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Forest soil phosphorus stocks and distribution patterns in Qinghai, China
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Abstract

Aims Our objectives were to investigate the soil phosphorus (P) stocks and distribution patterns in forests of
Qinghai Province, and to determine the relationships between soil phosphorus stocks and environmental factors.
Methods Phosphorus stocks in forest soils of Qinghai Province were estimated from measurement data of 240
standard sampling plots in combination with the forest type information in the Qinghai Forest Resources Inven-
tory data. The distribution patterns were examined by spatial analysis.

Important findings Forest soil P stocks in Qinghai Province is estimated at 1.74 Tg. The average soil P density
to 1 m depth is about 4.65 Mg-hm >, displaying of pattern of zonal distribution. Soil P density significantly de-
creases first and then increases with altitude, and is largest in Cinnamon forest soils and less in brown forest soils
and dark cinnamon forest soils. Soil P content decreases significantly with altitude. The P content was highest in
brown forest soils and lowest in dark cinnamon soils. Total P in the soil profile exhibited characteristics of surface
accumulation. The structure equation model (SEM) shows that soil type, altitude, temperature, and soil moisture
content have direct impacts on soil P content, with temperature and altitude being among the key factors. Soil P
content, altitude, soil moisture content, soil depth, and soil bulk density all have significant effects on soil P den-
sity, with soil bulk density being the most prominent factor.
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BRAES RGP EENAGIcE, SRR LFT
A A R R LR 2 —(Vincent ef al., 2012).
T AE K BT 75 R 2 BRVR T 48, H 3R fhiHh
ARG TR E. LIRS E ST A
(1 AL K S TR TR >R 4E F (Ruttenberg, 2003).
S OB, IR EM B MEYEhEEY
TEAERS R G IEBE A N S O AR R =
Bt (Ippolito et al., 2010). 1 HIEHIAEML AT
T2 DA S A ) [ B (1 308 A R 1 ) 2 R i) H 3B FIAR A 2
I) PR B % B (Wi et al., 2010). B 038 & J LT /2 B )
(17, AAFiti Hh A 25 22 G004 ) VLIRS B0 (Liu et al,
2008). 19t it DLR, AERARAL 25 Hh oo T Bk
MBS o i b B 0 A AR R e R URK, AR
RS 45 38 vb & 3, 3k i B AIG L E AR 0 i
G PUBERE, T3S BHE/>(Hou er al., 2018). =%
IKBEBN G R AR LI )R> (Yuan et al., 2017), &
DUREINIE § AR WG 1 B0 388 SR X el >
(Marklein & Houlton, 2011),

FRIR L) 78 75 Hh R B b I A (1930%  (Fahey et
al., 2010), & AG AEREG AR 7S &R o bRk e (1)
80% LA K ML N B % [1140% (FAO, 2005), FE7EJRZE 4
BRAUEASEE . AERERCTI S 7 T LK. 2R
ST, NEININRE T A R 5 IR %
AL 7 (Smil, 2000) o KAR. ke, LR
A N TP BRI AR A R R 2 —
(Baeten et al., 2011), B FERM L5777 H LY
TRRE, Sof L S il RS 7 A RF 22 14 5 1 (Dambrine
et al., 2007). % &34 BREGH A A £ St 1 PR il
(Augusto et al., 2017), VAL ARPR L IZ0%E i E VIR &
HSma 1, A BT 1 AR R G et 4Bk
AR e 2, R TIPS PR g0 N H Bk R e
B3R (Reed et al., 2015), XtFlhAE& R G
58 LA S B PR T RF SRR FH B SR

ITAER, A E NN EZF TN T 30K
R (Allen et al., 2013), {HEXT - 39885 22 14l S 4R
AL (EFS, 2008), I H FBAET T LERME 5K
JREE. Smil (20008 Fofiti . 1 4 BRAO L35 f% it &=
N5-6 Pgo Zhang%(2005)%} 7 [E 2 )2 (0-50 cm) 11
WA AT TGS, &5 AR b [E e it 3.5
Pg. Fxk555EQ017)HF 74 R R E I # AL m
R R L N124.6 Tg. SR, XIRRE Ext+
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Bk it E 0 E BV IEAAEE B EA R, TR
FUBERFAS L T R 1) L S5 B E AG B AH E E, AA
BN AR b X 11 - 3Rl i Rl 5 P AT R
Wb (Zhang ef al., 2005). 5 i = JR A& 4 ER S fi
AR (1) A B A FTRORAE”, B AE N T e 5
(V) B R 4y, HARMAES KRG B .
FAKUE RE LKA 2 R R S T A
ER, BEWHEEXAESHAL, R AR
R S ol X A BRAR A4 1w B AR T EEAR (R BIE AT3
Fto SRT H BT T 548 AR LI 2 1 i ST 4D
BEEIRIE Rk, AHFRAEGE— B E R, X5
WA R IERE AT T R SEHUA A, WA Al 5
H T I AR IR A R A A B AR A T g
WAk B PR R 22, AR DA R RLE i R 1) F i
B RRAR LG R A R A 2) AR RV R RN
[] L 3 STl () AR AR AIE; 3) L3 5 R IR 1)
IR R

1 WRAEE

1.1 SRR

T4 M AL 75 6 e SR ARG, R K
VL BRI . FIEE RPEKZ1 200 km, B
JE 78 %800 km, 4Hi+HIEIFR72.1 x 10* km®., &4
I FA756.3 x 10* hm?, & EHEEAR1710.5%,
HA 2R J964.5 x 10* hm?®.  DLZEIR AT AL bk Ay
¥, HZ04T#ER2 0004 000 mX k. ik
W, BRI ZE R, SRR, S
BB R R Rl P S0, AR FE/K 316.7-776.1 mm, 4F
FYRUR-3.7-6.0 C, FFEKREKIBHEL 500 mm
PL b (it hR4E, 2017).
1.2 ®HARA®
121 #HHEE SR

A CEAE RS R G [ I H AR g S 4
015 E IR —E R, HSHH YRR EIE
SEEAR, EFWEE2INE AN Bk BRS04
(A3 FE S Serml s AR B S5 AR L H R A AR 1
] PR AN SE TR AR BT AR (BT, R H B &A%
BRI AP AT, SFEE, BRSNS,
W E 80/ T B ISR UERE 2. B R E 3
M50 mox 20 mffFEHE, PR AR B K T100 m,
ST AR 2401 o EREASFE IR B 0 M 2 B3 A
1m x 1 mfEERTT, Hit7200. EFMET N
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Fig. 1 Distribution of sampling sites of forest soil in Qinghai Province.
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Table 1 Basic information of sampling sites of forest soil in Qinghai Province

ARPRER A DX 35 PR FEHLEL dagesR Ry Hi%7
Forest type Sample area Dominants species Number of plots  Soil type Altitude (m)
[ R A B RAN B IRIE. WS @k Betula platyphylla 35 e Bt bk L, (it AK 2 200-3 000
Broadleaf forest — Ji@. [, [E4E. fLfE. Mg ) 3 WAL iR+
Xunhua, Huzhu, Minhe, Tongren, EHM Populus tomentosa Cinnamon coniferous forest
Huangyuan, Huangzhong, Datong, . X 5 soil, gray cinnamon forest
Menyuan, Tongde, Hualong, Xinghai ZLH¥ Betula albosinensis soil, dark cinnamon forest
¥ Populus cathayana 3 soil
\i#¥% Populus davidiana 9
FARUR SRS, SHEE. ELBD. TR, BE. VB FHIESAS Picea crassifolia 130 L RS ot bk 1=y (iR 2 100-3 900
Coniferous forest 3. [F{=. FEIE. Hyd. PEF, [E)4H, 5t pi o 9 WO L kR RS 4
T, BEE. KB, . (EfL, yrgg DT Piceawilsonii AR (LR
iz UK Juniperus chinensis 33 Cipnamon ‘coniferous forest
Ledu, Guide, Huzhu, Menyuan, Hualong, 50}1, gray cinnamon forest
Huangzhong, Jianzha, Tongren, Qilian, ¥5M#A Larix gmelinii 3 soil, brown forest soil, dark

Magqin, Baima, Tongde, Yushu, Nanggien,
Datong, Dulan, Xunhua, Jiangxi Forest
Farm

cinnamon forest soil

(1 m x 1 m)f#i FH 42 =5 emf +48, $%0-10.10-20.
20-30. 30-50. 50-100 cm (A5100 cmZE £E 2 N
1b), & ZEEYLE B 1, R R R — 2+
FERA AT . BRI RS S+
USRI IRAR R BT R R HAE)
OB AR (N ER 45 S A KB4, RIVAT G
FERARRERE . R EAESEIE 10 H (2 mmALIH) LA
VY 332 B B R B 4L 100 H (0.15 mmfLF7), it
M5 2w A

TEFEHE N EBE— AR Z N NPRSD, 254 AN
T3 B ARE R, 2100 emiZ 35 5] 1 (O
JE100 ciR A2 R EBERZ) . W HO0-10. 10-20.
20-30. 30-50. 50-100 cm%}Z, 1 HZAF100 cm’
IR TIRAES Z LI, FEEF2R, DAL E 115
HEMEESKE,

122 THENE

35 A 1 B s R I NaOHBR G -4H B i L €

%(Hu et al., 2016). B AN T)+HiF 5T &, S50
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NI E B T+ 5 B DL A T 5 & (S TR
105 C TR m &), 5 LR E DL e
K,
123 HFRHIEXRIR

LR A AR AR, DRI AR 7R FH A
-2 SR AN 24 [ 7K R 9T R - S99 e (1) i,
G 50Kk B b G e (b R GRAEE
https://data.cma.cn/). T4 AR IR R 7 bR v

ZH (HlHRK) (FERMEE S, 1993)M (Fil

38 (FilE L FEIEX KNI AZE, 1997). BRA S
Bk E (TEBAKES RSB EE—hE K
BLED (5 A, 2018).
124 HIELETHE

MR e FE R E A R (EB a5, 2017),
KA R AR

w2 T ARG
Table 2 Phosphorus stocks in forest of Qinghai Province

SPD =X(1 —g;) x p; x TP;* T, )
A, SPDNIEWEE L, g N iz IR A & &,
pNEILENAE, TPAFEILZN S S, TN
FiE T RREE . AR 2 A THAR IR LUK 73l 25
FE P A DN RIAS 5 4 W fiti &« K FH SPSS 10.04t 114K
PEAT BRI R 5 225007, A SR A [R) - 498 28 20 [ g 5
A S, WOy E NS, RSN
EESHATZ B, 77 E RN, WA
Tamhane’s T27%H#E1T % # LU (Zheng & Shangguan,
2007), 1# FISPSS 10.0%F 4= HEmk & & Al & % 5 ifg
R B R RIEAT A A 50, FIFHAMOS 17.0
TR R RS RIAEEN T 4 T R
Al SR Arcgis 10.0M8 3 G520 b i1kt g 4+
SRR AT Hh B 3 [R) 43T o 8 FH Origin 8.5%K 14 3F
AT EAR T R B R 2

A Forest type

T#fi5 &= Phosphorus stock (Mg)

T Area
2
(100hm) o jgem  1020em  20-30em  30-50cm  50-100cm &t Total
ek Mk Betula 606 19 392 20 604 25452 59 664 177 558 302 670
Broadleaved forest
¥t Populus 404 15352 15 756 19 796 42 420 113 524 206 848
LR E4T Picea wilsonii 56 2296 2632 3472 8 624 15232 32256
Coniferous forest
Y& Larix gmelinii 72 3168 3672 3888 11232 21 960 43920
IR Cupressus funebris 1383 58086 60 852 70 533 142 449 330537 662 457
FHF =42 Picea crassifolia 982 33 388 40262 50 082 102 128 264 158 490018
Mt Total 3503 131682 143778 173 223 366517 922 969 1738 169
R3  HEE B IERES R
Table 3 Forest soil phosphorus density distribution in Qinghai Province
AL Forest type HF Arca W% Phosphors density (Mg-hm™?)
2:
(100hm") o _jg ¢y 1020cm  20-30cm  30-50cm  50-100cm  0-100 cm
EIES HEA Betula 606 032002 034002 042003 094+0.06 2.93+024 471
Broadleaved forest
¥kt Populus 404 038+£0.02 039+0.02 049+0.03 1.05+£0.08 2.81+0.20 4.62
FYIE Mean 0.37 0.35 0.46 1.03 2.86 4.68
LR W4 Picea wilsonii 56 041£005 047011 062+0.13 154+033 272+031 5.76
Coniferous forest
&S Larix gmelinii 72 0.44+0.07 051+0.05 054+0.09 156+0.01 3.05+0.04 6.09
AR Cupressus funebris 1383 0.42+0.03 044+0.02 050+0.03 1.03+0.05 239+0.12 4.50
FHF EH2 Picea crassifolia 982 0314002 041+0.02 0514002 1.04+0.04 2.69+0.10 4.48
FYIE Mean 0.34 0.42 0.52 1.06 2.59 4.58
FYIE Mean 0.35 0.40 0.50 1.05 2.66 4.65
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HER2AT A, HHEA AR IER G R 1,74 Te.
6 bR ay T IEBE it & 2 B 2 R ECR, /T332 256-
662 457 Mg [i]. &ANFRI LI B AR/
JGEE A B AR IR > 25 A2 PR > HE AR AR > A% B8 A>T -
MSFFFAR . T E AR L g i i =iz oK T
R, Ho5 BH S AR IR S R 71 %,

AR ) A I5E Rl 3% ¥ A T4.48-6.09 Mg-hm >
[F](3). &M T30 5 B2 /N A VR AR>S
FFMSHEARMS RS AT AR MRS ZAZ IR . i bk 1358
Sy N R L N

1 miR 3T 94.65 Mg-hm 2, H.4% ]
AR E SRR, AR R A, RIBEE LS
JEE (48 0 AE K (B2). 0-30 emA /2 HH(30-50 cm ATl
50-100 em 12 JEEEA—FERCA I ELED), I B
3 2 R IR b STl R 32 T AR K (1) T L A R
(EI3). 20-30 cm*jZ T 3EmE% B E K T0-10 cm
+J2(p <0.05).
22 FEISHR T IEBTREHE

0-10. 10-20. 20-30f130-50 cm - 3Ef & & 1E
K2 200-3 000 mF13 300-3 900 m¥y 5 ik & &
FMKFR R, IFH3300 mab RS EROKGE
43 000-3 300 m [AIFEA MDA T HEIB) . 50-100
emt 2 T RS B EH2 200-3 000 mpE & K
BN 2 ER A (p < 0.001), 7£3 300-3 900 mpf#
R (E4).

A ST %0, Y2 200-3 000 mZ2 [A]1 miR 1

z I IN 3 T W
P density (Mg-hm™?)
-5.70 )
-5.41
z
Qb 513
i -4.84
-4.56
-4.27
Zl 398 ¥
o
el
0 175 350km- T N L e
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B2 FHilEH AR IR E A R .
Fig. 2 Spatial distribution patterns of forest soil phosphorus
density in Qinghai Province.
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Fig. 3 Phosphorus density of different soil layers (mean + SE).
Different uppercase letters indicate significant differences in soil
phosphorus density between soil layers (p < 0.05).
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Tl 25 2 5 ¥ 4R S B 2. 2 A5G SR R (p < 0.001),7E
3300-3 900 m£ 2 3 ) IEAH R K R (p < 0.001).
2.3 AELIFEAR L IERRT RHHE

FHIF TR AU E 2, RS2 20
HE B S 2 R R T AR /N B A AT AR, Ak
0-10 cm )28 & & K F50-100 cm (p <
0.05)(Kl6).

AR EANFE SR 2 |, 1 Z0-10 ecmHH,
Ll MR E B I bR - ) Tl B B Y 3 o T At g
k& E@ < 0.05), HA3FP SRR & & 2 5
ZRAEE. 1020 e 2, G REEFH AR
ATt B B I KT Ll b AR EE PR R L R A
+(p <0.05).20-30 c - 2B & E R I H AI0-10 cm
—FEIEE . 3050 cmt 2, LR A HRR
bR B KT A R IR B B (p < 0.05).
1 )/Z50-100 em™r, Ll RE € Bt AR B B R IR
ANTH A3 IR (p < 0.05).

AN TR R i)l o 2 S B (), Ho
IR: W) el O N B /) 8 5 ) N = T 00 N R 1 e
T AR A0 HERE 4 . (p < 0.05), (liHbE#6 1+
51 B /N
24 WHEEWEFHIEEXASH

FA 546 77 FEAR Y (SEM) A AT ol & . WS 2 LA
SRS 2 (A A ELS A 5 R, % R IR A&
e fE R4 (8). SEMATRE S . B E. Ff/KE.
. RHERA EKE DL IR R 0N
21%- 69%- 2% 39%-. 6%. 46%K1146%. HFk. +
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2 IR S B R AR R (p < 0.001),
SEMREZEEHRXE < 0.001), [N+
BTNl B B 1) EL Y A B B E KT (p <
0.001), [ 7K 5 ) 38 1ot 4 398 28 7Y F0 i R 5 e & &7

EKESH

Mo Fr, MR X
ANTERARIE R, RS LR, FE, BE
EWE%EM%@<0mm,§m§5ﬁEWME
FHMAHK(p <0.001).

RO R i

ALY

B EAE K.

AR . R B SK B S B AR % 5 DA R Bl 5 B ()Xo Tl 3 P = AR R o
= = = R*=10.031
. ) ‘ B R =0.107 . c
bl w12 B, . 2 <0.05 gig p<0.01
101 &1k 290! )
o9l gLop - * g1l ~
= = | L . et
Sosl. § o2 8 03 G
g 071 p'_‘: =1 LAY < _F; 0.7 t . NS Pas
2 0.6 07 . o en . 206/ STy
61 .. *h 0}
s i 00 : 04 [ :
<o 09 ¢ 41 0.5 <0031
BoglL . . . . . . . . £os go2lL . . . .
B 3000 2400 2600 2800 3000 3300 3400 3500 3600 3700 3800 3900 B 2200 2400 2600 2800
H %R Altitude H YEIR Altitude + ¥R Altitude
=12, D 12, E 2 12 F R*=0.150
o _ oy R=0.111 ) X
% 11} Ri=0.133 ey p<0001  E11| p<0.001
:,10. ) ., p<0.01 Z10[. :’10: .
§ OF K § 09| § O .
£ 09 £ 08 go9p -
A 0.8F 2 07 ~ 08F
2 0.7} 3 g-g 207t
i# 0.6} i H 0.6 |
« . . 41 0.4 &1
& St 03! gO.S-
= 04 02 e 04
*H '3300 3400 3500 3600 3700 3800 3900 H 2200 2400 2600 2800 3000  -H 3300 3400 3500 3600 3700 3800 3900
¥§H Altitude (m) ¥§H Altitude (m) WP Altitude (m)
}40 if [ G R2=0.070 T&o }? r H R2=0.218
B 0.01 S [ . <0.01
Z10}° p< 2ol .. P
8 o9l Sool .. .
S 08} g 0.8
& 0.7T 075
306} 3 0.6l
g 051 I 0.5 . . .
410410 . 41 0.4 -
=Y k] e, ® 03|
Bo2 L o2
+H 2200 2400 2600 2800 3000 H 3300 3400 3500 3600 3700 3800 3900
WP Altitude (m) W Altitude (m)
w2l Rz:()%(l)?o }2 09-J R*=0.087
S L1f p<0 %038 *p>0.05
= 1.05. 2 ot
8 0ol 207}, . . te
= g
S 08¢t S 0.6 . .. et
A~ 0.7F Ll I T L
2 0.6] . § 0%+ oo
g 05| o 041 . Lt
41 041 <t 03
# 03| g
% 02 L L L L L L L . % 0.2
H 72200 2400 2600 2800 3000 3300 3400 3500 3600 3700 3800 3900
WP Altitude (m) W Altitude (m)

&4 FHiFEHAKREERSESERRXR. A, B, 0-10 cm; C, D, 10-20 cm; E, F, 20-30 cm; G, H, 30-50 cm; I, J, 50100 cm.

SEgk, p <0.05; FEZE, p>0.05,

Fig. 4 Relationships between forest soil phosphorus content and altitude in Qinghai Province. A, B, 0-10 cm; C, D, 10-20 cm; E, F,

20-30 cm; G, H, 30-50 cm; I, J, 50-100 cm. Solid line, p < 0.05; dotted line, p > 0.05.
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Fig. 5 Changes in soil phosphorus density with altitude in Qinghai Province.
1.0 -
5 r Aa
i 09 %Aab
‘g - Ba AabAb
E o % \Ac BCb Ba Cb
= 07- Be 5. s %Bb Bb Ab Bab T by
& I % N T T Cab
e \ABd \ —‘V
b 06 N \
g | N N
% N\ N N\ N
2 05| N N § N
’ N N N N
TE: Rk N 7 N TN 2N L N o N b2 ) e 0 N LIRS 1
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587 Soil type
[10-10cm 10-20 cm 20-30 cm 30-50 cm XY 50-100 cm

El6 753 ARMAN R 13T e 5

ECHEIRAER 2) . AFEKS TR A R AN A R (A ) e 2
5582 (p < 0.05); AFVNG P RER A A R [ 2 6] - e 5 R R

23 (p <0.05).

Fig. 6 Soil phosphorus content in different soil types of forests in Qinghai Province (mean + SE). Different uppercase letters indicate
significant differences in soil phosphorus content between different soil types in the same soil layer (p < 0.05); different lowercase
letters indicate significant differences in soil phosphorus content between different soil layers of the same soil type (p < 0.05).

a6
el
e r
® 23
e
H o
=g
20
e L s JJ.IM LI
Akt 4kt WML Dark cinnamon
Cinnnamon Brown Gxay cinnamon  forest soil
forestsoil ~ forestsoil  forestsoil
+HEH Soil type
E7 AFEIEER0-100 cmt 3T RE2E (L {E Hhx v %

£)o ARIKRE FRERIRANR 338 R o] 3wl 55 [ 22 e
F(p <0.05).

Fig. 7 Soil phosphorus density in the 0-100 cm soil layer of
different soil types (mean + SE). Different uppercase letters
indicate significant differences in soil phosphorus density be-
tween different soil types (p < 0.05).

3 iTig
BEERMITIEHEERETE SR

b e A B A R PP T A B AN, R
e 72K -1 B 2248 AR (Ahern & MacNish, 1983).
Bz VAR B A ORI 7L, AT e i B A1 S
L2 N 73 b, 49 3 04k 5 45 S'E/ﬁﬁﬁariifﬁﬂhm
R AR bk T3 B 1,74 Tg, BABAK. HifE
1T 84% (1148 BRI FAFE 443 000 mbA |, KL FER,
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Fig. 8 Relationships between soil phosphorus and environmental factors. The red line represents a positive correlation, the blue line
a negative correlation, and the dotted line an insignificant correlation. *, p < 0.05; **, p <0.01; *** p <0.001. AGFI, adjusted good-
ness-of-fit index; CHI, Chi-Square; DF, degrees of freedom; GFI, goodness-of-fit index; RMSEA, root mean square error of approxi-
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