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Abstract; Clarifying the nutrient cycling processes in forest ecosystems of different densities is of great significance for
forestry construction, as it provides insights into ecosystem nutrient cycling and aids in managing artificial forests. The study
focused on Robinia pseudoacacia plantation forests in the Loess Plateau in China, selecting six stand densities for analysis (.
e., 1000, 1500, 1800, 2400, 3000, 3500 plants/hm’). The study analyzed the characteristics of soil and microbial C, N,

P content, extracellular enzyme activity, and ecological stoichiometric ratios ( soil, microbial biomass, extracellular
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enzyme ). The results showed that; with the increase of stand density, (1) soil C, N contents and C:P&N:P ratios
increased initially then decreased, being significantly higher at medium stand densities compared to others; the C:N ratio
showed an opposite trend, and P content did not significantly differ. (2) The soil microbial C, N, and P content showed
fluctuating changes, C:N ratio showed a significant decreasing trend, C:P and N:P ratios increased first and then
decreased. (3) Four kinds of soil extracellular enzyme activities and their C:N ratio increased first and then decreased,
C:P and N:P ratios showed a trend of increasing. (4) The element ratio threshold (TER) showed that except for the 1800
plants/hm” density, the soil microbial in other densities was restricted by N. The soil extracellular enzyme activity and
microbial biomass can self-regulate and exhibit good internal stability in response to changes in soil nutrients. Medium-
density Robinia pseudoacacia forests, particularly those with 1800 trees/hm’, were more conducive to nutrient cycling and
favorable for the growth and reproduction of microorganisms. This study could provide scientific support for the rational

management of artificial forests in the study area.

Key Words: stand density; microbial biomass; ecological chemometrics; internal homeostasis ; threshold elemental ratio;

Robinia pseudoacacia ;Loess Plateau
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1 #REFE

L1 BRI

WS XA T ILPE A I v T 75 B4R (E 110°39'45"—110°47'45" N 36°14'27"—36°1823") , it 4~
 POAR, AR 39.33 km? K2 14 km ¥ 900—1513 m, J& T3 i 2 L AR TR AR IX | Bl iy OBl 1 2 U<
168, IZ X ZAE -k B 575.9 mm, KT BCAY,6—9 H K s iR, 20 5 2 4ERK &1 70% , HF5E X
By 3B e+ B R, B AR SR AR S TN IR AR 55 R 84% , £ LI
¥ ( Populus davidiana) LK% ( Quercus liaotungensis) 55~ 2 1) KRR A MK HIBE ( Robinia pseudoacacia) M
WA ( Pinus tabulaeformis) A1 ( Platycladus orientalis) ZEHFh 2 R A 2R S IR A MR E 7K R4 TR AR
THYILL 3 ) 3 ( Rasa xanthina ) . FLM ( Periploca sepium ) 78 % ¥ ( Rubus idaeus) . 41 24 ' 3% %5 ( Artemisia
gmelinii) , —AEEE ( Carex lithphila) 7K (Poa annua) %5 N 3 £ 5 MK 2 i 32 R (Malus pumila) 7Y
(Armeniaca vulgaris) B ( Pyrus) S5HFRLL AL,
1.2 BT SR

WFSE DXRIRR AR 325 B TR0 B RAF 2 BE AN TR RIS ok R v A SRR I 38 TR IR M A5 AR DL PRI AR
HTHY 6 Fh AN ) % B (1000, 1500, 1800, 2400, 3000, 3500 #k/hm? ) A T Hal 8 4% 3 S BIF 55 % 42, 43 53 4 5 Ay
C1000,C1500,C1800,C2400,C3000,C3500 , FfHi i) (97K - BB KT 200 m, AR RN 1, R348 B AR
VEFE 3 Bt , B IR HE N S R/NR 20 mx20 m BYARMERETT o FEAE AR P OAZ IR IR EE O 1 m 7Y 355
T, B 20 em S — 24T RHERAE L5 )2 By T 4ids bR 203 U ER 43, — 040N 4°C vk YR8, T 1
ST PE AR Yy i I 5 — 00 A AR WP 0 /s, T RSB B U . A SCE R 5 4Bl o3
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Table 1 Basic information of the sample

Wi

. %7 , ;i HBFA (i Bk . .
TN S " S It oo S ki Wt s
Sample ude Location Slope/(°)  Aspect ) Op a' Py a density/ - DBH/cm Height/m
/m position  density/%  age/a 3 moisture/ %
(g/cm”)
36°16/34"N,
1000 1168 o 25 FHIE ¥k 30 2 1.18+0.08 11.0542.57 18.00+2.53 8.18+0.88
110°44'31"E
. 36°15'45"N,
C1500 1175.1 en 23 FH 3 Bt 45 28 1.47+0.47 8.27+0.44 18.47+4.25 9.21x1.31
110°44'55"E,
36°27'30"N,
1800 1115.6 110°76/20E: 30 PR3 ¥l 55 28 1.15+0.53 8.00+1.75 1530+1.44  11.50+1.84
. 36°27'8"N,
(2400 1187.1 110°75'3'E 31 PR3 ¥ 1 65 28 1.18+0.07 9.23+1.48 11.48+1.96 8.68+0.97
36°19'24"N, ) )
3000 1195.2 o 25 FH 3% ¥k 78 30 1.1720.13 9.18+2.44 9.45+2.06 6.30+0.46
110°43'43"E,
36°15'43"N,
3500 1889 s 24 PR3 Wik 90 30 1.18+0.13 8.98+0.25 5.88+0.45 4.77+0.55

C: HIBL Robinia pseudoacacia ; §UF-FARMAI} 3 ¥ Figindicates the stand density
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(AR wik ) I R TR B IRR - = AR B TH AN BT LU 1k . B-1,4- MWW 8 (BG) \B-1,4-N-&
Wt A S 1T B (NAG) ST A RAE NG (LAP) B MEBEFR G (AP ) R HIPOUERFR LI E Y LR e P it
BRI SA0 SEARARE I E s U E e BRSO AR R T L G kI ™
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1.4 B BMAGH My
(1) HEAEHE AR A L2 A R
OFHE AT C:N R In[ B6: (NAGHLAP) JAE,
QEFEMA S FiTE C:P R In(BG: ALP) FALE
QR P ST NP R In[ (NAG+LAP) ; ALP ] RAE,
(2) N840 ( Homeostasis index, H) iTE AT .

_ lg(x)
lg(y)=lg(c)+ o (1)

K (2) T, H ANFRETEEL, A & y SHBREPE R L, A AR & « XN B ISR it b e
TR 8, H% M8 Persson 250028 U TG R B 1 HI >4 2<IHI<4 1.33<IHI<2 | HI<1.33 53 51%] K
Fads RS |55 UGS RIS  (H Y RS AN B i (P>0.05) A R4 Xt Fads ™

(3)JCE LA B {H (TER) . nT F R i 2 AR W AR BB 4 (C) 3740 (N 5k P) BRI B (e, 115

AR,

TER .y = [ BG/(NAG+LAP) |B\/n, (2)
TER., = (BG/ALP) By,/p, (3)
2 (2) M (3) HF TER \TER, J2TCE R H 86/ (NAG+LAP) J& B-1,4-F W B 5 B-1,4-N-Z Bt b
GO I 5 55 22 PR S L KRG S 1 2 P L s BG/ ALP 2 B- 1, 4- T AT 185 5 1 P o 19 165 140 BTG A 1L B N
B WU WIER C:N F1C:P {H ;ng Al p /2 H KL, 7042 InBG 5 In(NAG+LAP) Fil InBG 5 InALP 119 1T Al A5 ifi 3=
il (SMA) [l (R R
KA R T 225081 (One-way ANOVA) K56 458 b AN [ AL BRIA] %) 22 5%, H Duncan 3E3E T2 8 L,
FVEKH P<0.05, R Pearson AHJCHESHT 9575046 5 5 M AN VE A C N P A At
SEAEHRIE) A AH D . B IR AN 45 5% ] Microsoft Excel 2010, 4 ] SPSS 27 #4755 143 #7 , #i i Origin 2022
VEIEL ;B B MBS 1T loge et , SR 5 84t 11 BARVE 250 ( SMA) 43 O B PR Z [ A5G R, 11 YR o 325l 43
FrFH R 4.2.1 H Smatr 234058 1,

2 HRES

2.1 RIE#HERISARI L3 C N P ik

ARV AR 2 C N P BN 1 FR . I C NP E R AR HE TN 4.66—6.49,0.28—
0.52.0.50—0.55 g/kg, -4 P S IEBERILE LI BE AL (P>0.05) , HHE C N ik SRR Il BRI %
JEE 38 R S 1E N i 2, ELYHE C2400 B B & (P<0.05) , Hir € N & 4351t C1000 155 37.79% |
48.57% ; {HFifi J5 . C2400 £ C3500, 14 C N 55 TR T 28.20% .46.15% ( P<0.05)
2.2 AR EE RIS T IERZEY) C N P SRR

HHHCEY) C N P FEAS I fr N 166.30—198.01,58.96—80.97,25.72—30.64 mg/kg (K 1), + M
W) €N P TEARI B B 2 I 25 2 5 (P<0.05) , M C1000 1] C2000, - 3ERAY) C NP E 5 BT Se 3 i
JEC R, A C1000 F] C1500 L IEHAY C N P S BN T 4.43% . 13.08% . 18.94% ; . 1500 |
2000, HEH) € NP 33080 T 10.42% 9.87% ,16.06% ., TiJ& M €2000 ] €3500, +HEHEY) € N P FK
SRR S, A €2000 F] C3000, 1IERUEY C NP 3BT 14.79% 34.75% \13.41%;
M €3000 2 €3500, HIERAEY) C NP 25l 1 16.01% .3.31% .3.12%,
2.3 AN[AEE BERRR AR - S A1 R

T B Y N- - B-D- A1 20 W B8 5 IV ke A 0 1 A A Pl 745 8 BE A A 231 8 5.05—
25.26.1.83—2.94 3.68—12.52.2.75—7.36 wmol g d™" (& 1), T3 B-H A WETFBEEF N- 2 IE-B-D-3 25 1T
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Fig.1 Soil and microbial biomass C,N,P,extracellular enzyme activity of Robinia pseudoacacia land with different density

ANF/NG 528 Fe s 1 HEFE bR TE A [R]85 B 1] 2% 53 35 ( P<0.05) ; SOC: A HL#% Soil organic carbon; TN ; 4> &, Total nitrogen; TP ; 2> Total
phosphorus ;8G : B-1,4-FZj i 11l B-D-Clucosidase ; NAG ; B-1,4-N-Z, [t # 0l 2005 11, B-1, 4-N-acetylglucosamine glucosidase ; LAP ; 5% 2 i
FEJKHE Leucine aminopeptidase ; ALP : B PEBFFREE Alkaline phosphatase ; MBC ; /£ ) 5% Microbial biomass carbon ; MBN : f# 4= # it & Microbial
biomass nitrogen ; MBP : ff{ 4 #J it #f Microbial biomass phosphorus

Tit 7 2 TR 2 e ATt R e 2 il 0 1 32 i 285 18 M 22 LS 8 0 s s/ N B 4 (P<0.05) . 3 B 2 Bl
filifitF | N-Z. Bk-B-D-7 26 1 it A0 w1 W 192 it 7 MR AE C1800 B 35 B B v, Hb C1000 7 400.20% . 60.66% .
77.35% ;{B I\ C1800 F| C3500, 55 B i 143 ) F K T 78.78% 24.15% 62.64% 5 3 75 52 i 2 5k I Ji 7% 1 A
C2400 FFkF| e, F C1000 5 211.44% , B A €2400 F| C3500, BEGEPE T % T 70.61%,
2.4 R[n]%E EE R A M A ST A - A A S AL A TR R IR B AR OGP
2.4.1  N[F)EE B AR IR - M A AR S A T R AR

ANIFE 3 C:N C:P N:P 4350 12.58—16.65 .8.84—11.79 .0.54-0.94 (& 2) , +3 C:N 2 IS0
JNJE R B AE €2400 F/)N, F C1000 /0 T 6.12% 5 7E C3500 ik F| &k, e C1000 HEhn T 24.25%, +4%
C:P N:P IS I A #a He 37E C2400 ik 2 H K, A C1000 2| €2400, 535738 M T 29.99% 38.24% ;
M\ €2400 2| C3500, 73 5108 /0 T 25.02% 38.24% , AS[R1%5 -8R 8k 27 A8 S RECRBIUNN:P (19.73%)
>C:N(13.41%)>C:P(12.78%) .
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A3 B S E YR C:N L.C:P NP 43528 2.12—3.13 5.89—7.1 2.18—2.93( & 2) , TIEM/EYIC:N
i 25 85 58 o T 2 T U A R A B A C1000 ] C3500 /D T 32.27% (P<0.05) , 1 C:P N:P Bl 38 2 8
SN 5 v A, AN C1500 2] C2400 4351 1IN T 14.31% ,34.40% (P<0.05) ,fHBEfE BT R, + 18
WA A AR S RBCRIUN L 57 RECH C:N(13.29% ) >N:P(11.74% ) >C:P(7.11%) .

ANJa) 55 SIS C:N C:P N:P 3%} 0.93—1.25 1.14—1.68 . 1.14—1.77 , i 4N C:N:P ¥R 5
111 (E2), IR C:N 2B IS (a3, 78 C1800 I 3 T HA % (P<0.05) , H3Ef4H
fitf C:P N:P 5280 BER M i #a % 78 €3500 iR kK, I AN A= b2 T AR T R R
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Fig.2 Soil-microbial biomass-extracellular enzyme ecological stoichiometry of different Robinia pseudoacacia density

ARG TR R LR RTE A [R]85 BE ] 28 5 . 3% (P<0.05)

2.4.2  HIERUEY)-MISNEG R RO A A R A DG

WNE 3 fiw , 358 -E - M AN e R A 25 b2 e AR S 40 M 28 W - 39835 0 5 B AN G 1 2 1]
4 TP 5 TN NAG+LAP Fl ALP A2 8 IEAHE (P<0.05) , 1M H 385540 ARG TE P 5 182k By & 22 1] i A 56
PEARRE A BC SHUEYE P ALP S5HUEY I N 2 B FAHIC(P<0.05) . +3E SOC | 45845 Mu St 7% 14
Y155 C:P NP 20 B & IEAE(P<0.01) , TN 543 C:N 20 B & M54 (P<0.01) , 5+ C:P N:P
AP C:P B W EA I (P<0.05) . 1 TP BR5 BG W35 IEAHSCHMAAA W EAH M, BG ALP i85 il
A C:N 4% 83 IEA G (P<0.01) . ALP 5 MI4MiE N:P FIfA: Y N:P 2 B E A0, SHEY C:N B B3
IEAISE(P<0.05) , Y C:P SHUEY & ¢ 2B EIEMAX, MS5MAeYE P 2B ERME(P<0.05), At
Yt N S5HaSMEG C:P N:P A N:P 2 35 IEA DG, SRUEY) C:N AR B3 AHE (P<0.01) . 13 C:N

http ; //www.ecologica.cn



34 BT A e RO R RE SRR M 1 SR - - A A S A A RRE 1357

54 NP fUEY C:P B2HEERAIE(P<0.01), T3 NP 5145 C:P AW C:P B EIEMAX(P<
0.01) . MIAMEG C:P 5o N:P 24k B E IEAE(P<0.01) o fAY) C:N 54 C:P MuAhiG N:P fksE
Yy N:P 2 ERAEE(P<0.01) , 4 N:P 5HAMN# C:P AN N:P 24 2 IEAHC (P<0.01)

soc[ @0 00 e e v
o | oss » @ ® - ® o8
®

TP [ 0.58 046

BG [0.75 072 0.50 . . *

NAG+LAP | 088 086 042 077 ()

0.6

ALP [0.74 074 043 0.78 0.61 *

MBC |0.13 023 -0.14 -0.22 0.038 0.019

- 0.2
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Fig.3 Correlation analysis of soil-microbial biomass-extracellular enzyme contents and ecological stoichiometry

# FORLEANR ; »+ TR B FEARR

2.5 HIEMUEYITER R BIE R R B
WA 4 7R, AN [E) % B2 iR TE 1800 #k/hm” I (4 TER . % % i T HA B BE (P<0.05) , 7E 1800 #k/hm” |
2400 Fk/hm’Bf 1Y TER,, .35 & T A2 BE (P<0.05) o 33t + 384 %057 43 Lo i 2 AH B 1 TER (6T UAE )
TEVE B 7 o B TRAR L , 1E (U TR Tk RIS 2 35 4 BRI Y 45 3 B 1800 #/hm’ A, 4595 B + 3 E
Y¥ysz 3] N R E N BRE 2255 AR 838 (P>0.05) , M7 % B0 HIERA YA 32 P IR, H7ZE 1800 #E/
hm?* B AN3Z PR A0 AR B8 d5e
2.6 - AEGUAE Wi KM AEGE T BE R A AR AR I R AR
YR R ANEREG A S R AR AN & 5 BT, R A S I A B A A Ak
TR F R PRSI RE L 25 SRR W38 (P>0.05) |, J@ T-4a X fa 2528 | BLAT ol i P A e Mk

3 e

3.1 MR RIS C NP SR A A TR L
TIRIRI R G E R R IR AR, RO 58 AR RE BRORFRIR 2345 B IR BE 7, i . i)

http ; //www.ecologica.cn



&t
H

1358 la SRS Eire 45 4

24 16

20

g
= a
16| g 3 a
£ l a
z b ] by Al 1
1 £
8 i l I I b Z 0
| I 2
1 = |
4L Z 4 l
0 -8 L b
40 a 0
a T
35 [ \‘x_‘ a
=S+ ab I
Wl } 5
g -0l I l
. 25+ l lf £ [
& 20} be g 15t be
2 LT E
o
15 : c i £
10 | E
5+ A~ 2 cd
0 -30 d
(=3 (=3 (=1 f=1 f=3 (=3 (=] (=3 [=3 f=1 (=2 (=3
(=3 (=] (=] (=1 (=1 (=} (=3 (=3 (=3 (=1 (=2 (=]
(=} w [eTe} <t (=] ) (=] w (2] <t (=] )
— — — o o o — — — o o o
Q O O @} @} Q O Q O @} @} Q

AEHs Sample land

4 TEMEMBTETRILESEN NP RE
Fig.4 Threshold elemental ratio (TERsy and TER(;,) and N and P limitation of soil microbial community

AR /NG RS SRR AR W U SR LR B N P BRI 7R A [R5 BE 6] 22 5% (2. 3% (P<0.05)

VI 2o 90458 e J 22 7K 43 RO BR AR A AR PR PN TR B PR PN Ol VR ) TS MR REF , s A Y5 AR 2R 43
i R 2 I A R AR R R AL 1) 3 AR TR] CoN:P A LRI | i H 3R M frE 2 5,

AWEFE R, BRI > BE R A, 48 € N & SR I s/, 78 P A BE SR Bk, TR R AT A S TR AR
XF - HEFE A — ERIMGERE T, RS 30 C N BUE (bR 504 1B i st AR PR AR Bl T 5% 0 ) 75 2R 28
KRS + 3500 (R BE 7, S B0 T REBE IR 00 3 S i 20 5 [l i, im0 285 B AT 8 S 30 - e Tk R v A K 32
B AGVE R /D , HIER AR R X 0 I P S T A AR R K ] XA
ARSI R GERER AR 9 R )+ P S0 22 5, AT REE AN AL ) A P TR A
A WS BTS2, I CoP NP SR D, R T P SRR B C N A B
R4 B 8 AR A A S, v S R AR M T T RS R R EA LT A 6 C N Er T
JE . C:N Seidi /b JE B, T 68 5 A RIARAE A [E6 U Rl 78 %% 1 A SR ARM b PR 4754 58 1) 1 20 T, v T 5k
FIF RS E, I C:N L C:P A3 HIF R L5 N P 5L IRE /127 RS MM 0 C:N R T4
SRR BB e N B IR RE BT, R YT RE A N BREIVE B R MR, B € P BN T A E K
SF-CO0 SR -5 PR RE SR
32 U -SSR AR I 56 2R B B3R 43 BRI

AT A - M A A A A A R AR AR O, A B TRV SR S AR AR S R R e
2 GO E YR i JH R [ S R A AN 2 R F LGS Y Ak, VRS F s R AR S eE
A ] DS e B - M AN B B N -3 CN R N WAL RE P U

http ; //www.ecologica.cn



34 BT A e RO R RE SRR M 1 SR - - A A S A A RRE 1359

34 ¢ L4
32 *
' ¢ . o y=06.9862x71127174 ™ 13 r . = 3.2405x123041
30 + R*=0.1266 < | R*=0.1819
= ) . HA 1.2
2% 25| o P=0.147 = 2 P=0.080
B2S 22 1t .
|0 26 | 2z . :
g . 2= 10 ° 2
. E 1ot
% 24 t LY o® gg °
=] L]
22t - 09 °
i ° e ° °
2.0 I I I 1 1 1 1 I 08 1 1 1 1 ° 1 1 1 ]
11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 11.0 120 13.0 140 150 160 17.0 18.0 19.0
TR Soil C:N
8.0 20
. L]
75t 18t
[ ]
2900 ** ° o e e o °
[ ] L
RO 65 gﬂ
# /M o o ° =0 d
= 52 1471
&7 60} ° _ 1/5.4318 B !
L U y*‘i‘3309x ' »=0.7904x!/38388
I R?=0.1057 12 + o R2=0.0302
5.5 P=0.188 s % e P=0.49
50 1 1 1 1 ] 10 1 1 1 1 ]
8.0 9.0 100 110 120 130 8.0 9.0 10.0 11.0 12.0 13.0
T+ Soil C:P
32 ¢ 22 ¢
20 °
30 | or
o ° 5 ®
R, 28} oy * % =253y 112 ﬂf; 18 | y=1.3036x 140323
lﬁg = . R=0.0002 g2 o R*=0.063 .
2z 26 P=0954 B< 16 e P=0308 ®°
HE L
B8 24 1 . . 22 14 . o
o o ° Z °
22+ L ® s 12 . s °
° ° o °
2‘0 1 1 1 1 1 J lO 1 1 oL 1 J
04 05 06 07 08 09 10 0.5 0.6 0.7 0.8 0.9 1.0
T3k Soil N:P

5 WEME ASMEEEESUFITELNRERE

Fig.5 Ecological stoichiometry homeostasis ratio of microbial biomass and extracellular enzyme activity
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