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Abstract: In the face of global climate change, an accurate grasp of the biogeochemical cycling process and its key
influencing factors in terrestrial forest ecosystems is beneficial for maintaining the multifunctionality and the stability of the
ecosystem, achieving increased and extended carbon sink services, and continuously enhancing and improving people’s
well-being. Redundancy analysis (RDA) and Variance partitioning analysis ( VPA) were used to clarify the key factors
affecting the spatial variation of the stoichiometric characteristics of bulk soil and ectorhizosphere soil of the Picea crassifolia
forest from the perspective of soil, forest stand and topography in this study, in order to explore the influencing factors and
the ecological response of soil ecostoichiometric characteristics to the altitude of the forest of P. crassifolia, which is the
constructive species in the forest ecosystem of Helan Mountains. The results of experiment showed that; (1) the contents of
C and N nutrients in bulk soil and ectorhizosphere soil of P. crassifolia forest in Helan Mountains were remained at a high
level, while the growth of P. crassifolia in the high-altitude areas was affected by the high P limit of soil. Compared with the
bulk soil of P. crassifolia forest, the ectorhizosphere soil has higher capacity of nutrient turnover, such as the decomposition
and mineralization of organic matter, and the potential of P retention, although the nutrient content of ectorhizosphere soil
was relatively lower. (2) there were significant differences in bulk soil and ectorhizosphere soil ecostoichiometric
characteristics of P. crassifolia forest between different altitudes ( P<0.05). With the increase of altitude, the bulk soil and
ectorhizosphere soil nutrients and ecostoichiometric ratios changed differently, and all soil nutrient contents and
ecostoichiometric ratios of bulk soil were significantly different between different altitudes except total nitrogen content ( TN)
(P<0.05), and total phosphorus (TP) and C/P ratio (C/P) had significant differences of ectorhizosphere soil ( P<0.05).
(3) three groups of influencing factors, i.e. the soil, forest stand, and topography, together accounted for 61.35% and 39.
64% of the variation of the ecostoichiometric characteristics of bulk soil and ectorhizosphere soil, respectively. It was found
that altitude, microbial biomass carbon (MBC), and microbial biomass phosphorus ( MBP) were the dominant factors
affecting the vertical variation of the ecostoichiometric characteristics of bulk soil, while those of ectorhizosphere soil were
significantly affected by the normalized difference vegetation index ( NDVI). The single effect of soil factors on the
ecostoichiometric characteristics of bulk soil and ectorrhizosphere soil was twice and three times as great as that of forest
stand factors, respectively. In summary, the spatial heterogeneity of the ecostoichiometric characteristics of bulk soil and
ectorhizosphere soil in P. crassifolia forest in Helan Mountains was mainly driven by soil factors, secondly by forest stand
factors. The effect of topographic factors was to change vegetation characteristic and soil properties mainly through the
redistribution of environmental factors, so as to affect the spatial pattern of soil nutrient stoichiometry in P. crassifolia forest.
This study is helpful to evaluate the soil nutrient deficit status and key influencing factors in mountain ecosystems, and is
also beneficial for providing a scientific basis and theoretical support for soil nutrient regulation and sustainable management

in the forest land from the perspective of ecological stoichiometry.

Key Words: Picea crassifolia forest; soil nutrients; ecological stoichiometry; bulk soil and ectorhizosphere soil;

Helan Mountains
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— JE LSRR T S D A B o) TR 2000 m DL EIE T R SoUMRAT | o 22 LD AR L T
B 73% , KW VIR A #E B RGBS, Ab ,%5f*ﬁﬂ‘%ﬁﬂgﬁfﬂ%%jé(f’seudm‘s nayaur ) F15
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TF 5T XAV T BT 7 32 w2 i RR PS80 22 1 AR Bk B (105°527 08"—105°547 05" E,38°35" 35"—
38°46' 43" N) , B4 1L EMIMEEH 2000—3000 m, 442 220 km, A FREEZ 80 km , 12 H X Ay BLRY K it 23 XS
15, T IR BB AR AR 2000—3100 m B B3 2 EAYE I AR ZY 29700 hm?, 38 48 X5 28 2% L[]8
EH MR IZARNESMNGEEE , T 2021 4F 8 A k£ 5A QUM AI AL 1) F i = A2 4K, B 200—300 m 3
] B, AT HEARRE BE 2111 m(S1) 2440 m(S2) 2677 m(S3) 2939 m(S4) & 7 4 DREMHL( I 1), FEHh 2 [6] Fr e
TE P K- B AT, HLAE R RL AR A A K S A% A 3R B PRI 8 3 37 17 X 2 R R AR R, AT AR BRI 5.09
CAEH MR 7.14 °C AEEIFE/K R 481 mm , AFEH4ZE & B 1855 mm 4R H BRIL 2814 h, S 4 88 M b 1 Bl 27
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Fig.1 Location of sample sites and study area
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TR YR W SO B R

TETRARE T P53 90 R e AR AR FIAR 6] - 49808 i, JEAR ST BE A HE W A K HLEE B 85 1 = 28T 50 em
DLAIM M 7 BORE SR i8NS 40 mm 19 E 45 R 4E 0—10 em HICZh W20 [ 25 19 508 BUR A #F
MY Rt R A R 5 MR —E MFR 290 15—20 em WIH B2, 1T EW T2 98 T 0—10 em R R 4E
HA AT I )2, BHE KBS AR 2R BB AR 36T R A e, B AR R 1) o - R i 2 mm B 25
BRI TMBRAR G 20 1 2 26 A [ BT IS0, — 0% [ SR KT B8 ) o - S BRI, o — 10 i T
4 CUKFEDIE HARfUE Y R, R 3T 72 47
1.2.2  HIEFRERIE

FHES KR (SM) SR AMET R, pH (AR AR S A e (K H 1:2.5) s 23R BLEK (SOC) 2R H
K,Cr,0, a5 IE , 22 (TN) SR LG & BRI E , 48 (TP ) SR NaOH 5 il —4H 86 bt b (il 5 ; 13
A Y (MBC) 240 20 (MBN) Rl s A= 4 285 ( MBP ) 431 2R FH &4 B 28—K, S0,/ NaHCO, 3= #2—H
bk, 2R TAHEAE WL BRI T I,
1.2.3  Hdaab

SR HH SPSS 25.0 XTEHEIEA TS T o0 HT , REARI) AR B A T IE A N 25 AR R FH R R Ty 25
AT (one-way ANOVA) [N [A] 4k 38 Moy R 719 22 57 i3 FOWUR 2607 22 50 HT (two-way ANOVA ) 8 7R 15
P SR E CIEMR AR ) X 3855 0y B B A Ak 2T FU ) PR — s B AE A, 38 3 Bonferroni 46: 56 43 7l %
AR AR AR 384 A2 T R RRE | IRV AR AR R Bl 4 8 AR S A TR R AR E AT 2 3 LU AR R AR
X He# ;>R FH 32 55370 H1 ( Principal component analysis, PCA ) Xf 138 57 43 St HAE B k2211 2t 248 hn b1 7R
A I AT (BRECEE RS ) L3 Adonis 20 2250 WTilb A7 25 5 W VR, i — 2D WA R RN 5 18 = A2 K
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R ERE pH ., £33 % /K i (Soil moisture ) | 4 3 534 4 ¥ 1= Wk ( Microbial biomass carbon ) | 18 4= ¥ & &
( Microbial biomass nitrogen ) Flfs{ 2z 4 2 # ( Microbial biomass phosphorus) 5 > 3T, ¥ Fh 3 & B ( Species
richness)  JH—1BAH 8748 % ( Normalized difference vegetation index, NDVI) F+ A & & ( Arbor height) I+ A% Jif
( Arbor density) F* A4 ( Arbor diameter breast height) A1 A FE Yy o I = ¥y 18 ( Herb biomass ) 6 >k 43H
54k (Altitude ) 3 (Slope degree)2 NHUJE R 73 3 4 13 AN F1E M i AL & 1 2 52 W 75 1 = A2kt
BRI S [H) 4y S B EE R . NDVI A R U5 T Hb 325 M) 848 = (hitps ://www. gscloud.en ) Landset 8
OLI 32 EF A4, it 4K F ENVI 5.6 A T4, 2 BRAEAS 57 55 1 X BE A TR AL

K H CANOCO 5.0 AR AL 1 il S ARAR MR Rl - HEFR 70 B AR A5 A 2t i L 2 i) 9 56 R IR 18l
1 B EKT R4 HT ( De-trend correspondence analysis, DCA) 1331 4 /™ HE 7 5l B¢ KB6 B2~ 0.3, Bk FH U AY 400
(Redundancy analysis, RDA) , >R 77 225343 ( Variation partitioning analysis, VPA) BB 3% M HbIE
FIEMRET 1 = AR - S o T i AR 25 W) 40 S A A O J 22 888 o i s R b B2 T R 4.1.2 hog i,
HAKET Origin 2021  ArcGIS 10.8 H2H

2 RS

2.1 AR AR E

4 AR BT 1 = A2 MR s L 2 B4 25 Bl 55 T8 66 B, ARG R AT Y AR TR, I i R
TP E R 2257 . BRI A -E 5 A — A B R O 08 PR (R 1), o TRk
2111 m WM RGBS R DR R, I o A2 (B RE IR T M o, g B2 i i o
THE AL, 5 B ARG T AL, FEASE ) LR Yy B RE AR T i 28 W KA, AR 3% 2255 ( Carex allivescens ) s

XHEHF

F1 PRRERBFERE

Table 1 Characteristics of vegetation community in the study areas

R B FEHb S1 R S2 K S3 FEH S4
Conditions of plots Plot S1 Plot S2 Plot S3 Plot S4

R Altitude/m 2111 2440 2677 2939

B2 Slope degree/(°) 1256 62—69 40—65 50—60

315 Slope aspect 15k [ 13 [45p"

FHE %L . ) 23 Bl 43 & 52 Fh 16 # 20 J& 20 Ff 12817 J& 18 Fh 5F8JE 8
Number of family, genus and species

I —fL R %

5 ’ﬂﬂ*ﬂ%}}ﬁaﬁ L 0.39+0.01a 0.28+0.00b 0.26+0.01b 0.15+0.02¢
Normalized difference vegetation index

ey =115

A 9.34+1.65b 11.810.45ab 14.200.75a 11.810.44ah
Height of P. crassifolia

=y A S

Wi =B o 17.4822.01b 21.22+1.70ab 26.53+2.46a 23.09+0.99ab

Diameter breast height of P. crassifolia
HF =R/ (B/hm?)

Stand density of P. crassifolia
TR ZEA Y/ (kg/hm? )

Herb biomass

RF FEE A (EEAE/ %)

Dominant species ( Importance value)

1991.67+331.14a

264.84+27.51a

HiF B A2 (45.89) (1L
W FERR T  EAR AR
R PR

1066.67+123.95b

264.04+37.33a

FHHF =42 (72.49) M
Py B EE/NBE N 2L
K AR E R PRy
U

1816.67+116.89ab

170.29+21.57b

HE = A2 (88.02) | Ll
1 AR i 22 5 Tl T
R

2444.44+367.91a

86.23+34.57b

B R A AR EDR s R R/ NG TR [ — M4 A 7 FRAE 7 AN [R) W 4K [R] 25 57 10 3 (P<0.05) s W =42 P. crassifolia; LI# Populus
davidiana ; LA Juniperus rigida ; EET Ostryopsis davidiana ; TRk Prunus tomentosa ; B 56 /NS¢ Berberis dubia ; /N 242& Lonicera microphylla ; 4R %
= allivescens ; P o B Elymus dahuricus var. Cylindricus; A 5/ W B Elymus sinicus; B i H 2R Poa sphondylodes ; T /NE

Taraxacum mongolicum
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2.2 RIENEGH IR T AL RRE

ANTRIEAR T 1 2 A2 ARAEAR FIAR [+ 18 pH (B 928 fb I s B /IMB B 18 3525 5% (P<0.05) (£ 2) ,pH {EA
¥ 7.45—7.99 Z ], J& T mes it 4, BT TR JER AR 4 SM MBC #5284 g B Uk H A B
FHEF(P<0.05) ;EMR - MBN 25T B g1k (P<0.05) |, HEFE -+ MBN S8 58 B Ar 1k H 41 6] 22 78 i
F(P>0.05) ; AEMRFIFR [l 1 MBP #5256k 5 FH A8 4k, BT W3 25 5% (P<0.05) o 13KAE 2440 m DL /) S2—
S4 RN RO E IR 2 B B EPEE R (P<0.05) AR ARl 138 pH SM MBN 748 7 &
BT | AR RE BE AR AR A 0 B —EePE . JRHR £ MBC 978 55 R 800t v T AR 1B 358, AR Bl - MBP AH%L
FIER - BARENER,

x2 AREBREBUHITEREFHE
Table 2 Characteristics of soil factors in P. crassifolia forest at different altitudes

SR e R R

NN - - [FGER R AR R THUE ) B
s Plot and Ak Ak Y WAEYEA (GRY R
. . L pH MBC/ MBN/ MBP/
Soil location Coefficient SM/ %
. (mg/kg) (mg/kg) (mg/kg)
variations
AR+ S1 7.72+0.01b 13.32+0.84c 1550.32+55.84b 100.95+13.55b 41.25+2.75a
Bulk soil S2 7.99+0.02a 10.72+0.52¢ 871.75+43.34c¢ 127.55+4.56a 14.86+1.79¢
S3 7.64+0.03b 29.97+1.34a 3688.48+284.84a  102.20+3.611b 23.30+2.62b
S4 7.74£0.01b 17.18+0.74b 1040.08+197.02bc ~ 71.93+8.73¢ 34.19+3.70a
RS 1.89% 44.63% 69.87% 31.46% 45.82%
W+ S1 7.67+0.03b 11.51+1.42b 1545.60+72.55ab  83.08+13.35a 37.50+6.07a
Ectorhizosphere S2 7.45+0.02d ** 11.09+0.73b 674.52+34.28¢ " 73.37+4.55a*" 14.34+2.08b
soil S3 7.57+0.02¢ 21.62+3.19a* 2205.88+209.54a** 103.29+10.23a 36.62+7.01a*
S4 7.79+0.02a 15.19+0.67b 1360.88+35.15b 97.54+7.64a* 38.64+2.19a
SRR 1.85% 45.36% 44.37% 33.35% 54.53%

FHRFORAAR ARE LN TAEAFIEER R ZE 57 B (P<0.05) 5+ | = 53 BN Al — 4O R # S 776 0.05.,0.01 K B2 5
= pH . FRIIE pH value; SM: 13 5 7K i Soil moisture content; MBC: f#(2E ¥ f i)k Microbial biomass carbon; MBN: {2 4 4 & Microbial biomass
nitrogen; MBP . i34 ¥ 5§ Microbial biomass phosphorus

2.3 ARG SR AR ST R RRE

ANTRIEAR T 1 2 A2 ARAEAR R [ 3857 43 B AR b2 i R Ak SRl (1 2) . dEAR 14 soc . ¢/
N.C/P AR £33 SOC TN | TP Fifiifg 3 A8 fb 2 80— 2k | 34 S e e 5 THAR R RRAE ; JEAR -4 TN TP 3% i
1%, N/P B T s MR 3 C/N C/P 23S AL, N/P RI R SETH R R FRARERIE . AEMR BT TN &
i, HAh IR Ak 2s i e B 25 55 (P<0.05) ARl A TP .C/P B B3 2 5% (P<0.05) , H [ L4
I B HASA AR T REIIKT 20% , @ TR L5, FH 2R C N P FRIR LRI IR
R K FHRE L, RS C/N C/P il BN AR £ & FARE £, 11 N/P EBANERIER +
TR L, Ei R A, 7EBARIER 2111—2440 m &b, 75 1 = AZARIERR FIAR Bl - 2 6] (38 20 35 0 P8 i A
257 (P<0.05)

F 535375 Adonis ZTT 5 22 53 W4 R /s AN [RVER 5 18 = A2 0K 3558 0 SO AR S A A i R A A
2 0 7S RS T (1B 3) o ARAR IR B - 38R 2 A 32 Lo FRIE(E Y SR TRk 4 HA 2] T 80.93% . 74.90% ,
RBABLEA RV B 22 ISR T 18 AR 3R R A DU 25 22 43 BT B /s 4% SOC TP .C/N . C/
P 452 BV 3900 B K H AT AR ) B R (P<0.05) (£ 3) , TN {2 AR 1 N/P RZ ik +
B e HAg AR B, B0 A n® s AT R B SR A AR R B T
IR 5755 B A A5 AR A AR 1 2 (W] 25 SR K
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Fig.2 Soil nutrients and its stoichiometry of P. crassifolia forest at different altitudes
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Fig.3 Principal component analysis of soil nutrients and its stoichiometry of P. crassifolia forest at different altitudes

S1,---,S4 FINFEH

( Monte-Carlo test) /R HEF 45 505 (JEMR 1, F=3.5,P=0.002; iR +,F=1.8,P=0.028) , i Bt i 55 + 1
FETHRTE PR Z B O R BV, SR AT 2 Fl 2 il i B AR & R0 B SR o TR bR ) 4 25 ] RDA HEJF &
(Bl 4) PR+ ALT, 13ER+ MBP MBC XA AR & 1 = A2 ARIEAR 1855 4011 i 25 e o i 350 ) (P<
0.05) , Zr BB T 3500 R AE 28 5510 34.9% 10.7% [ 7.0% , Felk Ak 7 R AH FH 3 5 SM, X
FARE L, CH M5 T NDVI AR 535 52 0 H 3835 0T RRAE (P<0.05) | f# R0 13.7% , Hk o H3EH 7
SM FIHBIE Bl F- SLD (ALT,, AR¥EI A s, ALT MBC 53R 14 N/P £ IEAHSE, MBP 5 SOC TP .C/P fl C/
N FIEMSE;NDVI 5 14 TN TP £ IEAE, 5 SOC .C/P .C/N BHRHKLR,

F4 TEMSMMEETS LIEFSITEFER RDA SITER

Table 4 RDA analysis results of soil, forest stand and topographic factors and soil stoichiometry characteristics

AR JER £ Bulk soil HHl 4 Ectorhizosphere soil
Explanatory variable TR/ % F P TR/ % F P
R ALT 34.9 17.1 0.002 ** 4.9 2.3 0.064
Wi SLD 0.8 0.6 0.608 5.7 2.5 0.062
W EERE R 3.7 2.4 0.082 3.4 1.7 0.192
A—fEAEEHE %L NDVI 0.5 0.4 0.77 13.7 5.4 0.002**
TRAREE AH 3.6 2.5 0.074 4.3 2.0 0.128
Te AR AD 0.1 <0.1 0.976 1.6 0.8 0.492
FrAMI4% ADBH 0.4 0.3 0.788 2.7 1.3 0.244
RiA A YR HB 0.9 0.6 0.558 0.3 0.1 0.952
FRBIE pH 2.5 1.8 0.194 2.1 1.0 0.408
T HEEIKE SM 3.1 2.3 0.086 6.0 2.5 0.072
P E i MBC 7.0 4.4 0.014* 0.4 0.2 0.902
Y a & MBN 1.2 0.9 0.434 1.5 0.7 0.574
WY E B MBP 10.7 6.1 0.002 ** 5.0 2.2 0.104

SLD: 3% Slope degree; R: #)# 3= & B Species richness; NDVI: J9— {4 8 #8 %X Normalized difference vegetation index; AH: 7% A& B Arbor
height; AD : F- K% % Arbor density; ADBH : F- A Mi42 Arbor diameter breast height; HB ; #.A4: ¥ 5 Herb biomass
2.4.2 VPA J0 b
VPA J5 22505 T R s ([ 5) | 138 Ao FisiIE 3 1AL R R 15 1 = 2 RAER 1 72.87% F1
HRLFRI = 24.50% 1095 53 B AL RFFAEAS S %8 T A AR 08, AR A B A T He e o H s
23 ()28 Sl B EAE I, 0 B RE T 56.46% (40.69% )72 5, XS T ARl - 5 o i H i AR e A8 Ak, 1 H 1

http ; //www.ecologica.cn



7982

43 %

0.8

0.5 |-

FEMR T

s
=0
=
S
<
a
o~
_0'5 -
-0.8 |
1 1 1 1
-1.0 -0.5 0 0.5 1.0
RDA 1 (44.25%)
0.8 |
il
“ﬁ
N/P
0.5 | ‘\ SM \
\\ \‘
\ NDVI
\ \ HB
MBP \ AH
SLD MBC
& ~__ > TP
ﬁ 0 SOC oy
< C/P <&~~~ MBN <A /‘l
(S 4
< /
ADBH s/
@ / pH
//
//
//
,
~05 |- ALT »
C/N
-0.8 |
1 1 1 1
-1.0 -0.5 0 0.5 1.0

B4 BETENMARMCETERSITERMEENL RDA SHER

Fig.4 RDA analysis results of explanatory variables on soil stoichiometric characteristics changes in different soil regions
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Fig.5 VPA analysis results of soil nutrient index in bulk soil and ectorhizosphere soil
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