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Abstract: Soil inorganic phosphorus is a key source of available phosphorus in alpine ecosystems. It is critical to study the
dynamics and factors influencing soil inorganic phosphorus fractions across the interface between sub-alpine forest and
alpine grassland ecosystem. This is useful to understand their biogeochemical cycle process. We analyzed the seasonal
dynamics (the early, peak, and end growth stages) and spatial patterns of inorganic phosphorus fractions and the main factors
influencing the soils at different depths (0— 15 and 15—30 cm), across the interface between the sub-alpine forest and alpine
grassland ecosystem at Kaka and Doujitai Mountains, respectively, of the Min River headwater region. The study was based
on the Hedley phosphorus fraction method modified by Tiessen. We found that the content of soil inorganic phosphorus
fractions was significantly influenced by growth periods, vegetation, and their interaction (P < 0.05). Soil labile inorganic
phosphorus (NaHCOs-P;) content was the lowest in the early growing season at Doujitai Mountain (P < 0.05). Labile
inorganic phosphorus content was the highest at the end of growing season in the alpine meadows (56.0 mg'kgfl), tree
species line (68.4 mg-kgfl), and closed forest (65.7 mg-kgfl) of Kaka Mountain (P < 0.05). Moderately labile inorganic
phosphorus (NaOH-P;) content reached the highest at the end of the growing season in both alpine interfaces (P < 0.05).
NaHCOs-P; and HCI-P; were the main soil inorganic phosphorus forms at the closed forest and tree species line sites,
respectively. Moreover, NaOH-P; and residual inorganic phosphorus (Residual-P) were dominant in the alpine meadow area.
Soil organic carbon, total nitrogen, total phosphorus, variable water content, pH, nitrogen and phosphorus stoichiometry
ratios, and soil carbon were significantly correlated with the content of soil inorganic phosphorus fractions (P < 0.05). The
study results indicate that the growth period, vegetation type, and soil physical and chemical properties correlate significantly
with a change in inorganic phosphorus fractions in soil.

Keywords: Tibetan Plateau; phosphorus availability; alpine tree-line ecotone; growth period; vegetation belt type; physical
and chemical properties of soil; stoichiometry
Corresponding author: GAI Aihong E-mail: gaiah@gsau.edu.cn
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—_—
AR EBAE Sibiraea angustata G544 3900 3800 3700 3600
@Méﬁéﬁ% Spiraea alpina ° 2L Doujitai Mountain
TE AL (FGALH 7] Northwest slope)
e LI AR
" Rhododendron lapponicum LIAELRKE Meconopsis punicea ..
. URYLA 12 Abies faxoniana  H Artemisia iz s
% | TLALRS Rhododendron aganniphum
LA Salix taiwanalpina e LAY
N . ) Rhododendron lapponicum
URVL¥A A2 Abies faxoniana YT 4B
(R i > TS Abi ,
Ml SUELH Rhododendron amiphun| B2 Tree Tine
FEH Sabina saltuaria w1 LU Salix taiwanalpina | :
URIT. ¥ A2 Abies faxoniana
++ 1l Kaka Mountain LA Picea crassifolia
(Z]—\E'L:J‘lﬁ [7] Southeast slope ) BRI Sabina przewalskii
1 FRXEHELHES R EER S =R
Figure 1 Schematic diagram of the different vegetation zones at the two study sites
N f—] — < R 3y A 1L Ny
1.3 MEmMBREE AEHAE X BB 2 & B R . Dy Bt

L3 P4 0 E SR P Tiessen B % 4 4,
Tiessen 4 2% 1% /& 7€ Hedley 43 4152 (3 5y | 2= %
A= 0 ol A A1 SR AR ) I 5 o AR IR AT AR B TR TR A
He A BE IR EL, ] 0.5 mol'L™' NaHCO; V8 Wi (B 2
). 0.1 mol'L ™' NaOH ¥ 1 mol-L ' HCI iZ 24 ¥ %
B, 30 e FE P TC AL (NaHCO5-Py) H 455 1
ToHL#%E (NaOH-P;). HCI-P; & & . 42 (total phosphorus,
TP) & & X A} HNOs-H,O0, 1k i 78 it — 40 86 Pt b (1
EPT N SE . R B AL (Residual-P) 75 &4 4 B &
H ik % NaHCO;-P. NaOH-P fll HCI-P % & .

+ # & /K & (soil variable water content, VWC) >}
FH 92200 €+ 4= 338 R B 5 1 METTLER TOLEDO
pH tHMllE OK : + =2.5:1); LG PLEK (soil organic
carbon, SOC) & & F # 4% s £ 4 in #v il & 2%, 4
2 (total nitrogen, TN) & & H Jt & 4 M711X (Vario EL 11T,
Elementar, Langenselbold, Germany) ¥l 2 o
14 HiELLE

3 A BEAT A AR, A R TT (K-S) KB
B EH R A YE, JE A AT O e e, X7 2 )
Ji P 3 AT Levene £ 4% o« K FH 50 R 36 07 % 70 M %
(One-way ANOVA) i 7t B A~ 7] A= & H7 A A 4 25 7Y
gl RS R LR o B B E R, T £ SRR
FH 5/ i 3 7 5% (least significance difference, LSD,
o =0.05) #4172 H LI, 77 ZAFF W A# A Dunnett T3
T2 H R I — MY (general linear model,
GLM) #t 17 £ K & 77 % 47 #r (multi-way ANOVA), #f
FURFEH . AR A I L R e A 2 TR SR R

BN T I 2 0 A A&/, TR o i
(redundancy analysis, RDA) 43 #1 + 33 7 #1 41 5> 1£
AFEAERKS A ST B 7 2 B KR NiE— 2
I L oy 2 5 2 LA A e, I 2R
P BRI AT AH G 73 AT o e v 40 HT A I AE SPSS 22.04
Origin 2021 Al Canoco 5.0 # 58 % »

2 HBRE55M

21 FHHUEZTEIRET BT BE S IFE
AR WA RS & B T S AN 17.6~
659.5 Fll 41.7~570.8 mgkg '« 4 AN H % 1 8y 35 25 5F
77 A1 (sum of squares of deviation from mean, SS) /< Bt
F B R R PR, 4 0B R R ) 3R B I — PR = X
B8 JC AL A 2H 43 1 52 VA A K, AR I R A e
A Jo HoAx H AR 6 A [F] - 458 e AL T2 4 1 52 i
WE (P<0.01), HAKK & FZ R em R, #
By RN T AU A 2 S IR 2 o B AT
X} NaOH-P;» HCI-P; fll Residual-P ] & & F & & %
5 (P <0.05). NaHCO;-P;» NaOH-P; 1 HCI-P; ff] & &
e IR LR 2 5% (P> 0.05), HHSRE
R A K AR i R R e HAE A
PLF A % e L 2R E R (GR 1),
KRG G A A A KA S TR & =
ZRR K, JtH AL NaOH-P;, 1F 4= K 39 [a] 457 52 I 3% i
B E S I A KRS 2188 & & (P <0.05).
Rl B X R RR 2R R P AR AR A AR KR
(13.5~99.8 mg-kg ') ) NaHCO,-P; & & i 2 i T4k
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Table 1 Multi-way ANOVA on the content of soil inorganic phosphorus fractions at Kaka Mountain and Doujitai Mountain

TE T R VIR Bk B TE ML

EAIESE NaHCO;-P; NaOH-P, HCI-P; Residual-P
Impact factor sS F P SS F P sS F P sS F P
FREHL Sampling sites (S) 000 033 057 002 535 002" 001 4322 000 028 1498 0.00
K B Growth period (G) 0.01 3044 000" 252 37580 0.00 006 8851 0.00 390 10569 0.00
B 257 Vegetation type (V) 000 4.14 0017 011 1071 000" 004 4598 000 147 2648 0.00"
3V Soil depth (D) 000 262 011 000 070 041 000 123 027 009 512 0.03
KREH x A KIS x G 0.01 14.95 000" 006 882 000 001 913 000 026 696 0.00
SKREH < AR S x v 0.00 282 004 0.2 191 0.3 003 2635 0.00 032 577 000
FREHL x L 3VERE S x D 000 002 089 001 242 012 000 163 020 016 876 0.00
PRI > R R G < v 000 264 002" 012 58 000 001 329 001" 087 785 0.00
AR x RIEEE G XD 0.00 1.63 0.0 0.01 177 018 000 150 023 013 351 0.03
FERE AT R x TR EE V=D 0.00 1.12 0.34 0.01 143 024 000 022 088 0.09 155 021
%gﬁ%gf%ﬁ% 0.00 221 005 004 217 005 001 472 000 083 7.54 0.00
fg%&%i@%x 000 088 042 001 202 014 000 080 045 001 038 0.68
fggé%ﬁﬁﬁéx 000 156 020 000 046 071 000 060 061 006 1.15 033
%gggéggﬁfﬂx 000 193 008 003 139 023 000 020 098 0.3 115 034
P > FEACHI x BAEIAE < 600 154 047 001 031 093 000 040 088 013 121 031

TIREZ SxGxVxD

SSIE A ZT I M. " P<0.05: "~ P<0.01. * )
SS is the sum of squares of deviation from the mean. P <0.05; P <0.01.
KA AN KBS (10.7~58.5 mg kg ') (P<0.05). 3}
£33 PH AR AR AL (4 K47 397 (26.2 mg-kg ') NaHCO;-P;
SEEBEMRTAEKBEY P<0.05). £+l &Hp
A (13.3~62.6 mg-kg ) Fl 3} X & B ) . W 2% AW F
2 kb (252~ 114.5 mg-kg ') i) HCI-P, & & ¥ 78 2k K
HI1HA 5% o Residual-P 7E J6 L8 & & Hh ol b A 6 42
B, R R L& ML (398.6~ 1 508.8 mg-kg ) Fl 3}
M3 £ AL R 2 M 35 B AR AR (81.8~782.1 mgkg )
(1) Residual-P 7 & 75 & KA A 5 =1 (B 2).
22 AKFEIEERNBESEFAREH TN
migE

fERF, BIEEHBEAE > K A KA
FARIAE AR IIZESE 1 il 58 2 PR 40 501N 99.54%
F10.27%- 99.84% Fl1 0.78%- 66.19% F1 30.40%. 4+
) H 5 f1) (meadow, AM) L3R TCALBE ) B SN

NaHCO;-P; Al Residual-P, #f Fh £k (tree species line,
TSL) 1% A # #K (closed forest, CF) 1% JC WL i (1) 3=
¥ & 4 HCI-P; #l NaOH-P;. 1E 1 ¥ 2 K &k 3,
AM 3 HLEE ) 3 E B & 4 Residual-P, CF 11
Jo AL ) 3 B A5 O NaHCO;-P; Al HCI-Pyo 784 &K
K, AM + 3 T PLBE (9 3 F & N NaOH-P; #l
Residual-P, TSL + 4 J¢ H1L B (1) 3= Z£ ) #& 4 HCI-P;,
CF T30 A8 1Y £ Z A& 8 NaHCO;-P; (B 3).
238 &, RN A A KW, A K
WA A KR IATESE 1. 28 25 R RE & 20 B o
97.07% F12.00%- 94.31% F14.99%. 65.97% H130.50%.
YA KAIEA AM LT 3 2R A58 NaOH-P;
Fl Residual-P, TSL 5 ToHLE% 1) & & N HCL-P;,
CF 3% J AL 8% 19 3 2 35 4 NaHCO;-P;. A= K 4
1 AM 3% o HLE 1) 3 2B % 9 NaOH-P;, TSL +
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Figure 2 Effects of growth period and vegetation belt types on soil inorganic phosphorus fractions in
Kaka Mountain (left) and Doujitai Mountain (right)
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http://cykx.1zu.edu.cn



2 3 FAERER 2 WRVT YR X i il AR AR — v 1 B AR 25 R 40 ST b 35 e AU R A7 R AE A L i [R) T 609

< i .
- HCI-P, Cr4A A HCLP,

HDRE CF-2A AM-3 i

|AGES NaOH-P iTL4

P -3 R 9

ﬂ i NaHCO,-P, CE-1 CF-2
c CF-5. A NaoH-P, AM-6 AI Residual-P
g TR QY i Crop A CES  AM-1AM
=l A - CEA o) HCO
3 i W NaOH-P A AM- at
o H . ‘
s TL-2 I( F-6\j Residual-P § 'A\kyly] p CF-1
g T8 A \AGISLAM6 | TSL-OW A AM-2 4 TL-1
3 TCOTSL X NaHCO,-P, - s 4 rL-4 idual-P 5

ST A4 N 3L I, A . Residual-P \ )
i TL-4-( E —47 AM-1 I'SL-4 - TSL-3 ,]‘[4_1I\\/Ii4 ('FA-4 T!,s I HCI-P, WTSL2
& B SE3ams Ames TL-cM .o A M3 AM-4g TL- T%lvﬁ [ ais
s TL-5 ) SL-:
4 TIL Y AM2 st W2 o YSL R A
TL-5 v TSL-3
- i J 7si4
—\: | &2 KATHH Early growthstage 113 A BRI Peak growth stage TL-6 4K End of growth stage
2| HCI-P, 4 TS1.-3 HCL-P, NaOH-P, AM-3
v TSL-5 AM-2
ISL-6 VisL-2 AM-6
g e _TSL-5 b ¢ 1SL-6 ' ‘
£ ISL-4WWCF-6A [151.2 CF-2 P LS
2 Y CF-3 4 CF-4
= NaHCO,-P, 4 gACF-1 Al T A
‘5 | Residual-P ACF-5 i CF-3 TSL-1§y TSL-2 I Residual-P
;§ . YN, i -‘A\’I-l ] - TSL—N(T SL-<
8| awvs E‘TTL["7 TSL-Gu¥ ;l 'TI N: e
) 2/ -2 -2 AM-

& '*\1'(’\!\1‘\1\1 [ HCLP A BT
=l AV i E 3] -4
'_x,_ NaOH-P, | TL-3 4 AI!-II VrsL4 AM-4

: CF-4 TL-6 CF-5 TL-6

Cho
< | £KAH Early growthstage ) F‘tﬁﬁ% Peak growth stage | AR End of growthi stage
I

-1.0 1.0-1.0 1.0-1.0 1.0

AM A CF JJTL W TSL

B3 FRLUMABETEENBESENHSHMZERFH TR0

Figure 3 Redundancy analysis of seasonal dynamics and spatial distribution pattern of soil inorganic

phosphorus forms at Kaka Mountain and Doujitai Mountain
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The first and second axes represent the first and second principal components, respectively. The smaller the angle between the arrows of a phosphorus

form and a vegetation belt type, the better is the correlation between them.
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Figure 4 Scatter correlation diagram between soil organic carbon, total nitrogen, total phosphorus, variable water content,

pH, and soil inorganic phosphorus fractions at Kaka Mountain and Doujitai Mountain
BHR. AR, 2. DIESKEMAEAEN 144, pHFEAE N 48, BER LIRBAL M A B HLBEH 7 B F MRS B *P<

0.05; ** P<0.01; 5[,

soil organic carbon, total nitrogen, total phosphorus, variable water content sample size N = 144, pH sample size N = 48. The black line is a fitting line

which has a significant correlation between soil physical and chemical properties and inorganic phosphorus fractions; * P < 0.05; ** P < 0.01. This is

applicable for Figure 5 as well.
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