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Abstract:  Objective Afforestation is the main measure for desertification combating and plays a key role in improving soil
quality and reestablishing degraded ecosystem functions. However, the spatial distribution in soil chemical properties and
bacterial communities after the forest reconstruction in sandy land has not been well evaluated. The objective of this study was to
investigate responses of the soil chemical properties and bacterial communities in soil profiles to afforestation and to provide a
scientific basis for the healthy management and fertility cultivation of barren sandy soils in Northern China. =~ Method In this
study, we selected Pinus sylvestris var. mongolica plantations which included 0, 5, 8, and 15 by using the space-time substitution
method in Mu Us Sandy Land located in Yulin, Shannxi, China. Soil samples were collected from 0—10 cm, 10-20 cm, 20-30 cm,
30-60 cm, and 60—100 cm. The high-throughput amplicon sequencing of the 16S rRNA and Functional Annotation of Prokaryotic
Taxa (FAPROTAX) tool was used to quantify the composition, diversity, and putative ecological functions of soil bacterial
community, and then to determine the relationship between bacterial community and soil properties.  Result Results showed
that: (1) The conversion from sandy land to plantations increased soil organic carbon (SOC), total nitrogen (TN), and total
phosphorus (TP) contents, but decreased available nitrogen (AN), available phosphorus (AP) contents, and pH. TN content
decreased with soil layers, while AP and pH were increased. TP had no significant change in soil profiles. (2) Afforestation
significantly changed the relative abundance of the Proteobacteria, Acidobacteria and Chloroflexi, and increased soil bacterial
ACE (abundance-based coverage estimator) index. Importantly, the vertical spatial variation in bacterial communities decreased.
(3) FAPROTAX showed that after 15 years of afforestation, cellulolysis and aromatic compound degradation decreased by
54.65% and 72.18%, respectively. However, nitrogen fixation and denitrification were enhanced by 99.26% and 100.5%,
respectively. (4) Redundancy analysis and Pearson correlation analysis indicated that SOC and pH were the key factors varying
the bacterial community and putative ecological functions.  Conclusion Overall, the conversion from sandy land to Pinus
sylvestris var. mongolica plantations can negatively affect soil available nutrients such as AN and AP, and also alter the diversity
and putative functions of the soil bacterial community. Consequently, artificial control measures (such as regulation of litter
degradation and nutrient return) are crucial for improving the bioavailability of nutrient elements and microbial functional
diversity in arid and barren sandy soil. In the future, on-the-spot preservation and decomposition of litter in the ecological
restoration work of artificial forests in sandy areas should be prioritized.

Key words: Plantation restoration; Pinus sylvestris var. mongolica; Desert ecosystem; Soil chemical properties; Bacterial

community
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Btie”, 51 ASMRYFln] B el a1 T S R
5 IR YRR DI B R A SR RY, i
5 A Wi 0 AR S S T Re e A AR . 3R v
AR A 52 Z IR T2, A 3R
BEATRCE . pH BoKaraE0, R . FRMAEESR R
Girp 3 W R RE R RS I RN, B2
TS R RORE A 12 RS, X
SR R IR N B A WA AN B
WU B AR T 43 A R FR AR SR DA
MR AR F SRR 0] A R ML T H LA oy
WA HLICHLAE G4, F R0 4585 A LB B H
BREMANIA, RO, B IEREEREN, 5E
RSB IR, SR RE YRR E R 54
Koo ETRZ T A ST o i mAI%, (EA A A
B M AE eI BACENE AR i, HAEc S b F—
H W) BT RE A RS AR S RGOk T AR
AR,

FEFREIC T T X, AZ R DI R . SRR
IESE Y s ONIUE AR e e = TR 7V 0 e TN
B S5 AR ERED Inz Uik 4 565 Kb, ik
R G YT REFS TiaBMER, MNP
AR 2 1 - e T AR B oA I X BT ST
BB Z 5 RN B NTITE= I S N JE OB ) I Y S i
B\ Ty ) SR AT A ik AU SR 23 5 K 4y, Wb 45
AR A R T K o3 FFR S (R 23 (A0 Ja o ZELIE 56T,
TR A P 7 A TR A Ak ) ) T ok B v B TR
H S 2RV S A AT RE A AR AR AR AE i AN BT
I, AHIFZE LABRIL XU DX )32 43 A 1 1 SR A ol s
A NT AR Ci AU E 10 75 hm®) RAFFEXF S, 40t
AN TR AR A 538 A 2 PR T 9 25 () AR AL R AR, IR A B
16S rRNA il & 97 3% 7 i /¥ Ml FAPROTAX
( functional annotation of prokaryotic taxa ) ZJHE il
AHEES W7, AT T 3850 T 20 T R v 4l i) S 2
PERYAEARRRE, JHa R MR S TR T2
(] AR S ER s, DU A KD XA A N AR AT R4
B TR IR E A F PR HE e S

1Bk

L1 HRRER
P D3 T BT 4 A 1 5 P A Y 200

ThYEARELHL ( 38°53'N, 109°52E ), HbiAbF LK vbHl
K%, FYREE R 1 250~1 280 m, -+
YR RIS o DX R A L, AR
V- Y BE FNAE R K B 530l 8.9°C I 440 mm., H
B, i X R R R W MRS T A ( Pinus
sylvestris var. mongolica ). KBk ( Amygdalus
pedunculata ), - K( Poa annua ). 4£¥:( Hedysarum
scoparium ), P ( Tribulus terrestris ) 55
1.2 TEFEMRESLE

2018 4F 7 1, MREETZ B ATE AR 58 X BE TG
SRS . KB RLE . MM RN 5. 8.
154F (5. 8. 15 a) MIREFIA N TAMAE R SEI0 4,
JEREUR G AR T, RIER R S Ak A S X B2
(0a), BB AR 20 mx20 mo ]
T EEE A IR E (0~10, 10~20, 20~30,
30~60 F1 60~100 cm )VH S TEATEL 9 4 ARG
— KRS, HoPREERIEZ S 2 m, AR 60 4+
HeRRSL (4 DRI x5 AN )2 x3 AEKR ), HERE
A SRR S AR AR R AR TE Y, R AR
SHIRAE I PR 43, — 843 57 BVt A7 T—80°C vk Afi
W UME AT IR b, 5 — 5 KT I AT
T AR BT
1.3 TEFERAW

k2 e T A 2 B A LUV T vk
1o AN (SOC ) R H 5 TR 25 m ikl
2 (TP ) SR BRRR - SRR T 5 — S b b Lh e il
A, A CTN) R HILRE ZENE, A% (AP)
KRR SRR — P Ak, A
( AN) R B 8oL E , pH SR A A& I
(£ :/K=1:25),

+ 164 %) DNA F| ] FastDNA™ SPIN Kit for
Soil i) & ( MP Biomedicals, Santa Ana, CA, 3
) $EH, T 0.8%I IR FL UK A DNA $2 1K
Fi i, AR SR FH 20053 0B BT X DNA $EA 79 Rl
ZEEERIN . X 16S rRNA FE[H VA~VS5 AIAR X 17
PCR ¥4, ¥ #519)¥51°8 515F (5'-GTGCCAGC
MGCCGCGGTAA-3") Fl 907R ( 5'-CCGTCAATTCC
TTTGAGTTT-3' ). ¥ H4KFR (25 uL ): 5 pL 5xL N
W, 5 uL 5xGC ZZ i, 2 uL dNTP
(2.5mmol-L™"), 1uL IEM B4 (10 umol- L"), 1 uL
R Ia51# (10 pmol- L™ ), 2 uL DNA #&#f, 8.75 uL
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KEEWFEIK,0.25 uL Q5 DNA R A ¥ T R -
98 CHIAENE 2 min; (98CAETE 155, 55CIEK 305,
72°CHEAH 305 ) x30 MEFF; 72°CHEAH 5 min, PCR
P I 2 2% B AR e e P UK A , i ] AxyPrep
B MG & (AXYGEN, New York, [ ) Xt
Hs A BEgE T VI el . {# A Tllumina MiSeq ¥ &
( Ilumina Corporation, San Diego, S ) HEAT XN
¥ (300 bp), W7 A L IRV RHE A RA
HSE M. MFELSRAE A QIIME #/F ( Quantitative
Insights Into Microbial Ecology, v1.8.0, http: //
qiime.org/ ) #4714 #Hr . & £ Al USEARCH
(v5.2.236, http: //www.drive5.com/usearch/ ) Fi#x
FEBIBR A AP o BES ] UCLUST J@ 41 Hox T
FLX R B Y B P A0 4% 97 % i AR BLBE HE4 T 05 I A
Al EEYE4r 2550 ( OTU, operational taxonomic unit )
K143. KH Greengenes 54/ ( Release 13.8, http: //
greengenes.secondgenome.com/ ) ¥ OTU 1t %741 ik
TP 25 o AR e I P R 2 48— R A 7 B ML i
B, DUE Gl PP R B S B A AR AR ] 22 57
1.4 HEAEESH

A B 43 iz ] Excel 2019, SPSS 26, Origin
2021, RStudio Version 1.3.1093 5 i, R T L
B 55 09 W) R Al 1T & ( abundance-based coverage
estimator, ACE) f5%C ( Se W40 P /b & B ) Al
4 (Shannon ) FE%L ( IR #F ZHEME ) SRRIE -
HEAN A o Z R ; IRAEFER OTU %E % A Bray-Curtis
BEOEg 3 AT HE E & 2 48 )] 20 H7 ( non-metric
multidimensional scaling analysis, NMDS ) #5755 A [d]
T RAR PR A 3 A TR R VR 2 B 22 S, JFEAT AR
Z3HF (analysis of similarities, ANOSIM ) k2= 55
A E (P<0.05 ) 40 A MH UM H -
( Bray-Curtis Fi g 5EFF ) 28754; ffiJ] FAPROTAX %
T P ke T A PRV A AR AR T RE . G R R O 2540y
Hr (one-way ANOVA ) FFiFAT /N i 2 22 A 50
(LSD test, P<0.05) 73S RS 1Al 2 it |
MPEHER o ZREMERREC. DL BRI 5 . ik
B ZHME OB TEASTIREn 22 5 ket
REVE o ZAEPETEBOMME IS AR BE 1 2 R 22 4
i b 4k e/ A H 430 A (linear least-squares
regression ) SCHL; - HEALAAPE T A B RE VR S5 1 A
TTEAE S TIRERIAH DGR S i TCA 34T ( redundancy

analysis ) Fl1EZ KAk (Pearson ) AHIGHE S BTS2 81
2 % R

2.1 AREMNETELFHR

A TR BAS 398 B fb 24 M T AR AR AR dn i 1 B
/Ro SOC. TN. TP & it B i 38 hn 52 35k 5 A8 1k,
Hrp SOC S BRAEEM 15 4EN AT, HE N
1.15 gkg™'; TN Al TP & AEd M (545 ) mhr
., WA 118.8 mgkg ' Fl 0.48 gkg '
AN iRl pH BRI BN B E PR AK; AP SR
B BEARES S B A TR, AR I
AL, BMEK 633 mgke ',

16T (0~100 cm ) o, 34k B
HRERE AR CIE 2 fis . B RIRERN, A
[FARIE 18 TN & 5038 0 R A%, 1 AP & &= fil pH
P E RN, TP SR u i A k. sbah, B )RR
FERG N, SOC &riEfE Rkt gerh i E A1k, #
AR EHOh B T, AN SREERGEA L hE
FHRWE, e R E AR
22 TEMREBRARMSENE

i 16S rRNA JE K7 2L 4R15 1 785 838 44471
RPN, 4 9T%AHMUE IR R G5 E] 9 451 4
OTUs, T340 #EVE7E KT L4 Fb 3 5 n &
3a fim o HAZRH ] ( Actinobacteria ) 54X
Yo SERFINT RN 47.39% (45.76%~49.12% );
HREZILE] ( Proteobacteria ), PN 3K
30.73%( 26.75%~34.95% ); £k Z5 R 1] ( Chloroflexi ),
SEFAXS EE R 6.08% (4.54%~7.33% ); FRFT ]
( Acidobacteria ), FXJHXTFEEH 5.85% (5.10%~
6.90% ), i BT A A B BN 90% L) . B
ARESIEIN, ASTE R TR AHX E R TR BT, 7
SRR HA ARE, BIMEN 26.75%; MLkas [ ] Al
FRAT IR TR B TG TR, 7F 8 4RIk H|
WA, HME R 7.33%H 6.90%; L THIAH
Xif = BEE AR [RI AR TP OJE A e (& 3b). BEAh,
N TR A2 it 8 v 4 P A A T B9 AF R 32 B AR A T
BRI 1 s, SAREK R,
WA 15 4RI, TR T TRYARXT FEEFE 0~10 cm +
R TR AR TR A FEEETE 0~10 cm (1)
RETERE EFF, WA 30 cm LUFRZE 1R
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Variation in soil chemical properties among stand ages
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Fig. 3 Bacterial community composition at the phylum level (a) and variation in the relative abundance of dominant bacterial phyla (b )

*1 ARLEMBHEREIVENFEETK

Table 1 Variation in the relative abundance of dominant bacterial phyla in soil profiles among stand ages

TR i LR I BT BRI

Soil depth/cm Stand ages/a Actinobacteria/% Proteobacteria/% Chloroflexi/% Acidobacteria/%

0~10 0 61.03+5.37a 20.17+£5.01b 6.25+0.39a 5.56+0.54a

5 47.90+0.77bc 25.56+1.98b 7.35+1.05a 7.18+0.94a

8 57.75+2.25ab 24.59+5.83b 5.05+1.55a 5.45+1.49a

15 41.21£1.97¢ 44.57+3.86a 4.11£1.05a 5.02+1.63a
10~20 0 49.82+10.32a 29.58+8.83a 6.66+0.82a 6.67+1.53ab
5 43.77+5.70a 33.46+8.78a 6.95+1.33a 5.45+1.00ab

8 54.64+6.68a 21.92+2.23a 7.10+1.58a 8.04+1.91a

15 54.53+4.42a 34.44+5.11a 2.58+0.56b 3.39+0.22a

20~30 0 48.60+5.97a 31.834+5.56a 6.26+1.41a 6.25+1.50a

5 46.27+2.47a 25.78+1.18a 6.36+0.93a 5.93+1.00a

8 51.81£3.19a 26.06+2.56a 6.72+1.17a 6.02+1.00a

15 49.90+4.78a 34.91+4.10a 4.00+0.16a 4.89+0.95a

30~60 0 35.89+0.27a 41.45+4.77a 4.53+0.37b 4.52+0.67b
5 48.26+5.20a 24.66+3.08b 6.42+0.41ab 5.57+0.51ab

8 40.27+3.14a 27.34+2.27b 10.01+0.94a 9.29+0.15a
15 48.48+6.54a 28.25+3.70b 6.27+2.19ab 6.73+2.61ab

60~100 0 35.06+4.42b 51.7143.49a 3.57+0.39b 3.63+0.66a

5 42.61+4.30ab 24.2740.40c 7.89+0.68a 6.33+0.95a

8 38.48+2.96b 35.83+3.39b 7.77+0.64a 5.69+0.42a

15 51.47+3.75a 28.14£1.05bc 5.71+1.05ab 5.46+1.68a

e AREVNE FREFR R [F— 42 R [ big (] 2% 5 58 2 ( P<0.05). Note: Different lowercase letters indicate significant differences
among different stand ages in the same soil layer at P<0.05.
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Fig. 4 Variation in the alpha-diversity indices of bacteria community across stand ages (a) and soil profiles (b )
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Fig. 5 Variation in beta-diversity of soil bacterial community during stand development ( a. Non-metric multidimensional scaling analysis
(NMDS) of bacterial community structure; b. Differences in beta-diversity among stand ages were estimated based on Bray—Curtis distance

matrix; c. Variation in community similarity across soil depth )
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Table 2 Relative abundance of bacterial ecological functions based on the FAPROTAX database

i ) DA G YR IS fb ot 5 [ F it
L YER IR AR EEHE> %
Stand Aromatic compound Aerobic Nitrogen Denitrification/
Cellulolysis/% Xylanolysis/%
ages/a degradation/% chemoheterotrophy/% fixation/% %
0 2.58+0.65a 1.43+0.38bc 2.84+0.34a 2.04+0.15a 1.45+0.13b 0.91+0.17b
5 0.62+0.17b 1.93+0.24ab 1.52+0.37b 1.74+0.10ab 0.64+0.11c 1.3740.24b
8 2.30+0.82a 0.67+0.17¢ 1.51£0.26b 1.34+0.14c¢ 1.74+0.40b 1.554+0.26b
15 1.17+£0.17ab 2.63+0.49a 0.79+0.11b 1.56+0.09bc 2.84+0.28a 2.83+0.57a
i T BRER P 1 TR ER I8 )i LSRR IR £h A AL §
DI ENER TCRNE I i PRZ 53 it
Stand Nitrate Nitrate Aerobic nitrite
Nitrite respiration/% Chitinolysis/% Ureolysis/%
ages/a respiration/% reduction/% oxidation/%
0 0.86+0.09b 1.64+0.27ab 0.99+0.11¢ 0.95+0.16b 3.90+0.76a 0.88+0.10b
5 1.82+0.34a 2.50+0.48a 2.50+0.40a 1.36+0.24b 1.76+0.26b 1.10+0.22b
8 2.31+0.50a 1.61£0.29ab 2.01+0.35ab 1.55+0.22b 0.60+0.13¢ 1.384+0.20b
15 1.69+£0.22ab 0.91+0.14b 1.16+0.33bc 2.80+0.56a 0.41+0.07¢ 3.30+0.32a

1 ARG FREFR R A R Ak (8] 22 5+ 1 3% ( P<0.05 ). Note: Different lowercase letters indicate significant differences among stand

ages at P<0.05.
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Fig. 6 Relationships of bacterial community or putative functional groups and soil environment factors ( a. Redundancy analysis ( RDA ) of soil

bacterial community and environmental factors; b. Pearson correlation analysis between putative ecological groups and environmental factors )
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