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Effects of tree species mixing on bulk and rhizosphere soil microbial resource

limitation in stands of Pinus massoniana and Castanopsis hystrix
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Abstract: Mixed-species plantations have gradually become an effective approach for enhancing ecosystem functions in
forestry production practice. However, how tree species mixture affects microbial resource limitation represented by soil
extracellular enzyme stoichiometry ( EES) remains poorly understood. In this study, we selected the conifer ( Pinus
massoniana ) -broadleaf ( Castanopsis hystrix ) mixed forests and their corresponding pure plantations and determined the
bulk soil and rhizosphere soil physicochemical properties. We also analyzed the extracellular enzyme activities ( EEAs)
related to carbon (C), nitrogen (N) and phosphorus (P) acquisition in the rhizosphere and bulk soil samples, then

calculated the enzyme stoichiometric ratios. The objective was to assess the impact of tree species mixing on soil nutrients,
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microbial resource limitation, and the underlying mechanisms. The results showed that tree species mixing significantly
enhanced soil nutrient status, with even-aged mixing outperforming uneven-aged mixing in terms of nutrient enrichment. The
SOM content was found to be 33% (bulk soil) and 64% (rhizosphere soil) higher than that of the uneven-aged mixture in
the case of the even-aged mixture. The content of TP was found to be 17% (bulk soil) and 30% (rhizosphere soil) higher,
and the NH;-N was 65% (bulk soil) and 102% (rhizosphere soil) higher, in the even-aged mixture than in the uneven-
aged mixture. The intensity of C limitation was significantly higher in the bulk soils of mixed forests than in the pure forests.
The degree of C limitation was considerably lower in the rhizosphere soils of mixed forests than in pure forests. Soil
microorganisms generally exhibited strong P limitation across all stand types. Soil pH, organic matter, and nitrogen and
phosphorus nutrient content were key factors driving changes in enzyme activity and influencing microbial resource
limitation. In summary, the mixture of broadleaf species with coniferous species can improve soil nutrient status and
alleviate C and P limitations in soil microbial growth and metabolism. These findings have important implications for the

application of mixed conifer and broadleaf plantations to ameliorate soil microbial resource limitations.

Key Words: mixed-species plantation; monoculture plantation; soil physicochemical properties; soil hydrolytic

enzyme activities
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RO AR50, ST AT ST S | DITE RIS S WA i TR S 5 RE A8 oA 3R 00 251 IR A B IR S
AR 5 ) - S T A A B R BIR A R, IR o R B R I A I G it 7 A S R Y R IS P R R AT
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106°53" E,22°02'—22°04" N,k 430—680 m) , HiF A LUK L B f 0 32, HJE A PE AR iRt iz X g T
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FJE A 10 pL NaOH ( 1g/mol) Z& 1k [ 17, H-ff FH 2 D BE i 471X ( Infinite M200 Pro, TECAN) , 7E 365 nm 934
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N RIERA Y 1 C BRI RRREE 1) i B | 3R TR E Y32 C BRI RR B, ) o 9 A BE /I
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F1 AHFRWER S HLEKBEHEXES

Table 1 Information about the five soil hydrolytic enzymes measured in this study

GRS AR (45 ) ik 37

Enzyme type Enzyme ( Abbreviation) Function Substrate

C B ER K ik it a-1,4-H A BT (AG) ] R R A 4-MUB-ou-D-NH I 3 2 05 1
C-cycling hydrolytic enzymes B-1,4- TR (BG) LY RS 4-MUB-B-D - i 1 45 4 7

N AR fife ity B-N-Z WA BH I (NAG) P 7 2 R SR e 4-MUB-N-Z B - B-D- S H: A H
N-cycling hydrolytic enzymes SE TR HE K (LAP) =Pl iNGE] L-SE SR -7-We e Fe-4- /TR
b TS R PR AZAR( ACP) AR S A AMUB- R4

P-cycling hydrolytic enzymes
MUB :4- B JATEE 4-Methylumbelliferone ; MUC ; 7-% 3-4-H 5% 5.3 7-Amino-4-methylcoumarin

1.5 Hdnibrt

BT BAR G40 H7 5 1 B 2176 SPSS 25.0( IBM SPSS Inc, Chicago, USA) #il R v4.2.1(https ://www.
r-project.org/ ) A H e, Horp, FIH] SPSS B A AT HLK & J5 22537 ( One-way ANOVA) | K 50 AN [m] bk 432
RUFNGHAE BT (AEAR PR AR B ) 2Z 18] 3R PR o | - S M S AR 2 i L e B AP o 25 7 B R iz
JH Tukey HSD J7ik#EAT 22 0 HUHL, W WIRE AR 3 U 2 [RI AP AE B 35 22 5, W B/ P<0.05, AR i
H R1EF “vegan” F2 P Y adonis PREEST B 2 £ 70 225081 (PERMANOVA) | K 38 R 432 AU A A= 355 1 A8k
X SRR G P S A AR L 22 F 0 BTER s SR T R B S “LinkET” 25 A Y Mantel R0 PAG H e vE: i 5
IR SO A B2 (] Y Spearman AROCHE , B A AT ALY R 155 ggplot2” P AL L,

2 HREHS

2.1 R[RIBRGT 2SR A A BE 3B A 1 TR AIE

FR R 2 W R R (36 2) , et B 7 R AR 2 22 1) 25 57 .3 (P<0.05) . RIS TR AR
JEAR B A 498 + 18 5 K i B T D AR LT A SR, TR S AR I Sk i BN T A LR, 5 T R A 4l
MRIETCE 25 4% pH EAEE ARSI Z (8] 0 0. 35 25 5%, 20 HESlAR Y 1458 pH (B 538 0 T HAb AR 43
B AP LISE, AEARBR 38 L g5 0 & i A R IR sS AR rp 38 0 25 8 T SR IR ZS AR . ZEAR B b, SR TR S8 0t
L RAARPR 135250 & g WA i 2 (H AR 2 W 25 1S T H B AR PR £ SOM TN TP FI NH;-N (& &, 5
I RANSIARAE EL TR A RERE I N 355 00 i, HL IR AS L SRS B A T - 3R AL R

Xif EAS ) A B8 %) e BRAL PR IR (36 2) , SARARPR B AR HE, AR PR A pH (AR H 3740 & o &, (HAE AR
[ MR T 22 [ —E 22 5. SOM TN Fl NH;-N 7ErA Mo AR br t rf 35 5 28 3 THRR PR £, TP 72 5 )8
PSR ) 4 TR S AR B RR B £ P 38 TRAR PR £, NOS-N 7E SR AS MRAGAR B + b i 3 8 TAEAR B 1=, AP
TEFIA TR S AR AR B b 2 = TEAR PR £
2.2 UR[RIBRAT I A A 5% A B TG 2 e JHL 9 Y R o AR

- R AR AR A SR A B 2 R B AR AR B 2 e, R 22 0 S M TR K ) R 28 T
(E 1), BRI, AG . BG 1 NAG i 76 M 76 AR i 4 b 35 38 3 T AE MR BR £ 5 LAP [ 75 M 78 5 J2 A% 4l bk
(P83) MRPr A rp v TR PR 4 (B AE At AR 228 A AR B = b 2K T AR MR PR 4 ACP il I 1 7E [ I3 R
EMRFNEEARAR B A 2 25 = T HEAR PR £ (B 76 S5 8 TR ASMAR B £ v B FHEAR bR £ (P<0.05) , [RIIA TR
ZMAERFR L 9 BG A1 NAG il i 1 o 35 (K T 53 i TR 2 Ak, LAP 1l ACP Jilf 7% 14 B 2 =5 T 5 % IR 3S Ak
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(P<0.05) ; & LAP ELASN MR BR - H A b SR 1) 356 41 52 TR S8 1) S R P4 5K [ 8 TR S PR s - ) % P 24
BE R T RS (P<0.05)

F2 AEMSEBIERERLFIRERLEU R
Table 2 Physicochemical properties of the bulk and rhizosphere soils in different plantation types

; A . - . it o s
DG Ly e st Bulk Bk AL SR B BAR A AR
”, . . Stand . Soil water pH SOM/ TN/ TP/ NHj;-N/ NO3-N/ AP/
Microhabitat density/
types (g/em®) content/ % (g/'kg) (g/kg) (g/'kg) (mg/kg) (mg/kg) (mg/kg)
E[i —— 1.40a 21.95a 3.51Ba 27.62Aab  1.17Aab 0.23Ab 6.85Aab 1.91Ab 2.04Ac
Bulk soil (0.06) (1.00) (0.04) (1.71) (0.05) (0.02) (1.15) (0.60) (0.10)
P59 1.45a 2.21a 3.53Ba 25.35Aa 1.04Aa 0.21Aa 6.62Aa 1.64Aah 1.97Abe
(0.06) (1.43) (0.04) (0.67) (0.03) (0.02) (1.16) (0.30) (0.21)
- 1.41a 23.60b 3.68Bc 29.63Ab 1.29Abe 0.23Ab 8.28Ah 1.15Aa 1.76Aa
(0.06) (1.76) (0.03) (1.79) (0.10) (0.03) (1.36) (0.20) (0.07)
P83 1.42a 21.06a 3.58Bab 32.70A¢ 1.29Aab 0.21Aa 7.85Aab 2.10Ab 1.86Aah
(0.07) (0.90) (0.03) (4.74) (0.12) (0.01) (0.73) (0.76) (0.19)
EE 1.41a 26.98¢ 3.64Che 36.61Ad 1.47Ac 0.27A¢ 11.30Ac 2.67Bc 1.82Aab
(0.05) (2.32) (0.02) (3.32) (0.09) (0.01) (2.25) (0.57) (0.11)
bRt e _ _ 3.17Aab  63.30Ba  2.23Ba 0.27Aa 18.87Ba  3.73Bc 1.92Aa
Rhizosphere soil (0.10) (16.25) (2.66) (0.03) (3.23) (0.32) (0.42)
P B B 3.16Aab 52.67Ba 1.75ABa 0.26Aa 23.46Che  3.15Bbe 1.78Aa
(0.07) (9.38) (0.28) (0.02) (2.29) (0.26) (0.08)
pso B _ 3.34Abe 52.55Ba 1.79Ba 0.25Ba 27.18Bb 2.83Abe 2.26Aab
(0.05) (3.74) (0.05) (0.03) (0.50) (0.71) (0.10)
- B _ 3.40A¢ 56.52Ba 2.29Ba 0.27Aa 30.31Bb 1.07Aa 2.11Aab
(0.05) (7.36) (0.45) (0.05) (3.41) (0.14) (0.37)
P83 B _ 3.30Abe 52.61Ba 1.76Aa 0.21Aa 16.92Ba 1.31Aa 2.15Aab
(0.13) (9.94) (0.33) (0.02) (2.48) (0.39) (0.44)
- B B 3.25Babc  86.20Bb 3.37Bh 0.34Bb 27.84Bb 1.11Aa 2.99Bhe
(0.09) (11.52) (0.60) (0.03) (4.51) (0.44) (0.74)
_— B B 3.07Aa 94.95Bb 3.71Bb 0.35Bb 38.18Cc 2.35Bh 3.44Bc
(0.04) (1.04) (0.10) (0.02) (5.56) (0.39) (0.39)

TR T E (AR ) 0 =3, [l — 5 R TRDING PR3 R 78 i A AN R M 2R 2 [ 7E B 2 25 57 (P<0.05) ; [il— I PR [ R S R R %8 A AN ]
EBEZ TR B2 22 53 (P<0.05) ;405 ; UMF 7R S R AN-ZLHE SR ACHR ; EMF 7R B B AA-ZLHE RIS R Sk s P59 il P83 43|36 7R 1959 47 1983 AR & E
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Table 3 Effect of forest type and microhabitat practice on soil enzyme activity and activity vectors based on PERMANOVA

RIFHEIY A ROFR Il AL 35
Forest type Microhabitat Forest typeXMicrohabitat
F R P F R? P F R P

[F] #3732 Even-aged mixture
AG 84.665 0.568 " <0.001 12.673 0.043 <0.001 8.526 0.057 <0.001
BG 83.034 0.519" <0.001 33.741 0.105 <0.001 10.749 0.067 <0.001
NAG 272.698 0.634" <0.001 136.832 0.159 <0.001 39.746 0.092 <0.001
LAP 42.840 0.356" <0.001 10.442 0.043 <0.001 22.724 0.189 <0.001
ACP 7.714 0.081 <0.001 38.095 0.201 " <0.002 18.420 0.195 <0.001
FARE Angle(©) 469.268 0.749" <0.001 172.107 0.137 <0.001 21.410 0.034 <0.001
K Length 0.815 0.014 0.448 0.469 0.004 0.504 9.599 0.160 <0.001
SRR AE Uneven-aged mixture
AG 757.842 0.712" <0.001 210.395 0.099 <0.001 151.720 0.143 <0.001
BG 1112.405 0.521* <0.001 172.698 0.040 <0.001 888.082 0.416 <0.001
NAG 333.244 0.434 <0.001 7.961 0.005 0.005 381.044 0.496 <0.001
LAP 101.765 0.054 <0.001 53.792 0.014 <0.001 1710.791 0.906 * <0.001
ACP 445.586 0.737 " <0.001 122.343 0.101 <0.001 48.574 0.080 <0.001
FANE Angle(°) 678.460 0.399 <0.001 108.471 0.032 <0.001 917.389 0.540* <0.001
K Length 137.326 0.366 <0.001 78.152 0.104 <0.001 149.107 0.398 " <0.001

T—fTibid = 1 R RIRREZSR bR iR R A S 1 R 2

3 it

3.1 WFRR SRR R AN SRR B A 15 R Ah 1 S5 R il A 52 i)
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ST A 45 SR F B TR AC (JUFHR R TR A ) B4 T AR B DL R AR b 38 b i A ML 5 &, 3X T BB 2 FIRAS AR
TR IR AR RN A O I T A AL A A R T AR B X, MR AR I RE S R i X 38
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Fig.3 Correlations between soil physicochemical characteristics and soil enzyme activities.
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