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Abstract: To investigate the seasonal dynamics and influencing factors of soil stoichiometric characteristics and microbial

elements use efficiency in the rhizosphere and bulk soils, the rhizosphere and bulk soils of Robinia pseudoacacia plantations
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in three seasons ( Spring, Summer, and Autumn) were selected as the study objects on the Loess Plateau. Soil
physicochemical properties, microbial biomass, and enzyme activity were determined, and stoichiometric imbalance, vector
characteristics, and element use efficiency were calculated. Combined with Partial least squares path model analysis of
various related environmental factors, this study investigates the seasonal variation mechanism of microbial element
utilization efficiency in rhizosphere and bulk soils. The results showed that the seasonal dynamics significantly influenced
stoichiometric imbalance, with both rhizosphere and bulk soils C:N imbalance showing an increase trend followed by
decrease across seasons, reaching its maximum value in summer (0.91, 3.22). While C:P and N:P imbalances exhibited
the opposite pattern. The VL of rhizosphere and bulk soils are highest in summer, while VA are greater than 45° in spring
and autumn, and less than 45° in summer. Changes in VL and VA indicated that soil microorganisms in both rhizosphere
and bulk soils experienced stronger carbon and nitrogen limitations in summer, and stronger phosphorus limitation in spring
and autumn. The seasonal dynamics have a significant impact on the utilization efficiency of microbial elements, with carbon
utilization efficiency being the lowest in summer, with an average of about 0.33, and nitrogen and phosphorus utilization
efficiency being the highest in summer. This indicates that rhizosphere soils microorganisms have a stronger contribution to
carbon fixation in spring and autumn, while bulk soils microorganisms have a stronger contribution to nitrogen and
phosphorus fixation in summer. The results of the partial least squares path model indicate that the factors affecting soil
element utilization efficiency include stoichiometric imbalance and resource limitations. Both rhizosphere and bulk soils
microorganisms indirectly affect element utilization efficiency through vector features and extracellular enzyme activities,
while stoichiometric imbalance in bulk soils had direct effect on microbial elemental use efficiency. Soil microorganisms
adapt to the environment by adjusting enzyme investments in different restricted nutrients, in order to alleviate resource
limitations caused by stoichiometric imbalances and thus affect seasonal differences in element utilization efficiency. The
results contribute to an in-depth understanding of the nutrient utilization mechanisms of rhizosphere and bulk soils
microorganisms in plantation forests, and provide a theoretical basis for the management of plantation forests in ecologically

fragile areas.

Key Words: rhizosphere and bulk; stoichiometric imbalance; extracellular enzymes; resource limitation; element use

efficiency ;the Loess Plateau

TCER IR IRAE T 3350 My e 20 0 R AT 20 B, 2 PN T2 %) 1 3855 4 [ 2 Bk i) E 4
b o Forb A FACE (Carbon use efficiency, CUE) #E SCMUAE $A4E K e B -5 W e 2 [ (%) U AL, e
Y CUE 1) R AR D2 - HERR R A7 M SCEE R F L 3880 1Y CUE R il W eV 208 08 2 iR G Ae o B )
B, 1T ASERKEE, N e > Bt o 48 o £ HEh E Y 09 CUE, W] DUE F 28R 4 ek 17,
WAL E MR CUE &2 2R B RURY S F R m Y flan, 566k CUE Xt
Tk B T 0 ] B 22 R AR I RO RGeS R A R A AR TR A T AR A e, )
KRBT R YRR R 2 B BRI CUE, W76 268 1 A B 1Y CUE™ SRt A w5t &
B AEY) CUE 7B sl & 3T & 2™ Bk W &0 B ) B &% 3R (Nitrogen use efficiency, NUE;
Phosphorus use efficiency, PUE ) 1052 I3 FK B2 M Hh Zhang 26 55 A M 42 99 NUE X6
Th = A R R, LXK 3 A8 A A e 18 AN K TR AR 3 S A% 6 NUE 1 PUE RS2 45 SR IAR 2 5341,
TR RE 23 i 7R b TS P TR L SRR AR AR ST R R FHRCR . Mooshammer 45 B 57 & W 4= 9 CUE
W& C:N WK, NUE B C:N ARG BBl e v 3 i, He 251 A + 3630 U it Lb X
AL RGN 3 CUE P24 T B8, [WR, Cui 51 % B 952 31 B BIR dhi) 16 L 38 434 5 25 B A1
CUE, H TRLEE FIAH OC R 28 X 70 2 A AR R s ma A — 35, ik BR ) 17 X s AR 9 0 3= ) HAICR A 3, R
B — 205 T e R R R A R 2275 Sl AR DL LG R 2
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MRS TR Y1 30 5 SR RV ) 22 ) R A e R 10 AR E S ELA e v 1 35 40 vl I A AR
AR BRI A P 2 W BTE 5 06 22, TSR AR i P AN HO S R I B 75K, A R I L, 5k
ARBR 1A L, AR PR -3 1A 5 5 i A R A S 1 CUED™ L R 2 ORS8N 78 FR bk 33 rh AR PRk
£ CUE KFAEMRBR T Lucas 5520 FEF I R MR AGBE ST h AR B R, ARAR 3 P ERBE I R (9703 2%
TF RGP 22 57 45 2 M DU M IR 3 R PRI AR B SR AN [R] 24 ] (9 22 57

bR E E BN AES RGN X 2 — HRE MR IRE Z T I A S RS MA B b s
TR e IR R AR O T SR A TR RS R E W e R A IRCR RS A T R AR, R, T
TR PR AR BRAE T 19 345 LT E M AR 19 22 57 S HE i DR 3R AR5 AR, e i 2 2 DX A N bk - 3
RWFFER G REF S TR PR AARAR PR L8, I A S U E Moo 2 R RO, B R FWas T L
SR WD oCE R TSR B AR A B HSE M DA 2% B ] 24 sh 28D I A W e D RR ) G 3R RS8R sz Be e
ARG MBS R A AL, T8 R] O TR 8555 A8 PR B S E

1 BT

11 WP XL SRR A

THF 5 s A7 F B  ro Ji E  F) 22 2 DX R VS 48R ( 109°35°—109°37" E,36°87'—36°88" N) , 124 X 1 < i
J& T KB 2 KU AR AR y 8.8°C AR IR &2 505.3 mm , [ FEARPTEE Z=, HIERAR T
Sy AR ng w4 A RS AS , A HU S A % XA 2 A2 DU RR ( Robinia pseudoacacia)) A F B9 N T A
B, R T ILA (Armeniaca sibirica ) FILLAk (Amygdalus davidiana) (MK VKT 5k ( Caragana korshinskii ) F1V»
B ( Hippophae rhamnoides) , 5 AHIY) ¥ ZH 3 E# (Artemisia scoparia) i B 5 ( Setaria viridis ) 5, AN FE 1k
BT 4 AR AR — B RHIRTE 16—46 SRR RIBEN TAREE D, SRR E B BR AAEAR PR 15

ABFFE T 2020 4F 10 A (FkZF2) 2021 43 A (FF) 2021 45 6 H (HF) feik + @ IEHH T H PR CREE,
2020 4 12 H HIEEEUCRIFATRAE . TERNHEHIEE 3 4> 20 m x 20 m BRFERE TS FERIFE T N #“ S
RIGEE 10 A RS (TR SRR o RAERTCTE BRI R &Y, IR 5 om 1Y SRR R AR 0—
10 em HHECHARR ) | ZLBRAN SR ZR 00 38 SRS R TSR B Il Jil) T 5% I AR 38 190 T SR D AR B 4 5 AR R 5 1Y 138
VERAEMRES £ o HF [F]—FE 7T RAE S 10 4 HIEREG AT S8R G V8 —A L HERE G T IR G 5 1Y R
I 2 mm P RBRAR R SO, BRUCRFEAR PR AAEAR PRI A 12 45 1 58 i B A 2B A A i i 1 98 3
AR A VKR PR IR AR B [ 5250 2 R ROy AR 23 S P43 — O e N E AR KT S, P 0
RHEALFEAR ; 00— 10 B LA AE 4°C T FH T S sl A ) o RS
1.2 LHeREahIE

1 105°C T FF 45055 7= ML rp pY s fef R I3ET42 24 h J5  PREE 2 I8 s A 1 A 84k, B ik 7 - 08
Tk, HIEAPLER (SOC) AR (TN) il LR /AT (EA3000) 5, 58 B8 (TP ) SR HBRR - = S R
T AT IR TN . TP HLBR (DOC) (&U(DON) R 0.5 mol/L K, SO, ¥ , I Hli%
S S TG T AE Y AR A NaHCO, 248, SR BT Ll Gk R AT AE . AN 93 SR FH T 2 $E B,
A E - S PR TR (MBC) (EU(MBN) B (MBP) > g SN 1 5% i 96 FLIMFLIRZE Ot
B E LTS B-Fij i BT i ( B-glucosidase, BG) | #= & MR A K ( Leucine aminopeptidase, LAP)  B-N-Z.Tit
FFEA M ( B-N-Acetyl-glucosaminidase, NAG) H& R ( Alkaline phosphatase, AKP) ,
1.3 Hfnib

i#iH5 DOC:DON . DOC:DOP .DON:DOP 5 MBC:MBN MBC:MBP MBN:MBP ) H Al , A DAHH E i Ak
YR 5 el RS IR Z ) g fe e i b R, BT AT .

DOC:DON

= 1
MBC:MBN (D

C : Nimba]ance
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DOC:DOP
C :Pimbalanue = m < 2)
DON:DOP
N :Pimba]ance = m ( 3 )
N T ZET B A A IRBR SO TR T AN I S R ARRAE Y . R EHRFIE AT A
2 2
VL=SQRTK BG j +( Be ] } (4)
BG+AKP BG+LAP+NAG
VA =DEGREES l:ATANZ( Be s Be j :| (5)
BG+AKP BG+LAP+NAG

AV FF NSNS K 8 | 0% B PR SE BRI B VI (ECHKC B SRR ) T RO
VA(®) RSN HES Bt A0 1, F7R B D RE ST MBI VA T 45° 30 BUL WO SE B VA
ANT 45T LB R

WA ACE T AT

(6)

S . XS . 0.5
CUE=CUEWX[ en wer }

(Sen*+K,) X (S¢p*K,)
1 By
CX:EEA(,‘XXE (7)
X, CUE,, 2 B HI 2 RAAE A KRACE EIR IR(E 0.6, K 2B FRE R 0.5, Spyrt—1
b, A WIS PR o3 BCAE 22 R FE BRI 1 n] F B8 50T 3R 2 05 TR W A ) e A L ) Y 22 5
EEA,, %7~ BG: (LAP+NAG) 5% BG:AKP, B, %7~ MBC:MBN 1 MBC:MBP, L, %7~ SOC:TN &% SOC: TP,
R R SRR AT .

S

_ Sxc
XUE=XUE,, (8)

(9)

A H, XUE %/~ NUE 2 PUE, XUE ,, =1.0 #RZ B A=A R AMAY R BRI HBCR LR, K, =0.5 B2
WA ZRE, EEA, /R (LAP+NAG):BG 5 AKP:BG, B, %/~ MBN:MBC 5 MBP:MBC, L, %/~ TN:SOC 5§
TP:SOC,
1.4 Bdlasrar

BN T 2200 (ANOVA) FIF 0 b - HEBR A M Bt B P O e e ik S o 28 R FH AR AR AN ] 27 1) 22 5
Y4B 5, BR AR 55 ( Wilcoxon Signed Rank Test) FH 70 AT AR P AN AE MR Br 22 S 14 8 5 Pk o SR W e /> —3fe %
1EHEFY (Partial least squares Structural equation modeling , PLS-PM ) M AL 210 % i ff B 0 — A0 BH A 2= sh 25
XICR A HRCR R, LA EAr i 2 K2 R studio (R studio for Windows, version 4.2.1) .

2 RO

2.1 ARPRFNAEMS bR - S35 Py B A 5 R e e (R 2 B S

W& HEIRK =AY MRPR 3 SOC . DOP Bk 38 1 e T J5 MR AU A 34, TN MBN &5 2 i 5 [ A%
(P<0.05) ; AEHR PR 145 SOC %5540 & B e Th i Ja FEAIK, I DON \MBC P45 T, MBP U i 2 R B (P<
0.05) , MRPREIEMRER £ 5857 4031 i FL 7R AS [ 237 R B AR ) A9 A8 fb ka3, Hodp SON: TP SBT3 5 T %,
DON:DOP MBC:MBNSGRAR 5 T . 21 A8 fhoot 4 9 R Ab e o R0 il A e BA (35 52 0, ELAE AR B AR AR
PR By AR A R AT BT 22 5 (P<0.05,%% 1)
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Table 1 Soil physiochemical properties and microbial biomass

280 HRREA T ES R
Parameter Sampling location Spring Summer Autumn
T LR B 9.66+0.71Bb 16.05+0.63Aa 3.13£0.16Ac
SOC/ (g/kg) AEARPR 5.31+0.59Ab 17.25+0.89Ba 3.27+0.18Ac
R e B 1.12+0.08Ba 0.74+0.07Bb 0.44+0.01Ac
TN/ (g&/kg) RN 0.73+0.08Aa 0.7£0.08Aa 0.45+0.02Ab
R HLBR 0.85+0.07Ba 0.6+0.01Ab 0.68+0.05Ab
TP/ (g/kg) AEARPR 0.34+0.03Ab 0.6+0.01Aab 0.86+0.18Aa
TR AL HLBR 8.77+0.6Bb 23.37+1.75Aa 7.05+0.14Ab
SOC:TN e PR 7.22+0.24Ab 27.06+1.87Ba 7.22+0.16Bb
W27 HEBR 11.64+0.81Ab 26.64+1.11Aa 4.92+0.44Ac
SON:TP JEMRBR 16.4x1.9Bb 28.86+1.52Ba 6.79+1.89Ac¢
THERBELL B 1.39£0.14Aa 1.23+0.13Aa 0.7£0.06Ab
TN:TP e bR 2.28+0.28Ba 1.17£0.14Ab 0.92+0.24Ab
AT PR BLAR HBR 450.97+38.79Ba 390.64+16.05Aa 300.89+13.47Ab
DOC/(mg/kg) AEARER 336.8+29.41Ab 397.34+4.58Ba 296.98+16.85Ab
AT TEA HLA HEBR 37.64+3.62Ba 27.14+1.55Bb 20.75+0.4Bb
DON/ ( mg/kg) AEARPR 20.29+1.33Aa 14.58+0.26Ab 19.23+0.67Aa
A PEA LR HEBR 1.53+0.1Bb 4.2+0.26Ba 1.26+0.1Bb
DOP/ (mg/kg) FEHR R 0.59+0.04Ab 3.39+0.26Aa 0.85+0.07Ab
AT PERR A L PR 12.46+0.72Ab 15.01+1.12Aa 14.55+0.68 Aab
DOC:DON JEHLBR 16.43+0.5Bb 27.36+0.58Ba 15.75+1.11Bb
AT PERR B L HRBR 303.89+28.65Aa 96.78+6.75Ab 260.13+25.39Aa
DOC:DOP FEHLBR 560.54+18.27Ba 123.4+7.39Bc 359.77+17.12Bb
AR L PR 24.63+1.84Aa 6.49+0.15Bc¢ 17.77+1.58Ab
DON:DOP E=i7 34.18+0.77Ba 4.55+0.32Ac 24.23+2.24Bb
AE YRR (MBC) HEBR 288.86+39.66Ba 163.05+11.88Bb 136.27+8.91Bb
/(mg/kg) EARBR 171.53+28.81Aa 89.96+8.32Ab 111.69+4.46Ab
DGR7=¢ HRBR 13.71+0.48Ba 9.66+0.35Ab 6.67+0.66Bc
MBN/ ( mg/kg) AEARPR 8.64+0.87Aa 9.57+0.35Aa 5.12+0.7Ab
DGR HRBR 11.92+0.74Ba 5.2+0.34Ab 5.35+0.51Bb
MBP/ ( mg/kg) AR PR 8.04+0.68Aa 5.87+0.18Bb 4.4+0.4Ac
DGR Z HRBR 21.46+3.04Aa 16.89+1.12Ba 24.47+4.34Aa
MBC:MBN AEARER 18.85+1.22Ab 9.78+1.22Ac 28.46+4.85Aa
A= W o e HRBR 24.75+3.2Ba 32.85+3.06Ba 31.31£5.8Aa
MBC:MBP AEARER 20.13+1.57Ab 15.37+1.39Ab 27.99+2.89Aa
A AL HRBR 1.23+0.12Bb 1.95+0.15Ba 1.26+0.06Bb
MBN:MBP AEARER 1.06+0.02Ab 1.64+0.06Aa 1.11£0.07Ab

SOC; HHEAHLBR Soil organic carbon; TN; 5 % Total nitrogen; TP: 3 S B Total phosphorus; DOC: ] ¥4 HLBK Dissolved organic
Carbon; DON: RI¥%PEA ML Dissolved organic Nitrogen; DOP: RIS 145 ML Dissolved organic Phosphorus; MBC: {4 ¥k Microbial biomass
carbon; MBN: f#ZE¥J i & Microbial biomass nitrogen; MBP: f#4: ¥/ 5 Microbial biomass phosphorous ; AN [f] K5 - EE R /R A [F] A 1 (AR BR el AR AR
B ) EAH [ 25 1) () 22 57 .35 (P<0.05) ANl NG s AR TR] A 358 N AS [l 22795 22 8] 22 57 1% (P<0.05)

2.2 ARBRAEAEMLBR 4 S A B M S A 2E TR R A R A

WE BN =AY, B A G LT LA AN R 22700 i AR Ak ka5 BT AR R (P<0.05, % 2) . BG,
LAP+NAG [l VA FEAR BR AR AR B v R B0 e T i Ja B 0y A2 A ka3 T AKP TG VEJE TR B, HRBs 0
L A7 P A 1 B e THEAR R 4 (P<0.05) o BG: (LAP+NAG) 7EAR bR FIEAR B 443 476 B Z i AIX
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1M BG.AKP FI(LAP+NAG) : AKP 7E B & Em TH hZE,

®2 TiEmSMNEEEMERITEL

Table 2 Soil extracellular enzyme activity and metabolic quotient

ZH R T " &=
Parameter Sampling location Spring Summer Autumn
B-HIA WY G (BG) / R 936.8+66.43Ba 1000.43+61.61Ba 454.87+50.73Ab
(nmol g7 h™") JEARBR 750.91+94.92Aab 939.37+80.53Aa 537.98+60.33Bb
Se R PR E K (LAP) / MR 28.9+8.59Ba 40.61+2.24Aa 41.93+4.72Ba
(nmol g7 h™") AEAR B 26.93+2.43Ac 48.37+2.56Ba 33.57+1.51Ab
B-N- LA I A (NAG) / HR B 313.57+14.91Bb 525.03£65.07Ba 128.25+7.56Ac
(nmol g7 h™") AEAR B 180.72+8.89Ab 317.24+8.99Aa 156.3+15.49Bb
LAP+NAG/ (nmol g™ h™") el 342.47+21.3Bb 565.64+64.52Ba 170.18+8.73Ac
R FR 207.65+8.26Ab 365.61+9.73Aa 189.87+15.22Bb
T EBE R (AKP) / PR 871.29+52.54Ba 127.13£25.07Ac 601.54+42.56Bb
(nmol g™ h™!) AERBR 475.68+43.4Aa 128.04+12.99Bb 429.63+22.53Aa
BG/(LAP+NAG) R 2.85+0.27Aa 1.99£0.24Ab 2.75+0.31Aab
JEAR PR 3.59+0.4Ba 2.58+0.22Bb 2.83+0.18Aab
BG/AKP PR 1.16+0.13Ab 13.43+3.36Ba 0.77+0.09Ab
JEER 1.67+0.27Bb 7.5+0.29Aa 1.24+0.1Bb
(LAP+NAG)/AKP PR 0.41+0.04Ab 6.64+1.21Ba 0.29+0.01Ab
JEHER 0.48+0.05Bb 3.16+0.3Aa 0.46+0.05Bb
In(BG):In( NAG+LAP ):In (AKP) ity 1.01:0.86:1 1.49:1.36:1 0.97:0.80:1
JEMER 1.07:0.87 :1 1.42:1.23:1 1.03:0.86:1

BG: B-Fi &Mt B B-glucosidase; LAP; FE MR IEINEG Leucine arylamidase; NAG : B-N-ZBEEILH %M B-N-Acetyl-glucosaminidase; ACP;
WP Alkaline phosphatase s 8 [F1A T 5 B2 R A 5 A 253 0 2.5 25 P<0.05) RN 25 475 A 2 B 0 S 35422 1
Z5 13 (P<0.05)

2.3 RFRAEER PR I A A A 1 =T 3 25

AT KB, AR PR S AR PR L, CN R A E T LRI RN E TS HEF ST R F
IRBIERRAE(0.91 F13.22) 1 C: P AN P ARAT R BUCREMS M A S RPr 1 C.N Kfife R BE5R
FARTARMRER L8 C. P RAGE =D F 1 4 W R TIPS L3 N P R 7E R Bk K T AR AR b 1 4
(P<0.05, El 1),
2.4 MRPRAARMR PR L S SRR P ok BERFIE ST R A HRCR Y 1 3 25

ARPR S AR PR B (VL) AR R Z 0 R BN > T >0k F , 3R W Rl A W e S ik PR A e
REE(VA)TERFR T 45° , MTEF FKFER T 45°, R LIERUA W 1E B =2 ARG, KEEZ 0 R,
SRR AR PR R B RAE 1 52 ) 2 M AR S ) R (P<0.05, ] 2)

Wk 3 fros ARPRSAER PR R ) CUE = F 454, 1 NUE F1 PUE ££ 2 Z15 2 o RAE R 2 s>,
T HERA Pt AL BRI BRI 22 B I AR (P<0.05) . MRBRH3E CUE @ FAEMR PR32, I NUE
I PUE AR TARMRER L8 . IX R BIAR PRl W07 25 K 2 0T ik o] 1) SR | ARAR BRI AR W 7 B 208 2l [
TE B TTHRE 5
2.5 MRPRAEER R LR Ve R A FIRCR i N R

PLS-PM £ 2R 7 AR BR E A Mon A AR 5 Ok i AR 2 0 35 IE AR 5% (P <0.001, 181 4) AR BR £
BEOUREM AR5 R ARAIE L 228 TOHSE, S R 2 B8 IEASE (P<0.05, 8 4) o Hirp ARFr A6
A=A et R O A S M A L AR e T L B IE A O (P<0.001) |, 175 JT 3R FH AR LR B 4
MEAARSG , FEARARPR L8 h A s i SR A 5 I AP Al T L AT 3R M AR 2 B35 IEAH G (P<0.001) |, Tl 5
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Fig.1 Seasonal dynamics of stoichiometric imbalance in rhizosphere and bulk soil
C:N KA BRAACF R CNpatanee s CP REFBRBEACF TR CoP e s NP R BB ISR NPy e s RANARIFE
BETEA R T ] 22 57, o « TR P<0.05, # = IR P<0.01, % % % FIR P<0.001; ns F/RA W, P>0.05; A [ /ING FAE R AH W] A 355
PR TR 2515 22 ] 22 57 18 3 ( P<0.05)

A TR FE AN S SRR IE S A DG (P>0.05)
3 it

3.1 B AR EURPRAIARAR PR - TR BR ] 14 215 Bl A 22 5 S HE i A 3%

AW K B, AR BR AN AR AR B e oA 1 1 2 52 B0 ik 20 PR A e 5t | 7 Bk 2 52 B 0 PR A A5k (51 2)
Wang 55 (RTINS IR T LS W R, i T BRI 3 A AR B A 1 D R T R AR A AR
KEETHEE C A5 A T RE 20 b T ORI SO T35 BRODR 25 A A= WO | 3 S8 Bl A W 2 4 s o i okt
HE C i B T C BRI R AW R E 2 B AR, X 5 Sistla 52 AEXSAUAR 13RS
GOR—E, — T EFBORIY CoN KRB N AT C ol PEEUR , B = 4E R0 & 1 I AIE IR T 19 C
BRI SZ BIBRW , B AR P R U T — PG IR OR3P SRS, 0 e P BB A B A i A i 6 2, S BB E 3R
PR BEoe s R S E T LA L, R Bk A RCE YR CoP R NP LR I TR
et g, (AR K2 2 PR, el i b 4 2R 14 J DR T AR B e O e 2 T R

http ; //www.ecologica.cn



15 4 Brits A5 b s R AR RIS T R R AR M OC R A IRCR I R 25 5 6591
LI F o fipi & dEALER
o o H oK
1.0 .
~ . 2.
5 ek
< ° S A
+ 09t s P
O 3
<
Z
+
O 0.8
a
3
m
0.7
A gKE
g3
0.6 -"|‘ 1 1 1 1 1
0.6 0.7 0.8 0.9 1.0 1.1
In(BG)/In(BG + AKP)
0 e [ e
1.5 80 -
. 60
=] o
S 0} 5
2 2
g =
3] 3
< § 40
o -
ﬂuj 0.5 ;ﬁ
® 20
0.0 0

ZxAY Season

B2 RERFERETEMENFTSRBHOEDHS
Fig.2 The seasonal dynamics of soil microbic nutrient limitation in rhizosphere and bulk soil
VL. RIEKJE Vector length; VA REFE Vector angle; * F/n AN A BE A R 2245 [ 19 25 5, b+ RIR P<0.05, * = R P<0.01,
# % % FRP<0.001; ns F/RALE, P>0.05 ;A 6] /NG FRE R AR R A 5 AN [6) 22745 22 1] 24 573 1 3 (P<0.05)

AR R4 22 M 1w 0% BRSO B R MR TR PR S
ZYTENT PRI, 7 BULMRA) BG: AKP HI(NAG+LAP): AKP | AHFSEIE & 85 JE AR B 1 A
PE AR PR S A W 32 B W R, 558 sk R (11 2) o 7 e Dl S R AR W T AR
FNTARBRI A ke +-3985% 53 (89 R FH A2 SRR 2256 5 (¥ 50, DA IAT AR L3030 43 o mT AT e, SRR
VEh GRHE Y AR T AR GE Y A W B U I AR BR TR U SRBEAET MRS D TR IR 1 -39
AW BRI , ELAR PR R B S5 3 rTRE S th T R BT R B R R S B U A A
AR AR WIS 22 1 2 AL BRG] B Wi AR, B Kang 4511 A AR PR 36 2E 4 S5 AR B 4 A L
32 3 45555 (A i FIR 1), 3 PSCI Aoh 4t 2R 14 D DR AT R AR B 915 B A R R 2 AR, AR s - Sl 5 B T
FEAR PR 14

PLS W54 R, BEIR PR 22 A 52 SIS SR A0 MR P 0 i 5 50 m (181 4) o T e BRAR O
FEFRM,C N FI PRI 1B AT PR ST 101210 ol W 1 v A AR ) 2 b R i 14 43 98 EL 9K

http ; //www.ecologica.cn



&t
H

6592 H Eire 44 %

0.8 1.5

0.6 ns
*%

—
(=]
®

ns

0.4

=}
W
——
\-‘ -
——
\<—c

Nitrogen use efficiency

BRI R CUE
Carbon utilization efficiency
—
o
X—c o
E M IR NUE

0.2

1.5 Z=45 Season

1wk
b A 2517

b / Hk

05t 1 c

R FAZCE PUE
Phosphorus use efficiency

—

E= " %
ZxH% Season

B3 REEFMIERELEMEYVTEANARRNENHE
Fig.3 The seasonal dynamics of soil microbic element utilization efficiency in rhizosphere and bulk soil
CUE ;B F 1% Carbon utilization efficiency ; NUE ; ZF 4% % Nitrogen use efficiency ; PUE ; B F| %% Phosphorus use efficiency; * 2&/R Al
AR A )22 53 o« R P<0.05, % # FR P<0.01, * = = FIR P<0.001; ns FRALE,P>0.05; R[/ING T8 Fom A £
BRI Z Y Z 028 53 2.3 (P<0.05)

[, 3 AT REEHE TS R 21 B R IR BR ) 2 AR ST R B + 3 AE AR R 2235 1% In (BG):In (NAG+LAP):
In (AKP) 43314 1.01:0.86:1,1.49:1.36:1 1 0.97:0.80: 1, AEAR PR+ HEAE AR [R 2245 _EAY H(E 4> 314 1.07:0.87:1
1.42:1.23:1,1.03:0.86:1, R FH =11 C N SREEGZE T C N WG, W& k= C P 2 BIBRHI B, %5 N 3k
Ut R R GORE08b , X RS B2 e B AN USRS T A O o 1 A DG R A TR AR i T AR A
(FRECRE F7 , IR e R BRI BRI, 39 bl A 0 3 o 80 8 Sk S [) 52 IR 7 g %) 438 96 0 338 1oy 35, LAk
R A A B IR R
3.2 b AR BR 5 ARAR BRI AE YT 2R ISR 0 T S A AR Ak KR i R 3R

AHFFE R B, B A o SRR ARAR B 5 AR B b S A W e R FH 808 A B e e (IR, Bk e i i, A 2R
0.33( & 3) ,Ab T 2ERFRM L4 CUE(0.41) L T L %45 RS Tang AT 7E N TARMBFSE
SER—FG R TR W U IR AL, NI 38 CUE, I6Ah, CUE A2 15 S A RHIE AT fig 5 5743
A0 ORI 2R b AR 4 A ROIR AN ], 2 25 3 B T i R A R 8 o 2 S Bl 0 P A 3 5 3k
P OLT S e 4 b A AL 5 ) B 2 e, AT 38 m 1 3 R e AR H RO A

http ; //www.ecologica.cn



15 4

U

Faih  AF B b R RRAR A T BRI AR A W o0 2R AR A 2 2 6593

ks GOF =0.633 AEAR PR GOF =0.796

Pt e
R*=0.887

R4 b HEAhEE 5
R2=0376 / R2=0.822
/§’ \ -0.716* /
N \Q‘J\ Y ©

Ve
NG A
R>=0.531

B4 REFMIERFEFTHENTEANAYLEH MO RR/N FRBEEEES
Fig.4 Partial least-squares path modelling analysis of seasonal dynamics in rhizosphere and bulk environments on element utilization

efficiency
TIHER R KB BT 22, 5 3k L BT 30R B R FR B0 40 CURIE (75 Sk 0 ol Q3R T 3 IEAH DGR 38 A 06 (P<0.05) 5 B (4 4R 7 3k R
TRFZHIICR (P > 0.05) , Hi kW FEER/R RIS, b * P<0.05, * * P<0.01, * % * P<0.001

VEFH RS i A 20 B8 22 i o PR Ak D AR o, DTt/ 1 - 438 v T (ARl Wy R TR B R . TR, B )
TEAT PRI IR T JEAT A KRS 3l , AT 2049 CUE BEAI% . BEE K=V D 0, S BL ik W i
AR IR T X R R ) CUE 380> ARYE Zhang 55 47 19 2 BRECIUBEIE R |, F2 4000 2
T2 CUE 23T R SRMIA Xiong % N ZEARIER M X B 2 + 3 CUE K TA 2, 178 & i b X
DNIRH 2, B 235 v 110 Sl R R B A ol W i SR AR Bt T R AR BR AR | T A A i A KRG8 W R 0k
WA DOC & B ; (A= W7 g 5 4 DX RT AR UM S DX BE 22 19 C A Dy AR 75 SRR LG
H DOC J24& Z= 5 il A I RE I 1 E 2N 1, AR SR K AR PR 3804 ) CUE R T HEMR PR+ 48 5HBR
FAHE AEMRBR £ A TR CN( R 1) 35 Ly S BB T 45 A W], 4R 3R 200 00 AR i K VR 4 Rl 0 e
WG T AR IR . SOREE S ZE TR ST b 2 AR BRIF K F AR AR BRIF I, 15 525 5 i J5 A
SEMRPR IR LT e, N BRI S D B 5 AR 0 o 22 b R I LB R A T A R AR 8, S B0k 5 A= ) £
-0 B 22 1y s , AT/ A CUES

AWFFE PLS-PM 43 W45 SRR AEARPR 3 CUE 22795 2l 2852 31 - 354k 2 1+ 5 SR A A G 2k W e v e R PR
A2, AR BR 3 CUE 2795 2h 25 22 30 B PR BRI 052 m (161 4) o W 5050 FEE By SRR 5T 29 C
N AP SHAEY) CUE 5582 TR G, A W 23 id i 5 T 2R A0 e 7 AR AL At P TR A5 TE 5 1Y
ABRTE AT AR CoN RAT R IR b EUBR I, - S T DARRAR A LR CUE SRR 4 6 3% 2k
M AR 2 BRI 3R YT B 2 R R A L, 5 B AR I 0, FL B A
BT ARG RZERR 2L A T S BRI N, i ik F F2E K B CUE SRR 5 He 551 7R S BRARAK -4
53 M & B, BG: (LAP+NAG) X TG4 Y) CUE 724 TGRS W, 2 5 N BRE 0400,
Yok st o3 R R HEA T AR AN 3, S BCE D i B 5% AL U E A i, 2 R DL CO, I R
AR, T AR 8 CUR > | Ramp 1B 15 ( Rhizo-Accelerated Mineralisation and Priming) i\ A 7E CO, T+
IS E T AR R R A ML A0, S A R BRI e T A R R R U E R R C R
TN RN S80 CUE FRAIK, I EL23ARYE C 870 s g b g e BR ) st i =X U RR B U8 4 11, K< Co,
T e B S B L 0 2 S B8O s 9 SUR FH AR, 60 3 e SN TR e 11 BRME S R

http ; //www.ecologica.cn



6594 JAE = 44 %

A7 AE IR, 2O 2 4 NP Fh, SO R S i B AR A 7 A R BRI R 8 CUER
4 #ig

P A R SR R R 4 22 57 R W B A AN [R) 242 SIS () ) 9 D PR o, 52 25 e g i AT 17
T WA | I e 53 i S5 BRI 18 588, R R ZRAE € P R N =PI A0 Ak 25 -k G A ot 75 Wi B ol )
EEYICRAHRCRAEA R 210 ) 22 5 .3, b T = 2R R o , 5 e 3R DO r K0, M AR 1 398 65k
W) CUE,, AR PR I TE AR B Z 0T B ] 2 14 SRR , AR AR B G W 7 S 20 R0 B T A0 Dk . AR
P - HETTZ R TR 24 sl A 32 3 Al i SR A RV A e v 9 DR PR 2 i), T AR B ST 3 M T A%
REN B T Z BN GEIRR B AR

S % 3L HK ( References)

[ 1] Manzoni S, Taylor P, Richter A, Porporato A, Agren G I. Environmental and stoichiometric controls on microbial carbon-use efficiency in soils.
New Phytologist, 2012, 196(1) : 79-91.

[ 2] Kallenbach C M, Frey S D, Grandy A S. Direct evidence for microbial-derived soil organic matter formation and its ecophysiological controls. Nature
Communications, 2016, 7. 13630.

[ 3] TaoF, Huang Y Y, Hungate B A, Manzoni S, Frey S D, Schmidt M W I, Reichstein M, Carvalhais N, Ciais P, Jiang L ¥, Lehmann J, Wang Y
P, Houlton B Z, Ahrens B, Mishra U, Hugelius G, Hocking T D, Lu X J, Shi Z, Viatkin K, Vargas R, Yigini Y, Omuto C, Malik A A, Peralta
G, Cuevas-Corona R, Di Paolo L E, Luotto I, Liao C J, Liang Y S, Saynes V S, Huang X M, Luo Y Q. Microbial carbon use efficiency promotes
global soil carbon storage. Nature, 2023, 618 981-985.

[ 4] Allison S D, Wallenstein M D, Bradford M A. Soil-carbon response to warming dependent on microbial physiology. Nature Geoscience, 2010, 3
(5): 336-340.

[5] LiJW, JianSY, de Koff J P, Lane C S, Wang G S, Mayes M A, Hui D F. Differential effects of warming and nitrogen fertilization on soil
respiration and microbial dynamics in switchgrass croplands. GCB Bioenergy, 2018, 10(8) : 565-576.

[ 6] Schimel J, Weintraub M N, Moorhead D. Estimating microbial carbon use efficiency in soil: Isotope-based and enzyme-based methods measure
fundamentally different aspects of microbial resource use. Soil Biology and Biochemistry, 2022, 169 108677.

[ 7] Steinweg J] M, Plante A F, Conant R T, Paul E A, Tanaka D L. Patterns of substrate utilization during long-term incubations at different
temperatures. Soil Biology and Biochemistry, 2008, 40(11) . 2722-2728.

[ 8] RJTEE, M2, 0K, 258, BT B SRR WD RS BRI T JiE . Ll M~ 412, 2023 ,41(01) :1-18.

[9] Xiong XL, Lyu MK, Deng C, Li X J, Lu Y M, Lin W S, Jiang Y M, Xie J S. Carbon and nitrogen availability drives seasonal variation in soil
microbial communities along an elevation gradient. Forests, 2022, 13(10) . 1657.

[10] Nottingham A T, Whitaker J, Ostle N J, Bardgett R D, McNamara N P, Fierer N, Salinas N, Ccahuana A J Q, Turner B L, Meir P. Microbial
responses to warming enhance soil carbon loss following translocation across a tropical forest elevation gradient. Ecology Letters, 2019, 22(11) .
1889-1899.

[11] Zhang S S, Zheng Q, Noll L, Hu Y T, Wanek W. Environmental effects on soil microbial nitrogen use efficiency are controlled by allocation of
organic nitrogen to microbial growth and regulate gross N mineralization. Soil Biology & Biochemistry, 2019, 135. 304-315.

[12] Mooshammer M, Hofhansl F, Frank A H, Wanek W, Himmerle I, Leitner S, Schnecker J, Wild B, Watzka M, Keiblinger K M, Zechmeister-
Boltenstern S, Richter A. Decoupling of microbial carbon, nitrogen, and phosphorus cycling in response to extreme temperature events. Science
Advances, 2017, 3(5): e1602781.

[13] Mooshammer M, Wanek W, Hammerle I, Fuchslueger L., Hofhansl F, Knoltsch A, Schnecker J, Takriti M, Watzka M, Wild B, Keiblinger K M,
Zechmeister-Boltenstern S, Richter A. Adjustment of microbial nitrogen use efficiency to carbon: nitrogen imbalances regulates soil nitrogen cycling.
Nature Communications, 2014, 5. 3694.

[14] HeP, Zhang Y T, Shen Q R, Ling N, Nan Z B. Microbial carbon use efficiency in different ecosystems: a meta-analysis based on a biogeochemical
equilibrium model. Global Change Biology, 2023, 29(17) . 4758-4774.

[15] Cui Y X, Wang X, Zhang X C, Ju W L, Duan C J, Guo X B, Wang Y Q, Fang L C. Soil moisture mediates microbial carbon and phosphorus
metabolism during vegetation succession in a semiarid region. Soil Biology \& Biochemistry, 2020, 147 107814.

[16] Kang H B, Xue Y, Yan C L, Lu S, Yang H, Zhu J Q, Fu Z J, Wang D X. Contrasting patterns of microbial nutrient limitations between

rhizosphere and bulk soil during stump sprout restoration in a clear-cut oak forest. Forest Ecology and Management, 2022, 515. 120241.

http ; //www.ecologica.cn



15 1 Beirds AR LA RURIBAR A 2 R AR AN R AE M T R AR 1 22 57 6595

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Finzi A C, Abramoff R Z, Spiller K S, Brzostek E R, Darby B A, Kramer M A, Phillips R P. Rhizosphere processes are quantitatively important
components of terrestrial carbon and nutrient cycles. Global Change Biology, 2015, 21(5) : 2082-2094.

Macia-Vicente ] G, Nam B, Thines M. Root filtering, rather than host identity or age, determines the composition of root-associated fungi and
oomycetes in three naturally co-occurring Brassicaceae. Soil Biology and Biochemistry, 2020, 146 107806.

Lv C H, Wang C K, Cai A D, Zhou Z H. Global magnitude of rhizosphere effects on soil microbial communities and carbon cycling in natural
terrestrial ecosystems. The Science of the Total Environment, 2023, 856(Pt 1) . 158961.

Lucas J] M, McBride S G, Strickland M S. Trophic level mediates soil microbial community composition and function. Soil Biology and
Biochemistry, 2020, 143. 107756.

LiuJ L, Yang Z L, Dang P, Zhu H L, Gao Y, Ha V N, Zhao Z. Response of soil microbial community dynamics to Robinia pseudoacacia L.
afforestation in the Loess Plateau: a chronosequence approach. Plant and Soil, 2018, 423(1) . 327-338.

Jiao J Y, Zhang Z G, Bai W ], Jia Y F, Wang N. Assessing the ecological success of restoration by afforestation on the Chinese Loess Plateau.
Restoration Ecology, 2012, 20(2) ; 240-249.

Jones D, Willett V. Experimental evaluation of methods to quantify dissolved organic nitrogen (DON) and dissolved organic carbon ( DOC) in soil.
Soil Biology and Biochemistry, 2006, 38(5) : 991-999.

Brookes P C, Landman A, Pruden G, Jenkinson D S. Chloroform fumigation and the release of soil nitrogen: a rapid direct extraction method to
measure microbial biomass nitrogen in soil. Soil Biology and Biochemistry, 1985, 17(6) ; 837-842.

Brookes P C, Powlson D S, Jenkinson D S. Measurement of microbial biomass phosphorus in soil. Soil Biology and Biochemistry, 1982, 14(4) .
319-329.

Vance E D, Brookes P C, Jenkinson D S. An extraction method for measuring soil microbial biomass C. Soil Biology and Biochemistry, 1987, 19
(6): 703-707.

Saiya-Cork K R, Sinsabaugh R L, Zak D R. The effects of long term nitrogen deposition on extracellular enzyme activity in an Acer saccharum forest
soil. Soil Biology and Biochemistry, 2002, 34(9) . 1309-1315.

Moorhead D L, Sinsabaugh R L, Hill B H, Weintraub M N. Vector analysis of ecoenzyme activities reveal constraints on coupled C, N and P
dynamics. Soil Biology and Biochemistry, 2016, 93, 1-7.

Sinsabaugh R L, Turner B L, Talbot ] M, Waring B G, Powers J S, Kuske C R, Moorhead D L, Follstad Shah J J. Stoichiometry of microbial
carbon use efficiency in soils. Ecological Monographs, 2016, 86(2) . 172-189.

Wang, J., Zhou, M., Hu, H., Kuai, J., Wang, X., & Chu, L. Effects of soil warming on soil microbial metabolism limitation in a Quercus
acutissima Forest in North Subtropical China. Forests, 2023, 14(1), 19.

Sun T T, Wang Y G, Guo Y F, Jing X, Feng W T. Contrasting elevational patterns of microbial carbon and nutrient limitation in soil from alpine
meadow to desert. Catena, 2023, 223; 106901.

Sistla S A, Asao S, Schimel J P. Detecting microbial N-limitation in tussock tundra soil ; implications for Arctic soil organic carbon cycling. Soil
Biology and Biochemistry, 2012, 55 78-84.

Phillips R P, Meier I C, Bernhardt E S, Grandy A S, Wickings K, Finzi A C. Roots and fungi accelerate carbon and nitrogen cycling in forests
exposed to elevated CO2. Ecology Letters, 2012, 15(9) . 1042-1049.

Ordofiez J C, Van Bodegom P M, Witte ] P M, Wright I J, Reich P B, Aerts R. A global study of relationships between leaf traits, climate and soil
measures of nutrient fertility. Global Ecology and Biogeography, 2009, 18(2) : 137-149.

Wright I J, Reich P B, Cornelissen ] H C, Falster D S, Garnier E, Hikosaka K, Lamont B B, Lee W, Oleksyn J, Osada N, Poorter H, Villar R,
Warton D I, Westoby M. Assessing the generality of global leaf trait relationships. New Phytologist, 2005, 166(2) ;. 485-496.

Liu Z P, Shao M A, Wang Y Q. Spatial patterns of soil total nitrogen and soil total phosphorus across the entire Loess Plateau region of China.
Geoderma, 2013, 197/198. 67-78.

Wang Y Q, Zhang X C, Huang C Q. Spatial variability of soil total nitrogen and soil total phosphorus under different land uses in a small watershed
on the Loess Plateau, China. Geoderma, 2009, 150(1/2) : 141-149.

Deng L, Peng C H, Huang C B, Wang K B, Liu Q Y, Liu Y L, Hai X Y, Shangguan Z P. Drivers of soil microbial metabolic limitation changes
along a vegetation restoration gradient on the Loess Plateau, China. Geoderma, 2019, 353, 188-200.

Yokoyama D, Imai N, Kitayama K. Effects of nitrogen and phosphorus fertilization on the activities of four different classes of fine-root and soil
phosphatases in Bornean tropical rain forests. Plant and Soil, 2017, 416(1) : 463-476.

Ai C, Liang G Q, Sun J W, Wang X B, Zhou W. Responses of extracellular enzyme activities and microbial community in both the rhizosphere and
bulk soil to long-term fertilization practices in a fluvo-aquic soil. Geoderma, 2012, 173/174. 330-338.

de A Lira M Jr, Smith D L. Use of a standard TWAIN scanner and software for nodule number determination on different legume species. Soil

http ; //www.ecologica.cn



6596 EoOE O ¢ 44 %

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[54]
[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Biology and Biochemistry, 2000, 32(10) : 1463-1467.

FRIE, TRF L VIR VECR], AR, AR U DURE T PG B L T O PR R AR AR BR SRR 37 o3 BRI AR AE 22 v A A A S AR
2022,46(04) :473-483.

Deng Q, Hui D F, Dennis S, Reddy K C. Responses of terrestrial ecosystem phosphorus cycling to nitrogen addition: a meta-analysis. Global
Ecology and Biogeography, 2017, 26(6) : 713-728.

Sinsabaugh R L, Lauber C L, Weintraub M N, Ahmed B, Allison S D, Crenshaw C, Contosta A R, Cusack D, Frey S, Gallo M E, Gartner T B,
Hobbie S E, Holland K, Keeler B L, Powers J S, Stursova M, Takacs-Vesbach C, Waldrop M P, Wallenstein M D, Zak D R, Zeglin L H.
Stoichiometry of soil enzyme activity at global scale. Ecology Letters, 2008, 11(11): 1252-1264.

Sinsabaugh R L, Hill B H, Follstad Shah J J. Ecoenzymatic stoichiometry of microbial organic nutrient acquisition in soil and sediment. Nature,
2009, 462(7274) : 795-798.

Allison S D, Vitousek P M. Responses of extracellular enzymes to simple and complex nutrient inputs. Soil Biology and Biochemistry, 2005, 37
(5): 937-944.

Wang C Q, Jiao R Z. Adaptive pathways of microorganisms to cope with the shift from P- to N-limitation in subtropical plantations. Frontiers in
Microbiology, 2022, 13 870667.

Zhong ZK, LiW J, Lu X Q, GuY Q, Wu S J, Shen Z Y, Han X H, Yang G H, Ren C J. Adaptive pathways of soil microorganisms to
stoichiometric imbalances regulate microbial respiration following afforestation in the Loess Plateau, China. Soil Biology and Biochemistry, 2020,
151 108048.

Qiao Y, Wang J, Liang G P, Du Z G, Zhou J, Zhu C, Huang K, Zhou X H, Luo Y Q, Yan L M, Xia J Y. Global variation of soil microbial
carbon-use efficiency in relation to growth temperature and substrate supply. Scientific Reports, 2019, 9. 5621.

Tang Y K, Chen Y M, Wen X F, Sun X M, Wu X, Wang H M. Variation of carbon use efficiency over ten years in a subtropical coniferous
plantation in southeast China. Ecological Engineering, 2016, 97 196-206.

HESD XEAE BAIR, B3, BlS, 22U BRI U 0 oA 9 2 A S0 0 sl 25 A8 A B FC R i ] 7 2R 3R AR 4, 2017, 37(06) ¢
1994-2004.

Tt XM, 252 kit X e R R AR IR S 2 A v R B R M R b B R U W B A B A T i R A A R [ T ]
I o 242, 2023 ,45( 08 ) ; 118-128.

Zhang Y J, Huang K, Zhang T, Zhu J T, Di Y P. Soil nutrient availability regulated global carbon use efficiency. Global and Planetary Change,
2019, 173 47-52.

BUBER. MR AL AR L0 AR R0 SRR M 5T AR LAl R 2, 2009.

Spohn M, Chodak M. Microbial respiration per unit biomass increases with carbon-to-nutrient ratios in forest soils. Soil Biology and Biochemistry,
2015, 81 128-133.

WuGP,SuY G, Wang J J, Lin SN, Huang Z Y, Huang G. Elevational patterns of microbial carbon use efficiency in a subtropical mountain
forest. Biology and Fertility of Soils, 2024, 60(1) . 5-15.

Mooshammer M, Wanek W, Zechmeister-Boltenstern S, Richter A. Stoichiometric imbalances between terrestrial decomposer communities and their
resources; mechanisms and implications of microbial adaptations to their resources. Frontiers in Microbiology, 2014, 5. 22.

JAIIE LR , A T8 A W 3 e RS B SR WA 2 4k g o 7 10 3 AL AR A 2541, 2016,40(06) :620-630.

Chen LY, Liu L, Mao C, Qin S Q, Wang J, Liu F T, Blagodatsky S, Yang G B, Zhang Q W, Zhang D Y, Yu J C, Yang Y H. Nitrogen
availability regulates topsoil carbon dynamics after permafrost thaw by altering microbial metabolic efficiency. Nature Communications, 2018,
9: 3951.

Luo Y Q, Su B, Currie W S, Dukes J S, Finzi A, Hartwig U, Hungate B, Mc MURTRIE R E, Oren R, Parton W J, Pataki D E, Shaw M R,
Zak D R, Field C B. Progressive nitrogen limitation of ecosystem responses to rising atmospheric carbon dioxide. BioScience, 2004, 54(8) : 731.
Cui Y X, Bing H J, Moorhead D L, Delgado-Baquerizo M, Ye L P, Yu J L, Zhang S P, Wang X, Peng S S, Guo X, Zhu B, Chen J, Tan W F,
Wang Y Q, Zhang X C, Fang L C. Ecoenzymatic stoichiometry reveals widespread soil phosphorus limitation to microbial metabolism across Chinese
forests. Communications Earth & Environment, 2022, 3. 184.

Yao Q M, Li Z, Song Y, Wright S J, Guo X, Tringe S G, Tfaily M M, Paga-Tolié L, Hazen T C, Turner B L, Mayes M A, Pan C L. Community
proteogenomics reveals the systemic impact of phosphorus availability on microbial functions in tropical soil. Nature Ecology & Evolution, 2018, 2

(3): 499-509.

http ; //www.ecologica.cn



