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Abstract

The Sawuer Mountains in northwestern Xinjiang represent an important mountainous ecological
unit in the western Junggar region. Owing to complex geological structures and locally developed
geochemical anomalies, soils in the Songshugou area may contain elevated levels of potentially toxic
elements such as Pb, Zn, Cu and As. Pine populations growing in this region experience multiple envi-
ronmental stresses, including drought, low temperature, poor soil nutrients and heterogeneous metal
availability. This paper reviews the geological background, potential sources of soil heavy metals, root
adaptive strategies and rhizosphere microbial regulation of pine populations in the Songshugou area.
A conceptual framework linking geological background, metal bioavailability, root uptake and immo-
bilization, rhizosphere microbial regulation and ecological restoration potential is proposed. The
ecological response of pine populations to heavy metal stress is considered a coupled process in-
volving selective root absorption, metal immobilization, antioxidant regulation, mycorrhizal symbio-
sis and rhizosphere microbial community restructuring. Future studies should integrate field sam-
pling, soil-plant elemental analysis, microbial sequencing and ecological risk assessment to clarify the
tolerance mechanisms and restoration potential of pine populations in geochemically anomalous
mountain ecosystems.
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1.1. fiER

s o E v ALA kg, SWEAREIASE SR, BT R E I ERRIEM R R IES RS BN
PR EERMAEY Z —, MR IZ X RS RGP A B EERMAL. BRI RS, H
FRFER VAR BRI RIS, X AR EE RS R, XN HRKE . TI%
ORIF S ZKUEIR IR A AR A5 A8 7 THACHE A AR A o i S8 AR LR 1L 5 26 1R MUY R DA R B8 A A A 23 AT
PO T HREE MUPAEE, X LR ST A F AR EL N 1 Aa B (0 A AR P E AN A A ML RE AT (1]

T SEA AR 140 A 2 A T A I R A o e A - SR IR R & R R ) b TR 2 N T 5
PR, BKMD, IR, XS AR T IR E KR ST SR, AR AEIX AR
SRR BT TN T L RIE RN, REREAE TR I LI ARG, R ORI A IRAKBRIR[2]. BEAh, Fa
FRHR 2R S5 AL AT S A LB OB AE VDAL . S dBa Al 1t DR 2 B XU YD AR, X iy 3R E . b K+
MR A EEE X [3].

Ty 5T, HTER ARA AR A X AT AEAS [ BB ARG RIS R i, AR L X A RA AR
K XA G SRS 50 5, BRI )2 R BR A 27 e B R AE o FARVA M X 2 % 5 /K L — i A
ARERANE R AL 2 570 X, FA AR AR T T 52 9808 R i o R AR R 6 1 Lt 34 85 v
5 AR AES ARG, Z XA MR ZE N K AL (RIEAMIRS T Z 58 B AR E, IEF]
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Mk ZIRAIRDT o I, FSE 595 R AR 8 3 DCRA R Al 33 8 Jm Jo SR AR S ML TR
BT, TR 58 5 NG S DR AL BRI 1 A2 AR08 Th RE AR X A S B R 3
s BAT RO

1.2. fIREX

T FRE 5 R LA R ) 1L DX A B RS 1 398 2 < Ja o 3R A A W N ALAR ORI 7, BAT A B8 T SO
SKEANME . BEB X R R A, RERX AT & o s Rk 52, AR KT
RS, RIS . MRAR SN 7T 3 BRIk B8 5 S5 1 1 S R AE A0 1 J 75 55 Y o < s
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REBAIAEZS T RE T RS AR 2t BB OB Rl, BATIR AR AGE . PUEPE R R AREVE 45 H AR
XA E S R, YRR LA RIS E L D IR AR e i B T B R . B
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TR IR B AN X R A AR R 2%

UEAh,  AHE TR A — g (XA S B S Gl B E AR AR e R T R s R s A
SRR, AT DONEEE R L X SRR B SR ITAN . AR A AR U AR AR SR ORI 4R SRR R Bt . BT AU
RATHRSS TR L AR A SR R A A A i, AR Rt E R R XS E S
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IR I BRA R AR R DX U B A BN FE A AU A, R B A AR MR A R L

IR LR (0 A1 R 8 S8 A S SR AR B OC  B SR AR M X s T R A R A%, S0
IKED, AR, RO EYIERIR T 7B ER . IR IR S, H iz A R
HAENEE NS S5 AP LRI R DL AW I8 ¥ AT CE IR A AT A A Ay, TR T ARSI AR 2T

22. EKFESEENM
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FEAMAEYA RN, ATREROVZ AR R R A L A BRIV AR E 1R I B 2B R 1

MAESHF AR, BEE R LA VAR5 S AMRE T HIRE AR R i, iy
M SRR . AR R K IREFRE I M E R s R Gk JUHRAE I A R, R
Ky RACF“1) 55 AR A IR A AT, SEONFIAL, RO 2 N LR E SR
BATEZE S . XA R ] et DR AR R A A 1) AT AR DU A 2538 R SR

PRI, B 2K LRI 7 b DCRE IR B 5 T 55 Dt 0k R ot 438 o < JR o 2 ) 2R S M R SR 4 T i
5. JE S I RLLE WA X0 M MG RS SRR R ORI SR -, S5 E TIRESE S B KA
&M, B PR R SR IR S AR R A G B P o 2% B W FEANOUA B T B AR AR B 7E b
BRAGZ2 51 X ZEAE AL, AT D DXl 2 KU A AR A5 12 B2 1R AL Rib R

3.2. MRHAE KXtk 7 B HHE

B R L DO SR AR T 7 5, O ER LS R AR S 2% U A AR . R {2 2 fe
B OKARECA A P R T R B AR S B S T EUR T IR R Cr, IR R A B 1 A A
M. FEREER LM, IR B BT RIS B, XU R B S R R TR
WA KA E D ARtk o BARIK L TE RN A AT — € B R, (ELRA AR i P A L RS AR IR M i 5 B
I8 Sk E2 HE o

BEAb, IEIREHT X M FA R AR K X BRI H B SR R, R e X LI T AR R (4
JEICRIEE, XAl Bext MR AERKGE —E HIE J. SRTT, ARG X 8 S G A A0, eI I AR
AT, 4R AR KRB RS, RO AT B 9 R LA LR B S A )
ARG E R AR R, AT IE X —RFIR R R AL 2 A B

XL BRAL 2 7 R S BATRIE FUAR B BTG S RN L ISR At T B BB AR, IR T AR AERFIR
Mgl AR A @ R R R AR KR g 2B AT T T B BT 1 AR AR S e AR i b B SR A T R
FrAEKAAST)RE

3.3. 13 KRS FMAIHRHE KR
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TR SRR R AN AR A [ S B IA R o AR E S 38 I 5 K AR AR N A A el -
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FIBETIRONEE EL . A IR Z8 T DR AL R IRBUK 7, X — R e 8 T R e R R il sl It
By KRB BB I S5 A R T 5T R AR AT RO TR R, S TR AR . AR RS A TF XE
FARE A AR /KR, 34 REIE U R T AR &R 5 IR ELAE A, & BT R385 .

gr BRI, HTERAART AR S i R R 1 R KA R IR S A DDA G . FA R e Ry
A BN ATIE R S, R TR b B B, JFREEENASIEM. KK
FIBIF TC 75 L3 — D PRI hA R AR i - AR 3 26 A R B2 G MU, DU DA 3 (0 A4 AR AP 85
Ry SR AL IR 211

4. BRRNESEESREMHR
4.1. RAGHESEERARSERER

st DO SR T I JOR OB, JCHARAET BT RAURFA T, KIS BT RGEN 1B
RIWIR . Fatt, VENIZ—HIX I EEHRMA BRI —, ERKERAESBRE P9 T 2 REENA T,
KR s QAR RO S 3R I MR B e RO AR AR AR DGR T B R B RO 2R R G900 3R ) i 2 1
PRI B R kK ik, (BRI IR R [9].

KK ERAETEEREAR B TR R R 2RI £ e R 71,
KA HUILRL B AR AT BLA e i SR AL Tg, TRAR AR NI 3 T KR, e Ul IR R ALK,
TR Ra e IR S o FERAHEIR R T T, A WA IRl 2 —, R AE KR JE ™ EIRAL
WX o A RAR BORE PP ECRAE,  RERG IR B X A SR v, SOE R R, SRR A K
PEMEIERZEAT . MR AA BRI LRGN, I Rel i s R e 2 > E A, IR Y,
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4.2. WRERFEXMREESER

FERTSE, MO BRI R A, JOHGRAE L XM R T o TSSO BB 2 s R A
W, EXMESIAEGE R 7 E R FAM TS0 B AR AT H 2 2 BT, U IR R T
DX, PR AR 2R AE 3R A ] 5 AT LD AR AR 2 hale B 7 AR AR .

FAB IR AR RAEV IR AT, [EE 138, A 307 b R R AN LTI . FAB AR SR A i
Jr A T R SHRENE, 05 IR RCEE R R, et T R HURBR, iR
THT HSRIK D OREFRE ST AR A7 AL 38 BRAR 1 (LRI S A AR, R — s RR S Bk 1K Rtk
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NHEHEDMAERIRBESRF. FARET A T PR AN AT AL, JCHR AR R AN A 25 A8 e 1 4 o
Ji I

4.3. EBHE PP SR

RERMAELESWE P EARENEMN, BRI mIRT 2P0 &5, B mRek <%
KT ISR ES KR R BOV NS, JCHRAE LSO B A ™ A 3 b, Mg A
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