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Abstract: Shrub encroachment is significantly affecting carbon cycling in grassland ecosystems worldwide, yet its
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impact on the components and stability of grassland soil organic carbon, and particularly the underlying microbial
regulatory mechanisms, remains insufficiently studied. In this study, we focused on the semi-arid grassland of the
central Loess Plateau, and analyzed the effects of shrub encroachment on various soil physicochemical and biological
properties, organic carbon components and their proportions, microbial community structure, functions, and trophic
types, as well as the underlying microbial regulatory mechanisms. The results show that shrub encroachment
significantly increased the total organic carbon, dissolved organic carbon, mineral-associated organic carbon
(MAOC) , and particulate organic carbon (POC) contents in soil, and the relative proportion of MAOC, but
significantly decreased the relative proportion of POC. Furthermore, shrub encroachment significantly altered the
bacterial and fungal community composition by affecting soil physicochemical properties, with different impacts on
the relative abundance of amplicon sequence variants of different phyla. Shrub encroachment enhanced soil bacterial
nitrification, sulfur oxidation, and iron respiration functions, as well as the abundance of fungal saprotrophic and
woody saprotrophic type functions, but reduced the abundance of bacterial methylotrophy and aromatic compound
degradation functions. The soil microbial residue carbon and bacterial functions were significantly correlated with the
contents and proportions of POC and MAOC. A partial least squares path analysis showed that extracellular enzyme
activity and microbial residue carbon, related to carbon cycling, were the microbial factors directly regulating the
contents and relative proportions of soil organic carbon components, whereas microbial community composition
influenced these processes indirectly. These results indicate that shrub encroachment not only increases the total
amount of soil carbon and the contents of soil organic carbon components in grassland soils, but also significantly
enhances the stability of the soil carbon pool, with extracellular enzymes secreted by soil microbes and microbial
residue carbon playing crucial regulatory roles. The findings of this study provide new information about the
mechanisms by which microbes regulate organic carbon components in grassland soils under shrub encroachment.
These results provide theoretical support for predicting future changes in the soil carbon pool of shrub-encroached
grassland on the Loess Plateau.

Key words: semi-arid grasslands on the loess Plateau; shrub encroachment; organic carbon fractions; soil

microorganisms
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TEA B 5 o8 B 2 VAR 56 SR, 3K 3 330 6 A5 A 1) s 76 AL 1475 AN ¥ A, iR R IR A5

R W VR A HIL A 2 Ao ) R A DR, il e ol R R AR L R A B A e P R R A R A e A i
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ARG HERY TR H 8 (Artemisia gmelinid) 5% M L (Caragana brachypoda) . A 20 42 80 K], fr 4P X
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7 (no shrub encroachment, NSE) . 2 # K $” 7 (subshrub encroachment, SSE) Fl#E A #” 7 (shrub encroachment,
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Table 1 Impacts of shrub encroachment on soil physicochemical

% v and biological properties

TE AL X+ 8 B AL K A W AR bR 2 AR W Y + 4k b THAYT K CEMEATIEK MEAD K
M (£ 1), SSE5SE R FH# & T SWC.,SOC, Soil property NSE SSE SE
DOC.TN.TP.CA 4 & U K BG & ¥ (P<<0.05) , SWC (%) 14.80+1.01b 20.414+0.80a 21.2641.18a
B B /E SE F L SOC 5 TP i 42 TH i B 4 [ SSE pH 8.18+0.0la  8.05£0.01b  8.06-£0.02b
AR AT R I E
CBH #f ¥ 0 & % % mi (P>0.05) . SWC, pH, TN (g-kg ") 1.60+0.04b  2.9440.17a  3.14=0.17a
DOC. TN & &5 CBH iE Y% #5456 SSE 5 SEZ TP (g-kg ) 0.584+0.0lc  0.67-+0.01b  0.77+0.02a
[B) TG fp 3 25 5% CA (g-kg ™) 8.07+0.03b  8.1620.10b  8.56-20.05a

HENAL ST 3 POC A1 MAOC By 4 %t 5 & 5 4 BG (nmol-g '-h'")  15.22+0.91c 36.3243.35a 29.43+1.28b

b5 H R A AR AR A R e A i E e (A CBH (nmol-g "*h™")  9.69%0.60a  9.48%1.5la 10.38%0.17a
1), ﬁf$m§ ,SSE 5 SE E%ﬁ%% T j:ig POC 5 NSE: No shrub encroachment; SSE: Subshrub encroachment; SE: Shrub
MAOC 60 L MAOC IOHIEY S 11 e S0 DB v o 0 (1
# FEAR T POC Y A1 XS /& b (P<<0.05) . % T Total nitrogen; TP: 4% Total phosphorus; CA: 38 ##t 4 # Exchangeable
MAOC J& + 54 HL a5k e i 4153, i POC caleium; BG: 8- % B 1 i 8 -glucosidase; CBH: £F 4 — B /K % i
FI S 5 5 A A . | 2 5 5 ) E ML, 5 S e T Cellobiohydrolase; $U{H h 18 = bRl i, ARG FEAC R AR W HEAR Y
ARG, S RARBHIAT o o) E T i s i
+ 3 BNC . FNC 5 MNC & & . 7£SSE 5 SE Z Jd], different shrub encroachment conditions (P<<0.05); F [f] The same below.
POC 5 MAOC B4 X%} % 5 5 HH A 7 Lo S i A W) 3%

R AR B3 22 5% (P>0.05).
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BT BRI S ahar i ] (& 2b) o 430 X 4= HE AN TR 55 BT 1K P AR = B R AT 3R B i 2 4 RS 3 Al B 4 22 0T
J5 22530 (B 20, d) B3, AN [ HE AR 9 SKOIR 25 M8 40 581 R0 BT 1) 7K RE P 25 M 2 A7 A B 25 22 ¢ (P<<0.05) . A
PR, e B v 25 M9 6 SE 55 SEE T 35 NSE /776 . % 2% 5 (P<<0. 05) ,{H7E SE 5 SSE Z [i] 22 5 A . %
(P=0.23) ., 522 M, -5 53 BE I 454 W 78 SE 5 SSE M NSE 2 [a] £7 78 i 3% 22 5 (P<<0. 05) , 1fii /£ SSE 5
NSE Z i) 2 5 A . % (P=0.09) .

SR A T S R A SR M TR A BT S LT ASV s AR S B RS2 e A IS 0 ) T AN T S B A H A X
FEE R 100~ ASVSHE T RGE L BW, I T4 ASVs 5 SWC . pH.CA .SOC . TN 5 TP f#§ Pearson A 56
PECE 3) o A A0 T AR XS 2 B | 100 (19 ASVs £ 8 JE TR AF G 1] B E T R B 1] 2 B i ) 5 40T T
1, T e FCR AR S E BE R 100 B9 ASVs EEINE T 73w 1] TR BRER ] 5o g 1] . AR s 1 Al S
AAPETTE AR ASVs BRI SCHEAR TR . X T 340 A, 2F SR 1T HY 2 B ASVs 5 1 SWC . SOC . TN 5 TP
ARG, MM B T 1B 2 B ASVs 5B 5 AHOC 52 M 5, 2P B I T B9 2 8 AS Vs 55 3 pH I 3% A
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B1 EAMLEFVGRAS 583 & b K 554 9 5k ARk % h

Fig. 1 Impacts of shrub encroachment on the content and relative proportion of soil organic carbon fractions and microbial
necromass carbon

POC: Particulate organic carbon; MAOC: Mineral associated organic carbon; BNC: Bacterial necromass carbon; FNC: Fungal necromass carbon;

MNC : Microbial necromass carbon ; % 22 £ 83& ¥ {6 £ bR 1fE U2 Error bars represent means =+ standard errors. T [d] The same below.

KATBATFHE T ZEASVs 52 WEIEM G, MM, I ASVs 5 HHE CAWAHEHERZ AN E . MixF 11
B, TR ZHASVs 5+ SWC SOC . TN 5 TP B & IEH &, TR TAIZE ASVs 5 H 3% ik 6.
505 ASVs B, B ASVs 5 13 CA BIM MRS

ST Hr BT ARSI EE T AT B R M - A ALAR 4 43 0 40 B AR D B RO TE E FR AL R B R Oy 22 4y
BrRFEHE AL X B TR 2 o 25 SR 3R B W AL 3 52 1 AN T I e S LR Y R AL (B 4) . BRI
AN A RS AR AR B AL AR S B I D) REFE SE 5 SSE R 3 i T NSE(P<C0.05) , 52 e, F R E RS
F AL WV 19 T 8 £ BE7E SE 5 SSE F 3K T NSE(P<C0.05) . £ FIEHEE R MEwEEERS
AR A E SRR M X AR SE 5 SSE T & 3 7 T NSE(P<C0. 05) , 11 A 8 AR EL B8 0 A= 08 AR EC 18 5+ e85
IR IHI G 2 I AE SE \SSE 5 NSE [0 R f77E B % 22 5 (P>>0.05).,
2.3 EIEA AR Ao LA L B M PR R 69 A8 £ AT

AT — 25 BT R TS HUBRZE 53 FF TR TCAR 43 BT L LA 30 9 DA A 2 75 X 5 2 43 1) 465 ¥ A7 7E b 35 52 i, () B fi
r - S Ak PR TR R R R E O B A AR S R R AR B . 45 AR KW SE 5 SSE R4y S 1
NSEff7EW 225 A SE 5 SSE Z A £ % A W% (& 5a) . Bk 5 A4 ¥y v o 7e 90 B 22 4k B 23 M i
LIRBET 96.49% L HEAHUBRAL AT . B CA 5 CBH &b, oAt i F88 R 1 X Bk 4 3 1) At ¢ R0 34 B A 8 3
BEME . B — R, SOC X 4 84 HLGK 41 4> B A f i (0 A B 3 (17.4%60) , i+ 596 41 6 71 V% 41 A
(NMDS1D)RZ (14.4% ) (K 5b) . Ak, il it Pearson #H 3¢k 43 # (1] 5¢) & B, 13 POC 5 MAOC 1 48 X} 7% &
FMAOC WA A7 H 485 MNC % 82 35 15 A0 56, 1 POC B AR X &7 5 MNC & 2 3 A o6 . R POC
MAOC 14 % £ 5 40 B TP L35 3% 05 2 40 & W W i b 35 570 AR O (8L 5 i AR VR JH L A0 0 4840 5 4 Wi 1 AR G
(El 5¢). HIEPOC HAAXS & b 535 B 1k & W W A o 25 70K G, it 5 Al A0/ ) 22 it Ak ) S8 AL i 35 TE A 56 L MAOC
ARX 5 53X 3 T RE B9 AR SC R N S AR BB . X T B E FR 8, POC 5 MAOC 48} & & 35 5 i 3 W) 18 A= 8 5%
2 IEAH C (8] 5¢) o
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B2 EAUNTEABESEERITKERFESEHEMN
Fig. 2 Impacts of shrub encroachment on phylum-level community structures of soil bacteria and fungi
NMDS1 F1 NMDS2 43 51k 4k 28 ¥ £ 4k & & 2 01 55 — % 5 %5 — %l NMDS1 and NMDS2 represent the first and second axis of non-metric

multidimensional scaling analysis, respectively.
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Fig. 3 The phylogenetic trees of soil bacterial and fungal ASVs and the correlation between the ASVs and soil basic
physicochemical properties

FG KB AR B EARASVs G TAFE A E I AR LT Spearman Al S , FL A A 7] 30 Q6 1 U1 1) ASV s 5 L A il
PP AR AT B RO R LA Gt 3 M (P<<0.05) I A G OC & L 4n (AR R AR G, i /U IEAH G . In the phylogenetic trees, different
colors represent ASVs that belong to different bacterial or fungal phylum. In the correlation heatmaps based on Spearman’s correlation, different colors
indicate different correlations between soil microbial ASVs and soil basic physicochemical properties. Only the correlations with statistical significance

(P<<0.05) were retained in the heatmaps, where red indicates negative correlations, while blue indicates positive correlations.
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B4 EAMMWEIEAEDESEFES RN
Fig.4 Impacts of shrub encroachment on soil bacterial functions and fungal trophic types

#x, P<70.01; *: P<C0.05; NS: P>>0.05.
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Fig. 5 Analysis of the potential drivers of soil organic carbon fraction and the correlation between soil organic carbon fraction
and soil microbial properties

(a) L3 BAL PR 15 A 0 9 2R L A WL 2H 43 52 R A TUAR 43 A , 200 (0 35 Sk BT 48 D o L M A WL A 2H 43 5 ) e 35 A fige e o, IR (0 35 K BT 48
X B W AN Y 3 B0 A R . NMIDS T b MR B 7 2E 00, DAl B2 e 22 2 ROBE 23 B (NMIDS) 88 — il A b e AiF 5 F-NMDS 1. - B BB VS L, A
NMDS 5 —#ll A b1 FRAE o (b) 4% A fff e 22 kX 1 AT HLAK 20 43 SR 72 AL 9 BTRK o (o) 3 BUBI 2 93 Bty Lo 5 1 S A= W R AR i A 19 D) i 15 TR %
F% [ Pearson AH G MK, o QR UM G, B AR R IEAH G B 5 R R MM B 3F M . (2) Redundance analysis for the effects of soil
physicochemical properties and microbial community composition on soil carbon fraction. Red arrows point to properties that significantly affect soil
organic carbon fraction, while gray arrows point to properties with no significant effect. NMDS1: Community composition of soil bacteria indicated with
the first axis of non-metric multidimensional scaling; F-NMDS1: Community composition of soil fungi indicated with the first axis of non-metric
multidimensional scaling. (b) Contribution of individual properties on the changes of soil organic carbon fraction. (¢) Heatmap based on Pearson’ s
correlation between soil organic carbon fraction as well as the ratio of each fraction to total organic carbon and soil microbial properties including
necromass carbon, bacterial functions and fungal trophic types. Red represents negative correlations, while red represents positive correlations. Star marks

indicate the significance of correlations.

AW RIS FAAE YR [, 0] G858 13 4 H1 3 72 5 0 - 1 45 b 55 9% R0 nT R P L DA T R e 4 B 0 B T 4L
B A A O R A AN TR R R A1 G R 2 (1B 3 ANIE] Sa,b) , — T 5Y R BIE ML T 1K 4 5 3R
{10 18 o v i 5 AN BRI TR R T SRR I T B IR RN 5 — W ST R WIE ML R 4 8 pH AE A
J2 T T TRT 560 AR IS T T AT Xt = B, DT B2 i) 40 BT BV 45 4 AR 5 & B SWC . SOC 5 pH 7E SE Al SSE 5 NSE
] 2 5 b 2, (EL e T 2 R G B 2 5 OSSR S 22 AT (R 1) . S AN M , SE BB 75 41 5 SSE A NSE 17
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Fig. 6 The partial-least square path modeling for the regulatory mechanisms of shrub encroachment on soil organic carbon
fractions and their ratio to soil total organic carbon

(a): PEMALIS 1 AT HLOR AL o3 Do 45 45 25 HL i L4 L o) ) O i /s — e B AR AN A 5 HE AR AN [l 9 i 72 i, O E P 3 5 9 B TR 74 T
T L A B Sk AR AL T ) B AE BT 2 AR A Al B AR R B, B S AR B AR 19 SE T L # Pk The partial-least square path
modeling for the regulatory mechanisms of shrub encroachment on soil organic carbon fraction and the ratio of soil mineral-associated organic carbon to
total organic carbon. Each square represents each of the different observable variables, the properties bracketed represent hidden variables used to
calculate the observable variable. Arrows represent paths in the model, the numbers aside represent the standardized pathway index, the star marks

indicate statistical significance of the paths; ***: P<Z0.001; **: P<Z0.01; *: P<C0.05.
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