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Cumulative effects and influencing factors of soil microbial residue carbon in the

restoration of Robinia pseudoacacia plantations
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YANG Gaihe'?, REN Chengjie"*
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2 Shaanxi Engineering Research Center of Circular Agriculture, Yangling 712100, China

Abstract: A systematic understanding of the changes and influencing factors in soil microbial necromass carbon during the
restoration process of artificial forests is crucial for evaluating the soil carbon sink of these forests. This study focuses on
artificial Robinia pseudoacacia forests of varying restoration ages (14 years, 20 years, 30 years, and 45 years) and the
adjacent sloping farmland in the hilly area of the Loess Plateau. Employing biomarker technology, this study clarified the
accumulation of soil microbial necromass carbon and the efficiency of the microbial carbon pump, and unveiled microbial
life history strategies through metagenomic sequencing. The key driving factors of soil microbial necromass carbon

accumulation and microbial carbon pump efficiency were also investigated. The results showed that with the increase in the
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restoration years of Robinia pseudoacacia forests, soil microbial necromass carbon exhibited an increasing trend, while
microbial carbon pump efficiency showed a decreasing trend. This indicates that during the restoration process of Robinia
pseudoacacia forests, the accumulation effect of soil microbial necromass carbon is enhanced, but its contribution to soil
organic carbon shows a decreasing trend. The results of the random forest model showed that, besides soil nutrients and
moisture , soil microbial life history strategies are key driving factors regulating microbial necromass carbon accumulation and
microbial carbon pump efficiency. Specifically, soil microbial carbon pump efficiency was positively correlated with S-
strategy microbes and negatively correlated with A-strategy microbes. Further analysis revealed that damage repair genes and
osmoregulation genes in S-strategy microbes were two important predictors of microbial carbon pump efficiency variation,
while lipid genes and lignin genes were predictors in A-strategy microbes. Overall, this study clarified the trend changes in
soil microbial necromass carbon and microbial carbon pump efficiency during the restoration process of artificial forests and

revealed the key driving factors through soil microbial life history strategies.

Key Words: vegetation restoration; microbial residue carbon; microbial carbon pump efficiency; microbial life history

strategies

F A PR (Soil Organic Carbon, SOC) 2 fifi i A= 25 2R G5 e KB J2E | B8 ok A=k J2E IR 0k i 22 #8)
A KT REFNRAE P K L A4+ 4 5 R e R A A DR T o HL PR AR 3t MR — T A0 e i
FEFBL, A BT & IR 1 bR LA [ 4E 205 G Bk 77, AT HETH 4Bk 68% ) — S ke . H i, Al )
PRI R ISR SR M, T A AR T et BT R U AR (R . FE SOC R RYTE i S R LRI o, + 49
AR R AR BRI R R A Y R A I LR Y 2% —4% (A ILER K
TE I PORIT Y B FEARMAE S R G FRIURIRRT SOC [ BTHkiA 20%—80% ' . A W5t +HEfEY
BRI S5 A LK (SOC ) 1 FUA OC R RAEE MR R (MCP efficacy) ' R, H A MRk 52 sl 6 m]
K 50% LA 1 RN, RTOE TR AR B ot AR o R A AR R R el A B T IR A 7 A
T A I8, A Rt — 2R AT

W LAERIF ST R B0, S MR Atk & B R E DB S SR A b2 B AE S R e Rt
IR AR A R R R A 3 e P A A A 5 s SR W R i el g R Ak
FRCR TR OGS 35 B3 Y TR R A 252 e AR ™ - R IR - M it 52 M (Y -A-S) HE 4R 31 - S il
Ay A T0I - EA 4 A RRT R VR AR B ] A 56 R RIS - ERRAE R S R i,
Y-SR A ) 3 3 R P C B A B RN AR ) 5 T RE T RE A8 B R PR B2 bt v LA ™ i i — R AT LK A
YA R M R MR A ML R AR Y L AL Z R TE R 2 R BT T, AR U E o B 25 A
B¢ SRS 0 i 04 A 7 8 0 (R AR DI AR ™ S A, BRI T G W R AR B O BRI B A
A ) (TR EGER ) A o A, S-SRME AW AE 0y DU [ T e AP 9 500 BRI A 7 a9 US| 388 5 LBt
WORE T, 130 SN 1 VR A A PR Rl 2 AT HLAR (SOC) AR A>T IR TR AR ST IR AN 52 R i
A=W BT SR R A [ A 37 S0 SR S R R AR B AR R 2 TR &2 2% C R X T RRAR AR R R I REIK . i 2 5
LA A R A S S g B B L,

o e X A S R G R AR A SRR A RS XY L [ 1999 AR RIK T E AR I K ST TR
B MR FEBOR 32 X I BT 25° AR FH A% R bR b ol 18 37 b, A B ks o+ e e X AR SR 2
HY T2 DR B T 5 K i e 7 H PRI 1€ RE 753 AT F00m e I e 1) SR A LA S I e v ) 2
A7 07 A IR LR s R A S, AR R A AR B R Oy SO AR R )
BRARTIR 75 A R AR S CH RO S AL i AN, PRI, AT 5 308 IR e g 1) A% DA [ R 52 4 FR A N
TR BT G, IS8T A3 Rt Ry Xof B 38 820 00 AN ) R S A R I AR P - S a3 e 1 et 3Lk
JT RN A 1 S SR | A T P R A B R AR W A ORI R A R 3 S BB PR R LA 8 4 g i X
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A A B BRI ] 2 R R SR AR
1 AR EHARTE

1.1 BT XA

ARHIF G T [ o e D 22 2E X T B i B (b 46 36°51'—36°53" ; A48 109°19'—109°22 ; 133k 1061—
1371 m) , DRI TR RS AR 8.8 C, - PR /K & 505 mm, FFETCFEHIZ) 160 d
DX I A A (8 8 e e VA AR X SRR, A DL B SUR B R A A - F K R R,
PriRphae ) 22 R A IR . IR Z KGRI AE R RS, A 1970 4F LK, R EIFE# 4 M RSt R
HHAMK TR |t FHIHE ( Robinia pseudoacacia) A=A B 38 W 5k HTF 68 J1 =5 B, VB Ry 36 2L A A o g
TR
1.2 LIRSS IR

EHCHE + Fr i 74 BIX ) T LV S E R 5T X, 45 4 Sciik > 5 1) 2 ok B, T 2019 4F 7—8 A,
A3 AEERE 14 a( H 2005 4ERHF) 20 a( H 1999 4FiR#E) 30 a( [ 1989 4FiR#F) F145 a( H 1974 B HF) pu4
AR AE BRI A A T X 5, N TAREETF & o A R A b A7 ) £ B B, A A5 92 0 B KL O LA
SR Hb A 6T B 3 PSR TR B R R, TOREAE N TR A R M E R, o i s 3 AN E R,
15 ANFEHL, FERASFEHIBEDLE B 3 4> 20 mx30 m WY EE S AE 5, S04 TR 1 S R e AR A A SR B i
PRIRE M SRR A BN TR A1, B AL A R B 28 7 7 M 45 | 3B SRR, IR T R R g2 AE S+
M0 % ( Patrinia heterophylla ) | i Jit 5 K ( Poa sphondylodes ) . ¥ & 3% ( Salsola collina ) | %= ¥ ( Carex
tristachya) &

FEHEBR M A A Z AT T4 5, MBS AE B B 2 £ (0—10 em) HHREHLIRAT 10 4>« S” B 540
(5.0 emNR) , B HIEHEGIR G E GFEN . R LIS 45 D (4 MEIR A X3 M EHEEMX3 MEE
FEHL+3 DNAH X3 ANEE ) XN AR R 6 = AN AR 0T ISR Fom Ry . AR 2 mm B
It LBRAE YRR ZEFIAAEE o BoRE N R 5 — 362 T 4 C T T R8st b7, 57— A2 T
-20 °C 7T DNA $£H¢,

1.3 B3 o A )

TE 105 °C N T £ 0E 2 B 2 38K 50 (SM, % ) 5 i FHBEES i 3 F DL 1:2.5 59 138/ /K B (w/v) il
P13 pH (i ; HHEAS T (BD) 42 R JT 300 5E 5 e Uk 2H 1 52 SR o6k B 43 A A0 2 > - AT HLRs |
SN E SR FAR T 04 MR i sl 0 U, 40 i) SR P o6 TR 0 LAk | K B R - MR AR VS 25 )5 R AA3
TSN AT 5 2 5 ol FH SR 07 BE 25K, SO B U i A - e Ak e > (MBC) . IR E Y A &
DIBENR AR IR & i R AE , R FH S - FP B AP R TR 2% vhBOR AR T S A 35 1 ( Agilent 6890N) #A &S KA R T
ALK ES (FID) ( Agilent Technologies, Palo Alto, CA , & [E) 73#7,

1.4 T HERUE YRR I

S8 Zhang 77 1Y 7 1 9K LA R 4R U, SR I ACHH € 1% 43 ( Agilent 7820, 55 [ ) I 52 2 3 7 %) b
(GluN) FIHEIEERR (MurA ) 2 A T BE SN & i E AR A (FNC) | 4l B8 5 1A ik ( BNC) 1A 1) 3% AR flk
(MNC) FIFHLLF ARG

FNC = (GluN/179.17-2xMurA/251.23) x179.17x9,/1000 (1)

BNC = MurA x45/1000 (2)

MNC =FNC+BNC (3)

AH:179.17 F1251.23 435112 GluN Fil MurA (973 F5 ;2 Fom ML RE IR RN 2 S M FE 4R A b DL 1:2 By JR Th
;9 & GluN B E TR FRARGR 1) 4008 ;45 /& MurA 240 PSR IR 10 FE 35

TEVIRRFE R (MCP efficacy ) Se A WIaR AR ( ELRR AN B ) & it 5 A HLER (SOC) I LL(E . 3Rk
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ik BT R B (NAC) Sy o Wy BBt 5 A 0 A il LA
1.5 DNA FEIC 0P A Ak 2

& FH Fast DNA Spin i3] £ ( MP Biomedicals, Cleveland , 3 [E] ) %t 0.5 g ik + 34 5647 DNA #2550,
43966 11 ( NanoDrop 2000) £ 25 DNA $2 Uy py it X A R HERE S EAT 6 E A2, LA IR AT /2 08 1Y
DNA #4T ARk 22 FE MY . 4R B 4= 4 DNA 38 3 Tllumina TruSeq Nano DNA LT Library Preparation
Kit #4) % 72 FE PR 2H S A8 v 0 15 SCJ2E 4 AR BER /N A 400 bp, A Mlumina Tru Seq Nano DNA LT SCJZ il #5
) & B EAAE A K /IR 500 bp OTRLAE ) DNA Aol 7 KL PR 40 S 4 1 D ) SO
1.6 7 H DRI 2 4 2 R A= 1 o2 SR et

X} raw reads FEATIEE S T 0T O B R Y reads' ™ . 42 8 Cut Adapt (version 1.2.1) 2[R
MRk P91, OF 238 BB (50 bp LUNBUE A bp) o AWFSEMHE ] MEGAHIT #4453 Fr A A Y TR 5 Fr 471
PEATAI%E" 15 84K (14 7% 25 70 [ R M1 Scaffolds BUHEIE . Ry T HR-AFEc KA IE RIS 432, ] BLASTN #3E
TURMYZELE el & 5 NCBI AZ 1 BR A P2 HEAT LU X, M BR 8 THE Y A sl 2 A sh Yy i S va ke & . 100
MetaGene Mark "' Fil MetaEuk " X} T+ 200 bp RO 2L Ta A R AT RS, T IR

Y-SR A MR IR B AL GC & &t R HTHUBEIE (C) AN BENS (G) Lo il L Y-SRmE e >, AR
W S-SRI A Mok 1 KEGG 8RR . FF 0 ik 1) o3 i S PR B S SOl A-SRIE S 9 T S-SR it 2k
PIARICEE N 2% Li AW SCEk ' BIRINTF R 1 IR .

R1 TRBEMERLRBHITIEER

Table 1 Marker genes for different microbial life history strategies

(G LR 3 KEGG
Microbial life history strategies Classify 7
S-SR W T A= Damage repair K17758 ,K03546,K03547 ,K05982
S-strategy Osmoregulation K13693, K01087, K03498, K03549, K01546, K01547
Others stress tolerance traits ~ K08681, K06200, K16137, K02217, K09165, K03449
Cell membrane related K12978, K00570
K08679,K01808 , K00066 , K00045 , K00847 , K07026 , K03332, K01840, K15778,
K00008 ,K02377, K00882, K01711, KO1803, KO1805, K03858 , K01193, KO1835,
A-SR BT Monosaccharides K00845,K01209, K01804 , K00064 , KO1628 , K18334, K02429 , KO7046, K18335,
A-strategy onosacchandes K02081,K07248 , K03436, K27069, K18337, K12661 , K05989, K01820, K03534,
K10562,K03457,K03477,K15532, K16011, K00966, K16881 , KO1809, KO0971,
K01810,K00853,K00012, K08678 ,K01635
) . K12308,K00661 , K00688 , K00690 , K00705, KO1176, K00691 , K16146 , K03292
Disaccharides
K17313,K01838,K02024, K02778 , K05342
K00701,K07485, K00703, K16148, K01223, K05350, K05349 , K19668 , K01222,
Polysaccharides K05341, K01051, KO07405, KO1178, K01210, K02438, K00978, K00616,
K05343,K01236
Hemicellulose K00041,K00065 , K00865, K01730,K01812,K05799,K11529, K 18981
Cellulose K00700,K01187
Aminosugars KO06871,K02082,K01190,K18674
Lipids K13770,K00647 ,K01716
Chitin K01205,K02566, K01222
L K02510,K10216,K02509, K00455 , K00484 , K01821, K01826, K0O0151, K05921,
1gnin

K00446 , K03381 ,K04100, K04101,K01681,K05712, K00179, K00180

Damage repair: VM E 13K ; Osmoregulation ; 3% %5 214 ; Others stress tolerance traits; FiA S ZU5EME JE K ; Cell membrane related ; 4f
LA AR S B s Monosaccharides : BB IHEE ; Disaccharides : SUBHRIHFER ; Polysaccharides: ZAH R FEA ; Hemicellulose: -£F 4 ZARIHILH
Cellulose: £F4EZ M FHEH ; Aminosugars: ZFMEIIIER ; Lipids: ARFTAGIHSERH ; Chitin: JUT FIARIHIEH ; Lignin: A BT ABIEH

1.7 Seitobr
FIFH SPSS 27.0 B AFHEAT BRI 5 22408, FLAAS RIS 8] S A 9 3R A4 ( MNC  FNC . BNC) 75 2 Flfii 4=
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YIBRERCR N 225 . [ R(HUA 4.1.0,R Core Team) H 1Y “randomForest” £ F1“ rfPermute” 43 $447 Bl HL AR AR
AT, A H TR A 0 R A e R A i 3 2% v 2 B T B P DR DA B SR R R AR g sk i A g v
TR ELEMIIGEEEN . KA Origin 2024 43 HisA: Y) SR g S0 5 UE Wi R AR Rk RH C R

2 #R

2.1 FUIRRARYK A o R v - AR R T AR Ak

HH 2 2 WIAS ol W A e i AR - S5 BT e Bt R AR 52 A B AR 184 Jim 22 - T 35 ZE IR 45 a iA B RcR
{8, 78500 0.52 F17.73 mg/g, & = THABKEAFIR . 2 AERIBE 20 a K2 H K (H 0.53 me/g, & & THF
i3, C/N TEHIRE 45 a IR B {d 17.46, 1 3 & THABK A AERR 1M pH | 458 5 7K o i+ e 45 H A AN [
SRR ST AEBR 0] TG 35 25 5, I HLBE AR ARV 52 45 PR3 I, S-5R WA AR X 32 B 2 R e 34 7 Bk +
ek B i KA 24.77% , B3 = THRIRE 45 a; A-SRMSHA WA 32 B W 2 T 3 AR 45 a 35 3R K (E
57.69% , {3 i T HA SRR B2 AF B 3 Y-SR M i A= P AF DG = BE AE AN [R] B B 52 AT B IB) T 35 25 57

x2 TRFEARE FREFEREERFHENL

Table 2 Changes of soil environmental factors in different restoration years of Robinia pseudoacacia forests

¥ MR Forest type

Parameters FL RP14 RP20 RP30 RP45

T 90 Wy % Microbial biomass carbon/(mg/g)  0.06+0.004d 0.10£0.01d 0.27+0.004c 0.37+0.03b 0.52+0.01a
FHEHHLIE Soil organic carbon/ (mg/g) 2.98+0.07d 4.3020.19¢ 4.7420.30¢ 5.84+0.40b 7.73+0.32a
2% Total N/ (mg/g) 0.26+0.04b 0.42+0.09a 0.53+0.09a 0.5120.07a 0.44+0.01a
A Ratio of C/N 11.86+2.18b 10.46=1.62b 9.06+1.43b 11.66+2.06b 17.46%1.72a
FLIR SRR/ A1 B SR AR % FNC/BNC® 1.34+0.05¢ 1.56+0.02b 1.59+0.07b 1.81+0.08a 1.62+0.18b
BRI R I 19.83+3.09a 14.59+1.81b 5.75+0.21c¢ 4.67+0.89¢ 3.2420.08¢

Necromass carbon accumulation coefficient

FUHE A S A A R LU (E

Ratio of fungal biomass o bacterial biomass 0.60+0.002a 0.58+0.002¢ 0.58+0.004¢ 0.59+0.002b 0.59+0.01ab
pH(H,0) 8.28+0.07¢ 8.39+0.04ab 8.30+0.04bc 8.45+0.04a 8.30+0.05hc
+ 455 K& Soil moisture/% 12.48+0.25ab 13.58+1.10a 12.10+0.56b 11.94+0.79b 12.75+0.73ab
45 Bulk density/ (g/cm®) 1.25+0.02a 1.21+0.07ab 1.10+0.20ab 1.20+0.06ab 1.01+0.06b
S-HEME L) S-strategy/ % 24.77+0.47a 24.56+0.16ab  24.01x0.66ab 24.16+0.76ab 23.54+0.44b
A-SEIEUEY) A-strategy/ % 56.99+0.18b 57.20+0.19b 57.18+0.01b 57.19£0.41b 57.69+0.12a
Y-SRBE A4 Y -strategy/ % 64.64+0.53a 64.89+0.09a 64.80+0.04a 64.89+0.32a 64.54+0.23a

F PR R BE AR AEDE (n=3) , ARIVNG FRERIRTEA R SY 8] 22 5 B 3 (P<0.05) 5 FL: B Farmland; RP14: JI4R 14 a Robinia
pseudoacacia.l4;RP20;$|H‘9€, 20 a Robinia pseudoacacia.20; RP30. HIHFE 30 a Robinia pseudoacacia.30; RP45 . HIBE 45 a Robinia pseudoacacia.45; (2)
FNC ; FL AR AT fungal necromass carbon; BNC : 5% /A6 bacterial necromass carbon

2.2 RS o AR PR M SR AR B IR A i SR AR AR b B

Bifi 5 SRR 52 A B B35, - A M R Ak 1% i 52 b B AR AT T 1.18—1.69 mg/g, 75 HIl AR
45 a IRB R RAE, W35 R T IR S A0 01 B B ; L B AR A itk 1Y) 8 AR [ 0.67—1.08 me/g, 7EHIHR 30 a
IR B AR ; S AR AR B9 2R AR IE BN 0.50—0.65 mg/g, TEHIAR 45 a A B RAMH, 38 & T H B IR AE R
(B 1), ERERARE ARSI BN 1.34—1.81, 7ZEHIHR 30 a iA R Al , H B35 TH B RM k4
fR(%E2),

AEI, Bt A SRR AR 2 AT BR A3 0, 2B i SR R 52 R R B, Tk M sl Ak i | TR e ARl | 4 AT 5 1Ak ik
) MCP #2847 Bl 43 5 R 22.02%—39.55% 13.64%—22.66% .8.38%—16.89% , Y 7E 4k 145 b A 3 5
KAE, IR 45 a IRBIRANE (B 1) . BRI RRE(NAC) W28 F G 7Epk 33 ik 3
KAE(19.83+3.09) , i 3 m THERIBMAEIR (R 2) .
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Fig.1 Changes in soil microbial residue carbon content and microbial carbon pump efficiency during different restoration years of Robinia
pseudoacacia forest
FL: #F i Farmland; RP14 . §il#% 14 a Robinia pseudoacacia.14; RP20: §ill#8 20 a Robinia pseudoacacia.20;RP30: Ji|# 30 a Robinia pseudoacacia.30;
RP45 . Jil# 45 a Robinia pseudoacacia.45; MNC : WUAE )5 AARR microbial necromass carbon ; FNC ; BB 54 fungal necromass carbon; BNC : £ &
BARHk bacterial necromass carbon; MCP : (A= #)fiik%E Microbial carbon pump ; AN[Fl/INE FRERRFAEA RIMR 43 (0] 22 5 1 35 ( P<0.05) ; B 4k dls
IR (n=3)

2.3 BRI S ok B i A W A R A R SRR A B Bl R 3R

FETREALARABIRAT | 13 E sk ka8 Ak B rp IR . 2 (TN) | R A LK (SOC) & F 2L
KN Z (K 2) o TAERUE P S AR AR A R v sl A 4 A 3% s SR o7 = b A7, R 2 S-SR MG TR (S-
strategy) ﬂén A-%lﬂ%ffdﬁéﬁ%( A-Strategy> %I%QRZ@JW%( |7{Z| 2) o H@ﬁ*ﬂ%kfﬂ%{ﬁi%ﬁ&ﬁ§i$5 S-%H@'E‘i
AEY) AW TEASCOCR (B 3) , 5 AR UEY 2 0 AR (B 3) .

ARG S-SR ME N A- SR AR ) ) BRI RIXH R A e SR 803 (0 5 Wil ) FH BB AL AR ARABE AL 437 1 S-
TR A -SRI A 0 i T B 6 R XTI i S ORI AR X SR 23, S5 R R SRS A h i s R B E
FEH ( Damage repair ) F15 175 9475 % K ( Osmoregulation ) S5 Wik I8 R AR S 0 A B ZE 0 DXL~ (P 4) 5 A-
SR s A b B B A JE ) ( Lipids ) AR BT 22 A58 35 X ( Lignin ) 2 X 52 990 Bk 22 8503 52 ) e KA 1R+
(El4),

3 i

3.1 RIBARWRE W A b A s AR 9 22 £k
A R B 2 SOC 1Y T BERIR , S A= 25 R G I BB AR AL 0 ASHIF 5 vl it MR 52 4 B 1y 444
T, R B AR 5 B AR B X RTRER R T — O T A A R A S ) 8 B AR 2R
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E g Astrategy | || SOC:TN | ] SOCTN | [ ]
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Y-strategy | [ ........ BD | I: ....... SM | |: ........
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