2R A3 W)
I IR A YR IR A A AR R R 2 AL
HE T 0 - S AP R RN RN, A T4
A 4 Ry YR SEAROGT 1 S8 A il S LA 27 T 18 52 i)
BLEITSAS B o

Kt ( Eucalyptus ) VE R MRS AL READ, BAT 3=
7L &Iz . &M ERE LT, C U R E
RN IAHT b DX 2 S AR, A4 R
FE L 546 J7 ho®™ . YRR N T 38 2R FH J
B (5~7 4F). ZEEMP MR 257
K, SR THMAEZHEETR. BIEIE T =R K&
AR RGNS DRI 55 55— R A A A R R & A
ZE T A STz D Y R B, B A
T AR S B G AR 4+ & DR TR AR, W
PEm TR AR Rl F s B, 4ERF TR A L
AW, JFAUGE RIERE . ARG E ESE
FAUSTON SR, FERER N T 4lbR i A b8 5 G
Tl A AR Ao 114 YR A8 OG- S8 L A Tl R Ak 2 T A 5
el i ANV A . I, ARBESE LLE KR (E. grandis ) N
AR AR b Y B R AR 3 P T B AR
FRAIR S MO XT G, MSE T AS [RIAR 43 2 B0 7 4 49 3
eI A A Y & RSN M, ot T I
LAt S b2zt 5 45 LR 2 B AR DGR,
FEERDT T 52 ) A 48 B S0 g KAk 2 i AR A Y 324
K, B TEH 7R B B AR 1 3 3 AN [R) VR A8 PR 7
XoF S8 A7 I R A W 3 43 BRI AR s e,
Sy AR N TR A o5 R AT R 252 26 8 A B4R IR 2
2%,

1 MRSk

|1 kT

fr e R VAS B I DL KR WRCA PR SN i/ /N W S il = P /33)'e
TR AT (29°26'N, 103°35'E ), 78 v a5 Sy B A 1y Fre
B LS, TIRAE 420~451 m Z[A], HuAbIF B I
B, BALUTRE . SR, AR
16.5~18.0 “CZI[a]; FIfEFLIH, 4 [EK R 7E 800~
1 600 mm Z [0, FEKFEETTEE (68 ).
G b e SR SRR, IREEZYSH 100 cm.
TR 3 A B AR AR L R SR TR S MR
] R AS AR =R 2R A8 TR Z IR L E A |
L2848k ( Prunus persica ‘Atropurpurea’ ). V9 it
% ( Malu < micromalus ). 2 K ( Cunninghamia
Wi f ( Phoebe zhennan ). 7 f&
( Cinnamomum camphora ) FIK*% ( Metasequoia
glyptostroboides ) %57 ¥ ; HEARZLUERIKRA ( Rhus
chinensis ). YK (Aralia elata) F1liZs ( Camellia
Jjaponica ) “F N F 3 FLAZ W LLER ( Preridium
aquilinum ), 357K ( Pouzolzia zeylanica ) FI ¥
( Veronica peregrina ) gy E

2016 /2, W E N T AR 05 R A
AR A T LM B+ VU (MPM, i
PRELM BRI AZ AR ). A2 K + MU + 20 i 25 Bk
(MCPP, FIFRIZAIRIIM ) FIFR+KEZ (MCM,
IR AR ACAR ) 3 RS, JFE B R aibk Ry
X (CK), 3t 4 Fobksp2emy, o il B, &
FiobR oy BB TR L 100 T (6.67 hm? ),
1.2 tREMITESEE

2021 4F 5 A, 30l 4 Fobk 2R, 38 ST
Mo S5 HEA 30, AR 400 m® (20m x 20 m)
Pl BEAAROF AL 3 AN, Heat 12 AR,
PR AR BN, BT, BIFERT 100 m.
X 25 s 14 1l 1) P AR R A T A, e T & AR O
HIEEATE AL, AR IR 1.
1.3 HEmREELE

F 202147 H (AEKZE) M20224 1 H (4F
A TR ) TR b 1 N $2 RS AETE T R UBURE R i
B 5 A IR, B E T 0~20 cm H120~40 cm
PIAS L2 IO . TERBRARCT AR | B ACRIA AS v it
Ja oy RS AR SR 100 em® SR TRE S . ] —FR
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Table 1 General situation of stand types

) R ) ”» RS o I HiIp] B2 R LT 27 W
oy A AT PR AL
Mixed Average breast Density/ Canopy Shrub and herb ~ Altitude/  Slope/
Stand type Agela Average height/m
proportion diameter/cm hm? density richness m (°)
CK / 5 7.0 8.1 1350 0.7 15+£2 451 15
MPM 3:2 5 7.9 5.6 1250 0.7 17+£3 425 17
MCPP 4:1:1 5 4.7 4.1 1460 0.7 24 +7 438 20
MCM 3:1 5 8.2 6.9 1510 0.8 22+4 438 18

H: CK: BEF4lidk; MPM: 00 ZEBk 4 VG TSR ASH; MCPP: 2K + Wil + 40 BRI ASH; MCM: F it + K IR M
T, Note: CK: Eucalyptus grandis pure forest; MPM: Prunus persica ‘ Atropurpurea’ + Malus x micromalus mixed forest; MCPP:

Cunninghamia lanceolata + Phoebe zhennan + Prunus persica ‘ Atropurpurea’ mixed forest; MCM: Cinnamomum camphora + Metasequoia

glyptostroboides mixed forest. The same below.

HEHD SRR i 20 R R S, 2t 48 A HHERE AL R 240
AP TIRE S o B S S BRI SOCE T K&
(<4 °C), It s, bRk R g Ze A
AR, 4 AR 2 mm 0, BT 4 CUkE TS,
FH TN 3 G0 W AR W i RO AP RS P 5 O — 3
g3 TR AR T EE 40 T2 158 pH. A HLEK . &
RAAHE . 100 cm® B JTRE 5L T 5E 5K
1.4 HRNESHH

S (R T ) VIR A R
pH i1 (PHS-3C, PUCHUN, H[E ) I35 E AR 7
B bRy 1 2.5 By K B TR I 13 pH
il IR )30 4 EoKk s A R Ak —
HMMARGE N E H A UK ; R HTBGHERY Kjeldhal’s
ik, FH A HHYL (UDK-149, VELP Scientifica,
RORA) e AR S A A Rl —H 6
Fb 875 D0 A - 498 4l s (0 R el i 22 B GR BE 2 0k
52 4 St A W A s A A e | Y

HHE Dick!"? 1 Nannipieri %5 POWF 58 d 4R 45 1Y
PRERR T, LR 2SO IE I E 138 BG. B-1,
4-N-Z, Bt 2 JE A M7 B ( NAG ), LAP 11 AP I 1,
RV T M A1 b 2 T R A G R i . A
BEBR R ¥ 4 g BriE A 200 mL BEAR T,
JA 40 mL SR 2% v (50 mol'L ™', pH=5.0) Jf
FHEE AR S 5, Hl & s LS. i
Z B E W 100 pL A 5 B 77 WA 150 pL iKY
BWEAN 96 FLEGAR AR . 7E 25 CHYEWE &1k T 85
Fl, mAENFLRMmA 10 pL 89 1 mol-L ™' A %R

AW LA 2k O o SR, 2 2 e i A
( Spark 10M, Tecan, %+ ) 7E 365 nm JA I K
Fl 450 nm K SHEK T D0, R HIETY
Jo £ R B N7 B ) A T B T T R ) RS )
8% 75 I [ 3 DL 3% 2P,

B (BG). & (NAG+LAP) FI# ( AP) {EF
1) - 38 L A1 il A 27 T e P T T 08 X B L A R T
AP, B C: N=Ln ( BG/nmol-g*h') :Ln
[ ( NAG+LAP ) /nmol'g"“h'l; i C : P=Ln
(BG/mmol-g"*h™") : Ln (AP/nmol'g"h™"); fiff N :
P=Ln [ ( NAG+LAP ) /nmol-g"h'] : /Ln
( AP/nmol-g "*h™" ), il A1t 5% 0 FH 2K 12t 4 3 A K it A
FERE, B KK L=SQRT (x’+)7); KEM
J# A=DEGREES ( ATAN2 (x, y)), ®#f: x»=BG/
( BG+AP ) ; y=BG/ ( BG+LAP+NAG ) , KK
2 I Y 2 BUAD B R, % B A AR
e A 32 A 0 A B Y ARE ORI
HHERAE YIRS B Y, KR KR T 0.61 Ut
W52 B0 B0 0 I A e R, < 1K B R R W A3k
A e BRI R s R R T SSeul I RUE WA
FERERR S, /N 550U B i A A7 e PR
1.5 HIERESSH

fdi 41 SPSS 22.0 X T Al s B s i AT 48 1143 #r o
B, BT SR 2y 2555, R R
BEWEZESD (LSD) #1725 B EHERE (P <
0.05); M ZEAFEE, FIHXEJEHE T3 ¥ ( Dunnett
T3) #7225 B EMHRE (P<0.05). K, RH
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Table 2 Name, enzyme commission number, abbrev, substrate, and culture time of extracellular soil enzyme ™
- EC %5 e
TN AL AR JE#)
Enzyme commission Culture
Extracellular soil enzyme Abbrev. Substrate
number time/h
B-1, 4-THET M 3.2.1.21 BG 4- F]V R4 I ] - B- D - L P A 47 1
B-1, 4-glucosidase 4-MUB-B-D-glucopyranoside
B-1, 4-N-Z 5t Ik A W41 1 3.2.1.14 NAG 4= B T R T - - D - I A AR 4
B-1, 4-N-acetylglucosaminidase 4-MUB-N-acetyl-p-D-glucosaminide
SER TR AL KA 3.4.11.1 LAP L-Se /R -7- Ak -4-H IR B2 R 5
L-leucine aminopeptidase L-leucine-7-amino-4-methylcoumarin
P A T P P 3.1.3.1 AP 4= TS A T e T B i 1
Acid phosphatase 4-MUB-phosphate
LNMER G RAR (LMM) RS tksr2e il B3R [ 1a, B 1e~ le), (UFHFRHRAMEEm T L

JE ISR B ] 9 2 20007 B FLA2 BARE AR+ 3 Sk 1
BT, AR Mk R L UE Y AR Y A
KAbzeit i b . M AR IS M Kb 2E i L r s

TES MR, K br e 25 1 A BEDLEE £, ARop2EAY
A SRR E FSRAE ] )V [ Y o F3, FILH LSD
AN [R] A 35 R B RN SR A B[] 1 £ R 2R FR AR 1)
flhiit#E (EMM) #17 T 25 AP, e
SEFE W SRR AR AR SR EE, T
T E A ML VT AL A RO R BUFE AR 22 57 . BT BB
BUL OFYE £ b2 Fon. wE, R
( Pearson ) AHOCHESFHr o E - BB N+ 5 - 1 i S ily
FAE R A 2R 5 IFRS I AP A Ak~ it
5 R T 2 A ST TUAR A HT (RDA ).

2 4 R
2.1 REHE LR ERRFRSUEITRHE

H1FE 1a~[&] 1e WA, 4 FibRor 2RI AE 45 RAE B
[ A4 20 3 pH . Sk ALK, 2EM4e
B A T 3.49~5.44 287.4~433.7 g'kg ' .10.43~
2592 g'kg™'. 0.77~2.10 g'kg ' F1 0.26~1.21 g-kg .
S EAAEMAH LG, 3 FESS MY 2EE  T 4% pH
A LB . A A AR AT E (P <0.05,

HEKEMAEITEE (P<0.05, El1b).

H B LE~& Th a1, 4 FhARsr 28R 3% C -
N, C:PH N:P AT 11.02~14.11, 13.15~
56.26 1 1.14~3.98, 3 FlIR SIS i REAR T 145
N : P BGHH4ME (P <0.05, K 1h), EXf+HEC: N
B mA R E (E 1), toh, 2ot mpkfits
ARSI E RN T 13 C - P fliHAME( P < 0.05),
EFEREIRAHMXS HHE C : P AAE T A %
(Kl 1g). 1E 3 FiRASH, HRIEZSH -5 C: P
AN P AT B R TR AL
HBREZM (P<0.05, Kl 1g, Kl 1h), {H 3 FHEAS
M C o NI EZE R AR E (K 1d),

22 BREMHTEREDEDERRRUFTE
FHE

& 2a~1& 2¢ AIAL, 4 FhbRs» 2870 B 1 3 A
Yy A W o RN AR W AR 0 A A T 448~
223.2 mg-kg ' Fil 11.14~41.82 mg-kg '; TIEHEY
YR C  NAT 3.59~10.76, 5 E M4 kA 1L, 3
PR A RIS 8 25 48 3 T - SRR W A s A s
P& C - N BAHgME (P < 0.05, [ 2a,
Kl 2c). #£ 3 FEscH, Zont EBRIE S HRORIAZ R
TH SR L G A W 26 s Bl A 113408 10 35 K T4
REIR AT L1 ZEAR TR S Ak L 3 U W A W R Y
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T HE R FER T ARSI ERIR S, EA T BRI A RR A (P <0.05, K 2a~
RS I AP € N AHERER K 2c),

SMC/(g-kg™) SOC/Hgkg™) TN/(gkg™)
0 200 400 600 800 40 3 4
— I
o o ) oF d)
2 2 2 .
=
m
g ¥ 5 "
3 = S
‘§- —
& 5] & SD*s S SD### v
& < S T* L0777 e | 2| O
% sTxspess  [TIEOONN  sxcspes | 2
& g STXTHs B D
s b STXSDXT** -

20N.4O
20-40
20~40
20~40

YMH Mean ||
=T MPM

M Mean
{L‘JTH Mean
¥JMH Mean
I Mean

o
MCPP

0~20
0~20
NN\N

2z
E
* i i %
= < < < b =
é N o o ab L
5 STH#* QT#* ] @
= S SD##* S SDyi%
o 4 T* By SELE =
i ST X TH# STXSD** 3
1% SDXT** STXT#* | §
= = o2 STXSDXT* 2 SDXT#* =
il b Jiiihab piE STXSDXT* | =
& & & L]
g 5 g B
- = sr 2
g T S
= s = I

e B R) NG SEREFR R A [R] ] AH F] B2 AN R AR 2R 26 A0 ] 22 5 3 (P <0.05), *, **Fl*** 53| /R 1E P <0.05, P<0.01
P <0.001 M/RF A BFENZSR. BERRGEMT. ST, Mopkil; SD, LHRE; T, RHEMNE. SMC, tH&KE; SOC,
THEHHLE; TN, L4425 TP, L3E£HE. SOC : TN, SOC : TP #1 TN : TP 435|513 C : N. C : P M N : P, F[A]. Note: Different
lowercase letters in the table indicate significant differences between stand types ( P <0.05) . *, **  and *** indicate statistical significance
at P <0.05, P<0.01, and P <0.001, respectively. ST is the stand type, SD is the soil depth, and T is the sampling time. SMC, SOC,
TN, and TP represent soil moisture content, organic carbon, total nitrogen, and total phosphorus, respectively. SOC : TN, SOC : TP,

and TN : TPare soil C : N, C: P, and N : Pratios, respectively. The same below.

1 ORFEA TR 2R+ LR (a. pH, b. SMC, ¢.SOC, d.TN, e.TP) KFRs b4 RA4EIE (£.SOC @ TN,
g.SOC: TP, h. TN : TP)
Fig. 1 Physic-chemical properties ( a. pH, b. SMC, c. SOC, d. TN, e. TP) and stoichiometric ratios of C, N, and P ( f. SOC : TN,
g.SOC : TP, h. TN : TP) in the four forest plantation soils
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7. MBC, 3R A YR ; MBN, H3ER0EY 498 % . MBC : MBN b+ 9498 C : N, T, Note: MBC and

MBN represent microbial biomass carbon and nitrogen in soil, respectively. MBC : MBN is microbial biomass C : N ratio in the soil. The

same below.

B 2 OR[ERR SR A A W i R S Ak 2A B R E (a.MBC, b.MBN, ¢.MBC : MBN )

Fig. 2 Microbial biomass carbon and nitrogen and stoichiometric ratio in the four forest plantation soils ( a. MBC, b. MBN, c. MBC : MBN )

23 BXMETIERSMEEE . BB EE

R T4 PR 155

& 3a~ & 3d AT, 4 RS- 25 G 3% BG .
NAG . LAP Ml AP i % & 3l A+ F 1453 ~
454.8 nmol-g "“h™', 28.4~192.2 nmol-g ""h™', 3.86~
13.82 nmol-g "“h ' 1 845~2 232 nmol-g "h'', HE
FeaipRAR L, 3 PR ASMIS i 48 & T 13 NAG I
PERUAGTEIME, WEREALT B3 AP WEMERAE Y
i (P<0.05, K 3b, K 3d), HX} 1+ BG fil LAP
TEPERAE T ER A R 2 (&l 3a, & 3¢); 7E 3
FRRAS AR, BRET i Bk IR S AR 1 NAG 36 M Al
THAME B3 K T8 R IR MR B RIR AN (P <
0.05, & 3b) , HAth - HEMAMEEE VERAG T4 22
SR EE (K 3a, K 3c~K3d) .

&l 3e~[&l 3g AT A, 4 Flobkor A0 1Y) 1 S fa 41
fit} C: N.C: PHIN : PAjlldrT 1.12~1.47.0.72~
0.84 F10.50~0.71 3 PR AR 1 2 45 T 1L
HhEE N PRI E, W R REAR T R A
C: NA&HHME (P<0.05, K 3e, K 3g), HXf+
HEMuAME C - P A ER AN B (8 3f); 7F

3 FPIRAS AR, BREDM B IR A AR AN N P
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BG : AP, and (NAG+LAP) : AP are extracellular enzymes C : N, C : P, and N: P ratios in soil, respectively. The same below.

B3 ORFEARG B A VAN TR P (a. BG, b.NAG, c. LAP, d. AP). kil itt (e. BG: (NAG+LAP),
f.BG: AP, g. (NAG+LAP) : AP) KGAEWFRAFREIMRG (h L, i.4)
Fig. 3 Extracellular enzyme activities (a. BG, b. NAG, c. LAP, d. AP ), extracellular enzyme stoichiometry (e. BG : (NAG+LAP),
f.BG : AP, g. (NAG+LAP) : AP), and microbial nutrition limitation status (h. L, i. 4 ) in the four forest plantation soils
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Table 3 Correlation between soil extracellular enzyme activities and stoichiometry and soil factors
TN T BG: (NAG+LA
BG NAG LAP AP BG: AP A
Soil factors (NAG+LAP) P): AP
pH -0.015 0.175 0.217 -0.233 -0.292* 0.108 0.258 -0.232 —-0.057
SMC 0.244 0.340* 0.097 0.473%* 0.035 —-0.155 -0.102 0.022 0.173
SOC 0.621%** 0.721%* 0.691** 0.622%* —0.588%** 0.576** 0.702%* —0.380%** —0.585%*
TN 0.678%* 0.789** 0.668** 0.724%** —0.606** 0.578** 0.725%* —0.416%* —0.584**
TP 0.184 0.248 —-0.022 0.436%* —-0.220 0.007 0.150 —-0.165 0.052
SOC: TN —0.096 —-0.046 -0.010 0.028 —-0.003 0.001 -0.019 0.035 -0.026
SOC: TP -0.117 -0.115 0.038 -0.224 —0.156 0.280 0.260 —-0.101 —0.360*
TN: TP 0.119 0.166 0.401%* —0.109 —0.145 0.274 0.258 —0.111 —0.360*
MBC 0.130 0.183 0.376** —0.091 —0.767** 0.463%* 0.787** —0.650%* —0.660%*
MBN 0.320%* 0.715%* 0.449%* 0.153 —0.613%* 0.707** 0.788%* —0.385%* —0.808%*
MBC: MBN —0.546%* —0.345* —0.540%* —0.386** 0.039 —0.535%¥*  —0.297* —0.134 0.459%*

e * TR REMK (P<0.05); **Fml i FEHHK (P<0.01). N, Note: * indicates a significant correlation ( P <0.05) and

** indicates an extremely significant correlation ( P <0.01) . The same below.
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Fig. 4 Redundancy analysis of extracellular enzyme activities and stoichiometry and soil factors for the four plantations ( a. Redundancy

analysis of soil extracellular enzyme activity and soil factors, b. Redundancy analysis of the soil extracellular enzyme stoichiometry and soil

factors, c. Ranking of importance of influencing factors of soil extracellular enzyme activity, d. Ranking of the importance of influencing factors

of soil extracellular enzyme stoichiometry )
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