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W E ORI TR PR R A R AE B R AR o SRR 2= B MR R, AT 5T DAL 7 48 2 A0 2 T I W U
N\ T4 AK(Cunninghamia lanceolata). A (Pinus massoniana) M1 (Pinus elliottii )bk T 4 #4722 B 1 A (Loropetalum
chinense). #(Adinandra millettii). #%Zj#%¥(Eurya muricata). 1% 5% (Woodwardia japonica)Fl i @454 E jk (Dryopteris atrata)
ARG, FERRE AW 4 H ) FIHE RS (7 H )il s AR 35 AR s 3B 5 (C)IE M AR R I B-1L4-F ETBE H EB(BG) . 5 AMN)IEI
AR IB-1,4-N- Z B R E R H BE(NAG) M R IR R L KB (LAP) . 5P IEIAHI S IR PE R IR B (AP)E 11« BEAL 22T R EE K
TAEEAPERT . BRI (DARFR 885 CRINTEERAH I FGE 1 DL BG:AP (BFC:P)TEA [FIAR T HERE  [AIEAE B 2 R, T
HPEAMKRHIEEEZE AR E . BB 2 E 2 MBG:(NAGHLAP)(HEC:N), HARTHERRAL., oA FNHY
FEE A B RMBEC:P. ER AT R B, MRER LIl 135 S v 2 LU AEA R T M (AR A B T4 2548, H =3 B3 Xl
THARYII) . AR RB AR X AT S AL SR A M)A Z AR E ZE R, DIMHESEANO-N). AR
(NH3-N)~ AV MR HLIBDOC) B AR A L (C:N) & RE AR T A AR B L 3B I 5 M Ak 220 T R L i R BN 3R . ()bt 2 el
20 M £ 8, AT R R 1 3E1g(BG) . 1g(NAGHLAP) AlIg(AP) 2 A {7 78 . FE LM X &, 1gBG:Ig(NAG+LAP):IgAP (i
C:N:P)Z) N 1:1:1.3, BEC:P & (NAGH+LAP):AP (HN:P)4) 7 ~0.14F10.15. APz KT BGHINAG+LAPKIE M, 5 51gBG)M
1g(NAGH+LAP) 51g(AP) I [ENA R 2R B2 25 1o UeBIAR R AR B AR B 3R (1035 1 e vk B LS A AP S . bR 2820 R R 2
Figgm, HEFARMEE LR RIEEEEH . B TCIEHAINGEIS, A2 0B 2 TR PG AN S A2 7=, BER
A N AR AR AR B - 0 A P A K AN E B8 5 2 PRR A

ki AN TAK MushEE; ARl ageiEX
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Characteristics of soil enzymes stoichiometry in rhizosphere of understory vegetation in sub-
tropical forest plantations

GAO Yu-Qiu'?, DAI Xiao-Qin'**", WANG Jian-Lei', FU Xiao-Li'**, KOU Liang"??, and WANG Hui-Min'***

Qianyanzhou Ecological Research Station, Key Laboratory of Ecosystem Network Observation and Modeling, Institute of Geographic Science and Natural
Resources Research, Chinese Academy of Sciences, Beijing 100101, China; *College of Resource and Environment, University of Chinese Academy of Sci-
ences, Beijing 100190, Ching; 3Zhongk(-:—.]i’an Institute of Eco-Environmental Sciences, Ji’an, Jiangxi 343000, China; and 4Jiangxi Province Key Laboratory of
Regional Ecological Processes and Information, Taihe, Jiangxi 343725, China

Abstract

Aims The objective was to explore the stoichiometry of rhizosphere soil enzymes under major understory vege-
tation and their responses to plantation types and seasons.

Methods Rhizosphere soils of understory shrubs (Loropetalum chinense, Adinandra millettii and Eurya muri-
cata) and herbs (Woodwardia japonica and Dryopteris atrata) were sampled in the early growth stage (April) and
the vigorous growth stage (July) in Cunninghamia lanceolata, Pinus massoniana and Pinus elliottii plantations at
Qianyanzhou Ecological Research Station, Taihe, Jiangxi. Potential activities of B-1,4-glucosidase (BG, carbon
(C) acquiring enzyme), B-1,4-N-acetylglucosaminidase (NAG, nitrogen (N) acquiring enzyme) and leucine amin-
opeptidase (LAP, N-acquiring enzyme), acid phosphatase (AP, phosphorus (P) acquiring enzyme) and their
stoichiometric ratios were measured. Soil physical and chemical properties were also analyzed.

Important findings The results found that (1) rhizosphere soil extracellular enzyme activities associated with C
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and N acquisition and BG:AP (enzyme C:P) were significantly different among understory species, but P acquisi-
tion were not. Both forest stand types and sampling seasons influenced BG:(NAG+LAP) (enzyme C:N). Interac-
tions of understory species, forest stand types and seasons observably affected enzyme C:P. Principal component
analysis showed that rhizosphere soil enzyme activities and ecoenzymatic stoichiometry differed significantly
among different understory species (Loropetalum chinense was obviously different from Eurya muricata, and
both of them were evidently different from other understory species), forest stand types (Cunninghamia lanceo-
lata was different from Pinus massoniana and Pinus elliottii plantations) and sampling seasons. Soil NO3-N,
NH;-N, DOC content and C:N were the main edaphic abiotic factors influencing the rhizosphere soil enzyme ac-
tivities and ecoenzymatic stoichiometry. (2) Standardized major axis analysis showed that there were significantly
linear relationship among Ig(BG), 1g(NAG+LAP) and Ig(AP) of rhizosphere soils of understory species.
1gBG:1g(NAG+LAP):IgAP(enzyme C:N:P) was approximately 1:1:1.3. Rhizosphere soil enzyme C:P and
(NAG+LAP):AP (enzyme N:P) of understory species were 0.14 and 0.15, respectively. The regression slopes of
1g(BG), 1g(NAG+LAP) and 1g(AP) deviated significantly from 1 because AP activities were much higher than BG
activities and NAG+LAP activities. This study found that rhizosphere soil enzyme activities and ecoenzymatic
stoichiometry were affected by understory species, forest stand types and sampling seasons in which substrate
availability played an important role. Compared with C- and N-acquiring enzymes, microorganisms allocated
more resources to the production of P-acquiring enzymes, which implied that the growth and activity of soil mi-
croorganisms were much more limited by P in rhizosphere soil of understory vegetation in subtropical plantations.
Key words plantation; soil extracellular enzyme; ecological stoichiometry; red soils

Gao YQ, Dai XQ, Wang JL, Fu XL, Kou L, Wang HM (2019). Characteristics of soil enzymes stoichiometry in rhizosphere of un-
derstory vegetation in subtropical forest plantations. Chinese Journal of Plant Ecology, 43, 258-272. DOI: 10.17521/cjpe.2018.0299

T IR AN Bk B R Y . TS
Bl S HFRAR I 53 ) (Burns, 1978), fEAER RSN
W S AR R I 2 Hh A A (W 5 R
TFiZ, 2004; FREIEE, 2010; XIFEVTEE, 2011). 7K fEHEE
fe — RO EER M AME, E] DML I
73§ R AR HER] FH BP0 5 K AR e eT A
F RS FEW R (5K B 2245, 2003; FREBIZE, 2017),
FEV G A RE R B T I E AR 2. I E
kK, BN AR R . REFZEHRA
[F] A2 R G 1) K g B s PR R T R & A 5T
(Nannipieri et al., 2018), KR I IX I BB R G HK
R, R O 2 A B 2 U T IR
P, g0 R PR 3 R 3 AT R 3R 2 S B R 2R
% 5(M 5 454, 2010; Gianfreda, 2015; XIFESEE,
2017), —J7 [H KA BE I K 2 IR ELE 5 #2405 5
— 775 THT ST STt AT s 5K i vty 1 A, 52 B 5% [
Z 521 (Sinsabaugh & Follstad Shah, 2012).

ARk, BEE S E IR, BT
AR, RIS TR AR 5 ) B 1] )
FeAE H i 52 2B AT H AU (Sinsabaugh et al.,
2009; Hill et al., 2010; Sinsabaugh & Follstad Shah,
2012; Waring et al., 2014; Tapia-Torres €t al., 2015;
Peng & Wang, 2016; Chen et al., 2018; Cui et al.,
2018). M I A Ak 22 v 5 B AT DASE -4 e Bl A )

IR A 77 75 3R 2 18] 1) A AL P4 (Sterner & Elser,
2002; Sinsabaugh et al., 2009; Sinsabaugh & Follstad
Shah, 2012), & & IR A VI RE A 77 73 T IRER
HPIR G, 7R R G ) B BB bR (9K B A 4E,
2018). HHI, KT B AT BHATIEZ L2 5K
(C)FE I B-1,4-%5 %) B 7 5 (B-1,4-glucosidase, BG),
Z 5% (NG FIB-1,4-N- 2 Tk 5 08 2 0 1 i
(B-1,4-N-acetylglucosaminidase, NAG)F15% % IR 2 it
ik (leucine aminopeptidase, LAP) A X Z 58%(P)1f
PR VE WS R B (acid phosphatase, AP) X%, LA
BGiF PER/RCICH ARG MR MIBHE 1, NAG5LAP
T I ARENTTZR SR AH S B P, APTE AR
FRPICE SR AH R 5 P (Sinsabaugh et al., 2009;
Sinsabaugh & Follstad Shah, 2012; Tapia-Torres et al.,
2015; Peng & Wang, 2016; Chen et al., 2018). iff 71 &
W, FEAEKRE L, 25C. N, PIE A G 438
B (1L it E b, BlinBG:In(NAG+LAP):InAP ([
C:N:P)ITfLA1:1:1, BREESBRRE | -1
C:N:PAHXI£5 7€ (Sinsabaugh et al., 2008). ZATM, 7E/5
WRE b, 52500 30 . IR RN AR S5 DR 25 52
Wi Ak 7 i B A7 AE 2 35 7% % (Sinsabaugh et al.,
2009). Chen%5(2018)7E 3k [l . #viiy 1 Hirfp b [X it
FURIN, W R AR AR AR R AR AR L T =
FLAFTE 3% 2 5% PengMWang (2016)%] H [ AL 77 &

DOI: 10.17521/cjpe.2018.0299

©U 00000 Chinese Journal of Plant Ecology



260 FEMAESEMR Chinese Journal of Plant Ecology 2019, 43 (3): 258-272

HH3EC, NAIPIC RIS HE YO 0 R I, 32 1438
TR IR, BEC:NAIEEC: PRE % 1158 1% i
IO FEAG . 5K R B 25 (201 8) 78 Hh AV Ry b [X (R BF 4T
RN, T HEREFAFRARIS A 3 B 2 5o 1 1
SRR =¥ o (T |1 b N B Z 1= % (o N wk {537
FRFE RO T HER PPl AR S R TR i IR
FREE,

REr MY AR IR S, &8
VIO ER AL A5 BA (1) #4  IX 35(Smalla et al., 2006). ff
FURR B LI B AL 2 U AR XT T BR AR s 1 i A
AR, s AR- LRI IR T A A A
11/ H (Bell et al., 2014; Gianfreda, 2015; Cui et al.,
2018). ANFEEMIMRITEAS A FFEGIR R E
Vs, ¥ IRR;IMYEBERTES). YEFixt
TR I SRAFAE K ) 2 57 (Steinaker et al., 2010;
Fu et al., 2015; Mccormack et al., 2017), 5 ILAR PR
W5 R EAF(Dai et al., 2018), WIR{ESAFHEY)
PR HIEMIFEXREREE . WETREEA
YRR b LSRN P22 5 2 25 (Bell et al., 2014), 7%
e JELE AN AR 2 R G R N R L [R]
V5 AR b - 3 Ab 25 T F BERFAE(Cui et al., 2018).
1E AR AR RA M) F A, HTIRAES RGEA R
PR B IR BEAL 2 T ARFAE AT 0T 78 70 BRAR AR AR
ERRGT NG, dEFpblit A8 RGi 9770 Fi A
HEEZE . AW, BT HRRAESRAARIHE
B AR Br B AL 22 T B R E BT TR B A 2, PR
TR HEMRATS RGFE G IR VT A -

AR N AR TR AR AR B A R o K
220134, FE7HIX N TAREAR O o5 4 B ARpk i
H22.4%, b2 E N TARRHIN67.2% (B KMk
V5, 2014), HAFZA(Cunninghamia lanceolata).
1 FA(Pinus massoniana) A1 A4 (Pinus elliottii)
SR H X EIEMRR Tl AR N AEAE R N TR
BRAMEBEHRI Y, (EFRERMAETT1. YERE
A R G R E YT AR AN 25 AL (bR B W 4
2012; Zhao et al., 2013; Fu et al., 2015; %7 [Fl#&4%,
2015; Yang et al., 2018). i 7T I, AR T HEHE 75 K&
AW R, Hoth A E R T
KIZEHI6-1T15 (K2, 2016) . 55T AR N0 135
ERALPERT . PR SR T T K E
Fi(Fu et al., 2015; SHFI4E, 2018), AR E
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PRI AR e %of - SR T 2 1) 52 M 2 T A DR A (B
THEEE, 2014; MvESE, 2016; Yang et al., 2018), {H
TR R B AR B S8 (14 £k 2% T AR AE BRI FAT)
R IARIE o FRATHT B FC R IAS RIAR T A 4 AR B -
HEFE oy K HAH R AR B % 2= R (Dai et al., 2018;
FIETIE, 2018). (K, FRAMRBE: (DA FAR T HEHE
HRBR L3RR S R LA 22 R, O TR
B - S5 E AL S B RRAE 32 B R R A A e

A SCARR E AT N TR SR
JEHOAA PRAR A BN TN R, AR I XA
7] N T ARRR T AR o - S s Ak % T A e Joi
B, PRSI ARG N AR A 32 AR A 1 AR B - 3 il
BT AR, BN [F) AR R AR b - S8 (1) 7
PE R AL 25T B R N AR B [ 87, 4 7 52 1
PR R AR s - 3 B A 2 T F B R AE 1 3 2 L R Ak
YRR 2R, AN THRAES REY) RGN G 2R s)
(RS A T 3 A1 B B R AR

1 #RA7E

1.1 ARXER

BIF 70 b B AE R B - VL P 48 T PN 413
W% 25 G T gt (T- Mg k), A7 TP %
AT ELBEIR 45 .(115.07° E, 26.75° N), Pk N
110.8 m, A& 2£20-50 m. 3 X & T i 2 XS
15, FEFHSEN1T9 C, 1HTFESE N6 C, 7
HFERE 288 C; FERE/KE 489 mm, AR
HIE3-6 H o RIS T, MR 2 AL
BRbE R AR (P E R B R 7 L X R AR
ZZPN, 1989). ¥k [X J& T H W #iy  2k fE rEAR X, {5
JF AR FE A AE 20 A0 OFARKI IR, IWA ARAK - 2
MREELI30FE N TAibk, EEMFOALAR, S
AR IR, B E 2 7l B A Bi(1 443 + 241).
(1473 £ 159)F1(961 + 87)kk, “FHI04E 5 7 M(18.1
+1.63). (16.6+ 0.53)F1(21.8 + 0.51) cm. & R34
W% N M K (Loropetalum chinense) 4% il
(Adinandra millettii) A14% 254 (Eurya muricata) %5
A K M) Bk (Woodwardia japonica) . I i % € ik
(Dryopteris atrata) 113 (Dicranopteris dichotoma)
FRA, NIHESRENR THEEEAGEENREL.
1.2 TEHGERE

FE T HEPH RIS Bl 1 £ 5SS L Sk A SN XA,
TN X A A BENLIEBEAZA L D R AA TR HOAA 3PP N T
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=1 WG N THAES RGN FREEEAREE
Table 1 Characteristics of understory shrub and herb species in three subtropical plantations
Tt MR B YEN i TR E3i B
Forest stand type Understory species Basal Height Crown Coverage Importance
diameter (mm) (cm) width (cm) (%) value (%)
AR A Loropetalum chinense 11.9+2.7 126 + 31 81+15 - 19.72
Cunninghamia ¥t Adinandra millettii 13.1+1.0 152+ 13 94+7 - 30.44
lanceolata forest
¥ 25k Euryamuricata 132£15 142+ 16 86+9 - 3271
F# % Woodwardia japonica - 94412 - 71+7 3.09
5% B Dryopteris atrata - 60+5 - 43+8 1.89
Y=V HéA Loropetalum chinense 18.9+2.0 41341 144+ 16 - 33.68
Pinus massoniana forest i Adinandra millettii 267423 376 + 64 160 12 - 39.88
% 25# Euryamuricata 132+1.1 302+ 50 81+6 - 31.43
F# R Woodwardia japonica - 99+6 - 60+7 3.85
i %% £ j% Dryopteris atrata - 64+6 - 53+£7 3.41
PRI AR HA Loropetalum chinense 257+1.7 244 + 34 180+ 11 - 36.39
Pinuselliottii forest ¥#i Adinandra millettii 203+3.1 206+ 21 118416 - 3311
2% Eurya muricata 19.6+3.8 112+25 106+ 18 - 19.22
FPE B Woodwardia japonica - 86+ 10 - 73+8 4.15
I i % £ % Dryopteris atrata - 70+ 4 - 385 2.07

- TOS R o

—, no corresponding data.

PR, FERPN TARFERLN 22 5L B 1120 m x 20 m
WIRETT, FEISAFETT o TERANFETT P9 43 IR B S F AR
AR R, REHLRE L. Hd, EAREFEHEA.
Mt FIRE 2585, BEAELFESH ARG S5 6% £k . &
SRTSFEAERE FLIX WA AT 32, (HAERS AR AR
A RARIERES (P, A BT AR N TR
G AFEN TAREM AT LR E R AR E (Fuetal,
2015). F4h, FriksAS X -3 E R AR E
(Dai et al., 2018), 1IF B AHF 7o M A I 35— 5

HURERS (8] 8201 74F4 H M7 H o fEREAFETT N,
A 2 R 23 ) BB LR R3-S0k, 7E A
(PRE R B L 42 B ARS8 AR R R V2 2 T 42 Y
0-20 cm T ZMR R, B £S5 Guo%%(2008). Liu
2£(2015) e Wang%:(2017), HUE 2/ T5 mmfiR R,
BRRPIEH ERGPIE R 058, R BRI AR M
HTHRAKMS mmPAA K35, BIHEPR L (Riley &
Barber, 1970). # AR RAEVER/D, 4% K Dai
ZEQ018) VEANHEIA I 77 V2 M BEAR IR RIZH, UK
SEMRBR 3. A —FF J7 A AH R A AR B L A L VR
G5 KRAEFIREE L 3T B [8) 5256 %, 192 mmi
J&, —E SRR CUKFE, B RIEX
T, DM SR AE
1.3 TIEHMOH
1.3.1 TIERGEMINE

= 38 g v K H AL AR 9% 01t 2 (Saiya-Cork et

al., 2002)M5E, HHBGEFIKAY) H4-H I =8 i 1 -
B-D- Mt IR %] %) # £ (4-MUB-B-D-glucopyranoside),
NAG i JEEH 9 4- 1 5 b T B 19 - B-D- AL P 78 4% 12
(4-MUB-N-acetyl-B-D-glucosaminide), LAPH§JEK4) K
L- & IR-7-F R -4- 25 & R R 3 (L-leucine-7-
amino-4-methylcoumarin), AP &Y A4- F 3L AT
Fiil 7% PR I (4-MUB-phosphate) . B AR T4 FRrE—4
CORAFHIEE LT g TRAMT, IIA125 mLESRR 22
(50 mmol-L™', pHIf5.0), HIlEmIRY 4siR21, i
BRI . FE96FL LR B AN FL N %I A 200
uL HEEEER, FHAEREA LA IS0 pLEKY)
(200 pmol-L™', #4fi/KEHl), Fra AR AE20 C
(1) R SR A T 5 FR4 b, 2R mERAS LA 10
uL NaOHA (1 mol-L Y& 1EH:9%. 1 minjG, A%
Dy RemEFR X (Synergy H4, BioTek, Winooski, USA)7E
365 nmyE KR, 450 nmiE KT GIE . BEJR
Y35 N Sigmazs ml A=, HoA R B 77 43 pr 4l
1.3.2 IR BONE

4 CARAFHEE T 3 S (NHS-N) . il
BANO;-N). W[EHEAPLIK(DOC). A ik (aP) &
&2 NI EIKEOWO)RIIIE,; W T L tEpH
. 3 EC (TC) AN (TN)FUEAP (TP) & & KM E .
+ 3 pHAH (1= : /K =1:2.5) A pH 11 (Mettler Toledo
GmbH, Schwerzenbach, Switzerland)Jll & ; SWCH] i
&2 ® ikl &, DOCK H B 4l /K IZ 42 (£ 7K=1:5),
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KB LK 5 AT 4 (Elementar  Liquid 1I, Frankfurt,
Germany)ill & & &; NO;-NAINH;-NA 1 mol-L™'ff)
KCIA W2, aPH0.01 mol- L™ FINH4F-HCIE 2,
TP H H,SO04-HCIO4 98 &, 2 J5 43 3l F it 30 43 BT AX
(Bran Luebbe AA3, Hamburg, Germany)illiE€ & &;
TCHI TN & H 75 &R 4 Hr{X (vario MAX CN, Ele-
mentar, Hamburg, Germany)ll i€ o

1.4 HEESH

filf C:N i id BG:(NAG+LAP) i &, #§C:Pid it
BG:APiH 5, B§N:Pi#H L (NAG+LAP):APil5,

SCH I T R LA ()~ A S bR R 22 N R
Bl NEEHRRFA IES AT 2551, &t
T80 43 B P B0 205 LA 1O K S [ log B Ak o #4325
B, MR AR S RN A B S . B AT
e PURN 3R A P R A e R FH R 2 R R
T ZHT . AFRIEREZT R — MR R BR, AFEK
IS AR o SR )9 1 R R b T ) 2 S
LRAEVR B RSB A 04T . BG NAGHLAPHIAPZ [
f) 2% 2 FH b 18 2 Sl 51 V3 (SMA) Y 2 M, BLIg(BG):
Ilg(NAG+LAP). 1g(BG):1g(AP) XIg(NAG+LAP):1g(AP)
R EERR, BEIAMEAEZC. NEE PR
], AR e 1 FR BB K, 27 IR ] (1 A ) A B
K(Hill et al., 2014). 534k, XTEGHIEE & i & Lk
1T E RS 3T (PCA) . 35 F A S5 5l 11 375 12 B
R Z R /RIS HT(RDA). & LiET
77 22 K DR - (V) 2 B e e A i) ) 26 5% R (B
JLLRMERERE), A VIFHE I 200F B L2t = i, it
100F BAAZAESL LR P I, 75 B0 PR AP A L 2R MG R
AR &, S BRSL 2R PR AR B 5 R NO5-N. NHy-N.
DOCHEMCN 4. )5 filidRDAZ

HTNO3-N. NH4-N. DOCE & J& C:NFIH % 14 J 1t
BHHIXKR. SMA. PCA. RDAKVIFit5 4 %
FRIES H fIsmatr (Warton et al., 2012). veganfll
packforfi 7t (Borcard et al., 2011)5E%. HRGT
SIHTLESPSS 18.071 58 o

2 RIS

2.1 IRPRTIERGIEM

R bR 1 3 BG 3 M T ¥ N (9089 + 49.6)
nmol-g "-h™'; NAG+LAPH M F115(966.9 + 47.6)
nmol-g "*h™'; AP & P F ¥~ (6521.5 + 143.0)
nmol-g_lh_1 o MTFHE# KM E FE M 7 BGH
NAG+LAP#EH(BG, p = 0.009; NAG+LAP, p=0.010;
®2), WTAIEAZARE B 24 R PRBGIE
PERZRTHEAR, 3MM KA IS 2R IRBENTT R
FRAFAE G g 7% 1 2 AR T HEAR (B 1) AR AL AN
R 1% A B35 52 1-3EBG . NAG+LAPFHIAP
(P> 0.05; #2).
2.2 IRFREIEESMESTUFEITELL

bR 1 3EBG:(NAG+LAP)(BFC:N)F1 41.05 +
0.05, BG:AP(f§C:P) P ~0.14 £ 0.01,
(NAG+LAP):AP(FEN:P) V45 50.15 + 0.01. #R 432K
RUFIURE 2= W3 52 1 BEC:N (p < 0.05; K2).
Brd H 3 D R AABRAN, 1Rt iA RN T B AN BRAK N A B
PR T IBEC:NE 2 = T A KM (p < 0.05; E2). 4
HEECNEZE = T7H(p<0.05 #2; K2). il
W TR T 5 bR 0 8 AR 245 (1 22 ELAR B3 5
i BEC:P (p < 0.05; %2), W7HMEL AN E
FA MRS 2R IR PR BEC PR IL T AR (p < 0.05; B
2)o MRAFRAY . MR R SRS B AEORE 2R DA K =

F2 MR R R IS AORIIURE TR0 U Ay N AR B b S8 i 1 R AR 2 v g o 1) 2B ST B 2 TR 3R 0 22 43 W 45 SR (o)
Table 2 Results (p-value) of multi-way repeated measures ANOVAs on the effects of forest stand types, understory species, sampling seasons and their inter-
actions on soil enzyme activities and ecoenzymatic stoichiometry in rhizosphere of subtropical forest plantations

A5 5 KJE Source of variation

Ff A 240 Parameter of soil enzyme

BG NAG+LAP AP BG:(NAG+LAP) BG:AP (NAG+LAP):AP
#4327 Forest stand types (F) 0.061 0.881 0.156 0.013" 0.092 0.938
MR AE#ZEA Understory species (U) 0.009"” 0.010" 0.173 0.165 0.027 0.286
HUREZEYS Sampling seasons (S) 0.066 0.575 0.148 0.032" 0.082 0.113
FxU 0.556 0.920 0.423 0.845 0.580 0.821
Fx$S 0.070 0.054 0.089 0.294 0.057 0.122
Uxs 0.112 0.792 0.957 0.331 0.167 0.573
FxUxS$ 0.260 0.396 0.823 0.495 0.036" 0.221

BG, B-1,4-ii &I B 17 15; NAG+LAP, B-1,4-N- Z A B SR8 T AL e A BR A S K 2 A0 AP, BRTERERRAG. *, p<0.05; **,p<0.01,
BG, B-1,4-glucosidase; NAG+LAP, the sum of B-1,4-N-acetylglucosaminidase and leucine aminopeptidase; AP, acid phosphatase. *, p < 0.05; **, p<0.01.
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Fig. 1 Rhizosphere soil enzyme activities of understory vegetation under different forest stand types in subtropical plantations
(mean + SE, n = 5). CL, Cunninghamia lanceolata forest; PM, Pinus massoniana forest; PE, Pinus elliottii forest. LC, Loropetalum
chinense; AM, Adinandra millettii; EM, Eurya muricata; WJ, Woodwardia japonica; DA, Dryopteris atrata. Different lowercase
letters were significantly different among different understory vegetation species of the same forest stand types at the same sampling
season (p < 0.05), Different uppercase letters were significantly different among different stand types at the same sampling season (p <
0.05). BG, B-1,4-glucosidase; NAG+LAP, the sum of -1,4-N-acetylglucosaminidase and leucine aminopeptidase; AP, acid phosphatase.

H AR 28 B M EENP (p > 0.05;

#2),

ZRA BT A AR B L e i v 1 A SR, 1g(BG).
Ig(NAGHLAP)Fllg(AP) Z A7 E W E LR R(p <
0.001; &3). 1g(BG)FIg(NAG+LAP)[=| 4% & 4}
HN1.28 (R = 0.185), WK T1 (p < 0.05), #lh
4-0.86; 1g(BG)FlIg(AP). 1g(NAG+LAP)FlIg(AP))

[l AR50 582,59 (RE = 0.273)F12.03 (R* = 0.133),
IR KT (p < 0.001), #4551 ~-6.99

-4.80 (K&13).
23 TIEESAEMRITELLTRHERS S
LR

PCALE R, IS EBEPCIAZ ARM AL T HE AR
B SR S P A FE R A T I R A MR
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M PE, MEHIFAMR.  LC, HEA AM, #fil; EM, 182545, W, JIH Bk, DA, BESEEE. AF/NS 7RHMURIRPR L#C, Nekp
AEFRAR S BRI 1 [R] — HURE 2= A0 R AR 0 2R B R AN RIAR R 2 ) 22 53 3 (p < 0.05), AFAKE FRHMUERR R L3%C. N
PG A GBS M v & PO AE [ — BB R A MR R T 2 R R E (p < 0.05). BG, B-1,4-T %) Wi 1 H; NAG+LAP, B-1,4-N-
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Fig. 2 Rhizosphere soil ecoenzymatic stoichiometry of understory vegetation under different forest stand types in subtropical plan-
tations (mean + SE, n = 5). CL, Cunninghamia lanceolata forest; PM, Pinus massoniana forest; PE, Pinus elliottii forest. LC,
Loropetalum chinense; AM, Adinandra millettii; EM, Eurya muricata; WJ, Woodwardia japonica; DA, Dryopteris atrata. Different
lowercase letters were significantly different among different understory vegetation species of the same forest stand types at the same
sampling season (P < 0.05), Different uppercase letters were significantly different among different stand types at the same sampling
season (p < 0.05). BG, B-1,4-glucosidase; NAG+LAP, the sum of B-1,4-N-acetylglucosaminidase and leucine aminopeptidase; AP,
acid phosphatase.

(&), WEPCIAIPC21I45° M 5 A, AS[EMR T HE
AR PR L IR TS P At LI AN, AR
NMEAR I B R T 2544, H 38 00 5 X 5 HAth
W, SN, IEEPCLAIPC2E M = ML AL J7 1,
AN A BUFE T AR AE I B AN PCIATPC2 L RE 1
I P R B EE AR R 1K 93.6%, HHPPCLR R
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Fig. 3 Standardized major axis regressions of the log-transformed soil C-, N-, and P-acquiring enzyme activities in subtropical
plantations (n= 150). The colors represent the forest stand types: red symbols, Cunninghamia lanceolata forest; green symbols, Pinus
massoniana forest; blue symbols, Pinus liottii forest. Filled symbols and open symbols respectively represent the sampling seasons
at April and July.CL, Cunninghamia lanceolata forest; PM, Pinus massoniana forest; PE, Pinus dliottii forest. LC, Loropetalum
chinense; AM, Adinandra millettii; EM, Eurya muricata; WJ, Woodwardia japonica; DA, Dryopteris atrata. BG, p-1,4-glucosidase;

NAG+LAP, the sum of B-1,4-N-acetylglucosaminidase and leucine aminopeptidase; AP, acid phosphatase.

3 it
3.1 AT ALK TEHRRDIERESKE
T EHHE

ARRRE HIEC, NFIPHE IR AH 5 H i % 14 LL 24
“N1:1:1 (Sinsabaugh et al., 2008). AHf 7T SMA 73 Hr
W, 1g(BG)~ 1g(NAG+LAP)Hlg(AP) |8 fA1E &
LR R(p < 0.001; K3). XEFERBTREMDE
MECNPEA —EMR~F % (Cleveland & Liptzin,
2007), [REEEGE M TF & BL A X PR 5 (Sinsabaugh et
al., 2008), HPAHSZIREER2MA, 9 7E — A AHXS AR E 1Y
6 N 3 3l(Cleveland & Liptzin, 2007). A 578 & B
S #Av b XN AR P AR T A AR B 3 50 b fe
B C:N:PZ)1:1:1.3, BEC:N. C:P NP4 5F N
1.05. 0.14F10.15, ZCiztfik T-40/> 3= EFfi 435 R 4
) HME, EPEEC:NN1.41, C:P~0.62, N:PN0.44
(Sinsabaugh et al., 2009), it #HAHF 72+ AP S 14
TR ER 4y Bl AR S RS 5K T . 1g(BG) A
Ig(NAG+LAP) 51g(AP) Iy [l AR 26l 2 w5 1 (p
< 0.001), H AP Mz KT BGHNAG+LAPIE 1,
HE— B AR T C S NG IR A L B, A2
Sy BCHE 2 BEUE A T PO AH B Y 2R 77 . XK
MV A i XN TARAR T HE AR B LI T A= ) 2 P
PR B, X 5 R 2 R EUR T R PEk = Hh

X I 9T 4518 (Waring et al., 2014)—F(. Waring%¥
(2014) B 78 R I Ay L HEREC:NL C:PHIN:P 3 51 N
1.83 0.21F10.13 .« K AHIF 72 X Jo8 V. #47iy 4148 Fr g
X, THCARYE, SRR TS ES, oS %
HRA DAY AR HNES, SECLEP
PR #1142 4™ 5 (Chapin et al., 2002; 7E#%, 2008).
FAh, TERRIE AR R, 2w R S T G
W 2 33k — P BRAKP (1) A &4 ME (Santiago & Wright,
2007), XA A EUE AEPIRNE 2 1 B IR TP
18 1 AH O 10 i ) 2 7 DLIR R PRI AE WA A
(Sinsabaugh & Follstad Shah, 2012). %45 BAF4 %
Py, BRSO AR PR, A A A
VIR 3G INA Z ot R TR RN, R mEiZe R A
F 1% (Sinsabaugh & Moorhead, 1994).

SR, KR A ZE(2018) R H T HAGHF 41458 N T hk
RS M O SR I, WA SRR RS AR AR K
WK 3B CPAIN: P} 71 240.3-0.8710.4-1.2, H]
ET ARG R FONAATTI T 70 D A B
Moy HIEAPIEYE H50-150 nmol-g 'h!, WAL T A
WF55(2 786-12 545 nmol-g '*h™"), VLEIABI 7T+
HEPIR G M . fH T 9K R B 5 (2018) IR 7t X 15k
AW XA R AR g SR B AR T, BT A
Bl v PR T B L 2 ) B 22 57 TT R R SRR T i e
S o AHIEFL R AT EL AR AR B AR PR L, 1
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Fig. 4 Principal component analysis (PCA) of soil enzyme
activities and ecoenzymatic stoichiometry in subtropical planta-
tions. The effect of sampling seasons is from the average of
PCA scores of soil enzyme activities and ecoenzymatic
stoichiometry of understory vegetation within the same season.
The effect of forest stand types is from the average of PCA
scores of soil enzyme activities and ecoenzymatic stoichiometry
of understory vegetation within the same forest stand type. The
effect of understory species is from the average of PCA site
scores of soil enzyme activities and ecoenzymatic stoichiometry
of the same understory species. The colors represent the forest
stand types: red symbols, Cunninghamia lanceolata forest;
green symbols, Pinus massoniana forest; blue symbols, Pinus
dliottii forest. CL, Cunninghamia lanceolata forest; PM, Pinus
massoniana forest; PE, Pinus dliottii forest; LC, Loropetalum
chinense; AM, Adinandra millettii; EM, Eurya muricata; WJ,
Wbodwardia japonica; DA, Dryopteris atrata.

HATTEIR T3 B o4+ . Cuid(2018)H K BILAR bx+
R AT E L EAFE T 4+ . Gianfreda
(2015)tHIEFHAPIEEAEMR bR L3R P B K. KRER A
RIUR bR 38 5 4+ B M R A7 A R 2 5
—RRINIR R LR 4 AEE . RAEYE T
e il M 25 K T4 + 3% (Phillips & Fahey, 2008;
Dai et al., 2018). HTHRFRAR R 3 BN %
BEEE R K AL A ) (Kuzyakov, 2002), [FIRSHE bR 135
R EAEYIR AN IR AR M0 7 o0 2 IR USCR S,
AR T HOUR PR - A X I 8, oAb s A X 2 PR
(ZE1H, 2000).
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Fig. 5 Redundancy analysis (RDA) of soil enzyme activities,
ecoenzymatic stoichiometry and physical and chemical proper-
ties in subtropical plantations. NO3-N, nitrate nitrogen; NH;-N,
ammonium nitrogen; DOC, dissolved organic carbon; C:N, the
ratio of total carbon to total nitrogen. BG, B-1,4-glucosidase;
NAG+LAP, the sum of B-1,4-N-acetylglucosaminidase and
leucine aminopeptidase; AP, acid phosphatase.

32 AIMRTHEFERBGRIELIEEESKFT
=LA

MR B A2 338 AR 2R A i /8 (1) [X 33k (K uzy akov
& Xu, 2013), FULZHRRAEBEES P E R, —
AR R8I BBk SR T R FEIA
WAL EVIEIAR R 72 W0), dnbl . AR R AA LR E)
PR, SR bREAE (Phillips et al., 2008). B 78 & B,
AN FIFE AR BRAR R 7 Wi % (Sun et al., 2017), &
BRI T A F(BLE T4, 2018), WIRELIH
PR SR 5 S s b . ASHIF 7T R IR F R 4
KM L E 0 T BGHINAGHLAPWE M, XTAPKA
BRI, R R T BEC:P (R2). — i TH, R
B L IEDOCTR I 5 35 5 M - S i % 1 B i B L (A
5)e BRIAMR R 53U W) 32 EN & kA & 7 (Kuzyakov,
2002), AFIED IR R -l E R A AR, T
FHARBRDOCHRIATAE A 55 2 (K 3) . WIAMEREIR
Pl AR %32 H A sl A AR 4 T 2N B4R Br
I8 e NS T AR 123 4% (Yin et al ., 2014) . +-35
DOCH & HIHE N AE IR HE T 2 K4, 3T
HIEEEEE (L, 2016). U7, AEREEE
DRBGERAE, FEARFR T ENH,-NENO;-NF
BESFREGERS), BERW T E &R
(K15). MR AEBE T LB I RPRIE S, SEma AR x4 15
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R3O MR RSB EURE SR 100 WA N b4 D 3 2 3957 7 B ) 2 S 0 22 (R 307 22 00 W 48 SR (pfED)

Table 3 Results (p-value) of multi-way repeated measures ANOVAs on the effects of forest stand types, understory species, sampling seasons and their inter-

actions on four major soil nutrient factors in subtropical plantations

A5 53R Source of variation DOC NH;-N NO;-N CN
MAr25R Forest stand types (F) 0.200 0.021" 0.221 0.112
MR ZER Understory species (U) 0.000" 0.002" 0.002" 0.000™
INAEZEST Sampling seasons (S) 0.226 0.003" 0.178 0.296
FxU 0.735 0.658 0.506 0.058
F xS 0.407 0.384 0.009" 0.623
UxS 0.311 0.095 0.084 0.267
FxUxS 0.129 0.511 0.270 0.800

DOC, AIEHEA L. *, p<0.05; **, p<0.01,
DOC, dissolved organic carbon. *, p<0.05; **, p<0.01.

NH;-N. NO;-N7 & (Phillips & Fahey, 2008; %% [l
&5 2018). BUEE Z5(2002) R I [AIAE 5 R 48 AN E) 2K
TURE BTN K BH B IR G 2R AN [ o [F]—HEvE A
[F P F g ek 58 A SCIILAE, AN [T 25 1 [R] A 7
43 B WO F AT AT B AF 7E %2 ® (McKane et al.,
2002). WIZEHEE(2016) K BUAHNTFNO-NFH %
2, MAMERIFIRIINHL-N. Wei%E(2017)%F H 1
PO R AR INNHL-N, & B4+ HBG A NAG
WS, AR B T NH,-NTE ARG AR R X i
T B . DeForestZ:(2004) & B IMTNO;-N
FEAR T L3R E A Y E Y& -0 T BGEREN
WEPE, SARFFGE R AR R PR PR
C:NAHSZ PR T R 4 1 5 35 5 el (R 3), T 52l 1 g
T Rt L (S o B AR ZE(201 1)t R BLC: N i
M EEEW. HE, SMEER L2 WE SR
Jfl 4B (¥ BE /1 (Phillips & Fahey, 2006). AHF 77,
WA AR B A 38 i i P R vt 1 b B 3 v T LA AR
(E1, B2, E4), nTfeE A2 R,
MR A% ZH%  J 3 B R I 6 15 320 O AR A
FR B TE AR TR AR AR P (TR IR D 5, 1992, X 2 A,
1998a, 1998b). WAk, [N A BRI M, 4% 25241
T w4 53Ry YN e = 2 B 7 N i e 70 N <
6 B R, P RESE T RS 2R R AR BRI S 8L
FOAR B e AP R e A P 22, BRI R T A
AEWEE S E T, BARHLEIA FEE— DA .
3.3 MO LBIXRFRLIEREE SUF T E LR
O AR BA 7R K AT LUE I AR R b V&
W57 SR MR - MR R (R AR ZE, 1994), BEifi
SO - SR ) R B T (B AR S, 2005; &I fR
£, 2011). Chen55(2018)HF 78 A I, FRAREIY 2% 5
W 1 IR AR . AR, AR
RS PE S v H & 5 B R AA AR SR H A MR 22 e

N E(EY), BRI RN GEZE@P =
0.061)52M | AR N AE AR b LI BGE 1, 11 W
oM T ARBR HIERECN (R2). — U7, NTARKTF
RIERIIMRR RGN T MR AR PR L 3ENH,-N
FRIRBLER3), m T ARRR T IEBGIE M (Wei et al.,
2017). F—J5 M, AAN KL BERRAEY) (55 3R 92 55,
1992), T FA A5 A& T4 A AR FE Y (52 /)
FAIPMREE, 2006), X3 IR EHAAALE B
% % 5 (Phillips & Fahey, 2006; Lin et al., 2017).
AT RE AR AL AR TR 3 VI AR L oA R N bR 22,
SRS KM EE, REARE199HKIAZA
MAG R V5 /b, % I IRIE /D . ZEEE TS (2018)

R IAZ AR T JH & B A TR AR R
3.4 EHEEFTIRPRDIERAE SH T2
UFE T 35 50 m [ EEC:IN (3R2), X E 2R
RN ZETT 3 m 7 BGRETE 1, Hha B3 K
F7AG P < 0.05)(E1, E3), WA T7HM, 4
A A AR b - 3 E YEC A XA 2 . M IgBG) 5
Ig(NAGHLAP)[ISMA 7t AT LLE H, 57TH M
Fis, 47 0 CBEVE A 5w, UiBAAHS TNEE, 4
F 0 AR i) 23 B 5 2 B2 RS C R (Allison et
al., 2011). —771f, SEEAGHTER . TR M
& /K= J<(Shukla & Varma, 2011). KEB4-EE N
WA, HIEVESZ IR H . A, R i
S KGR, oM IR, TR
FRINEPE (XS 25, 2017). McDanielZ5(2013 )i i3 A5
PG UR S0 R I, IR 5 BGREVEPE B35 TN F%. 1%
7K 73 I 3e8 3ot 3 TR A AR H) 420 1 A R e e e g 1)
% PE(Toberman et al., 2008). AW 5T X4 H 17r-F35S
HoN13.7 C, FKEN86.0 mm; 7H 4 F<IE
23.7 °C, ME/KEHN219.4 mm, BUREZES RS0, 18
FEEAFE. H—J7m, fTReS AR A K
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BRI o AHE T R DR br - 3NH,-NAZ BURE:
R 3 (R3) . THIMRER ENH-NH & &
N9.28 mg-kg !, WEKT4H(TF1430.80 mgkg ).
9 R - JENHL-N 2 & 48 i ] LLSR = BG R VG 1
(Wei et al., 2017). b4k, 7H 2 HE)AE K IR HE RGN 1A,
HRZ 5 WA 53 AR 2 45 e (Kuzyakov, 2002), BRZ
R & 5 22 53 i s 7R DOC 5 & [ 2271 22 7 R A 31 i
FHAKP(K3), H2RATB 4R PR L EDOCH
BETA G 58 N103.7 mgkg !, ®T4H 61
P4 E84.4 mgkg !, HE—BIRAE T4 R, B
AT FALAEAA A A AT /94 7 4 FOAR 5 A= A HE %
7 A A AT T P IOREURE, (EASTIF 70 7™ b 45 il A
i ERER . RAFFIAC RIS AR, SRA 5 BAA — e
AR, [RIk4 A 40 F07 B 470 B 0 3 1 K = B i)
FE e E R b T PR TR T B RN . A J 4k
[RBIE T 2225 R 2 CRKE, 1271480 5 AT Ui ik
7o

AN, AR, BENPRIARS2EH . AR
Wl I K R (A0 N 35 AN 2 (R 2), IX AT RE S T
WAPIFING PFES 75 R EL B AT 2 € « Cleveland
FLiptzin (2007) % ILKEE: AR A0 IR AE D A ) =
N:PEA R, AT S IENPAENTEOR, 1
ST B SR EF — PR R E M.

3.5 BB RITIRFR L IRERAYIE M RITELL
E0p=A]

AHIFFEOA L HEHL AL T TR H30.9%, 2Bk
LR J5 9% B NO5-N . NH4-N. DOC & &= FIC:N
4N TP N R AR RE R AIA B 1725.9% (&5), i
B 13X 4N DR 20 SR 1 o = e AR A,
TIEBH 1 5 5 250 PR AR A R o - A3 i v 1 AL
THERHER E R . K ERF TR IR R 20
TIERGE R R B2, TTERRE K TR R, 1A
F35%/c 45 (Kivlin & Treseder, 2014; Peng & Wang,
2016). BFFLRM, LIERRANFR S v] RE i g
AR R R R EERIC. Ny PIOAL 2 B R 5 i
AN PE(Kivlin & Treseder, 2014). DOCHE ML
W) B ELRRIR, T DA Nk AR M B BT T (A
5, 2014), A4 = M AP B R (W 5, 2016).
Bengtson%5:(2012)fF 78 A& I, AW B v ) FH AN LA
PR IESRAE P 53 WA R A, T T 1 PR v 1 DA 4 fie
AHLTREE 2 CHIN (FMILSE, 2014), X 0] REZ
NH,-N5 5 1 2 EH L RIE K. HAENO;-N
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(P3G AT e 7 R R AR YR T 2 2L
BG4 1[4 (DeForest et al., 2004). JEA ¥ [H &
AT DA E B B 1, R nT DU I s IR R AR A,
()2 5 M - 3 MR (A S 55, 2017). IR
F& PN A 723 2 —(Burns, 1978), X 7: 0 17
K5 g4 &40 2 1F & L ) A 2% (Allison et al.,
2011). KivlinflITreseder (2014)H} 7% /& I 5 5 #E V4 2
FeXT - 458 g 7 4 DT R %R 0X £1)27.4% . Peng Al Wang
(2016) & B 020 cm + JZ AW K & TTEk R N
5.9%—14.1%. % FEMAYIRE S e bR ] RE 5
LB AR R B 1 35 PR S B LA SRR AL, A ORI
VITRTE SRS KT B LIk R T — 2
IRIOUE . MOk, AR 2 AR H0 R 25 W BEE M (Peng
& Wang, 2016), 1 A% 5200 [K 2 1R 7] GE K B AR
o WK BUAEYIAR R 0] DL B 2 7 b - 458 g S g
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