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il 5. WO, M IAHE b DX PR A S
P14 4 [ D B AS AR 3SR Ay A S5 SRR T
AR H 34 B (0.320 mg-kg™) FIA Rk
(2.247 mg-kg™) & EBA, L F Pk’ K
S8 Huang 250 % BUFE 322040 X D B A A4
K5+ HUA 500 A 0 IEADE, BUHAE I # X
SRR T SRR AR, A, Yu SO
FOUIN SV AAGHT B DX ) - 398 S 1 RIS TR
Fekai, L, SREMMO A K TREmIG H 65 i
{4l R A1 ) ] AT
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22 U2 R AR RN e AT B I R
Pl A K BRI I e, (HdA s R
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22 Je B HE A AR R T e ol AT AW B A B 114 A=
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AHFFE LA S M A H0 20 T 2 g LR R el A v
AR Th A R AR AR, 2020 4 12 Ak
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1.1

Ve, 21 JE BRI TS S SR e,
JITA SIH R R T A i R R B R R A T
B 5% B e L
1.2 KWigit

PieEDEMMKEZ L (0~20cm) TR
MBS R (225 mg-kg™) MY & E LR
( 0OAP, 0 mg-kg™"). 1/81% s ( 1/8AP, 0.291
mg-kg™) . 1415w ( 1/4AP, 0.581 mgkg™) .
125 # ( 1/2AP, 1.162 mg-kg™) . % Mg 41
(CK, 2.325 mg'kg™"). 2158 ( 2AP, 4.650
mg-kg™) 14 f%5# (4AP, 9.299 mg-kg™) ik
7T ABEMR B AL PRAE , AL FRZ TR A 200 BRA I
MRIEIE TR (29 3 kg-#"), ARk
SraoRi, bR R EEN, RS
MADNHN, 45 BRI SRAL T,
[EB% 7 d BSn—IK, SRR BURE Y H A s 57
VI BE R El s[RI A IR RE AR, Bk
IR AR TCE RN . AN B IR
KETmHEHETEILE 1, MR E TR R
Hoagland & 7% ¥ P9 42 fit , I Fe*. Zn*,
Mn?', Cu*. Mo® ., B*f & & 4 %l N 7.149
mg-kg™. 0.131 mg-kg™. 0.110 mg-kg™". 0.032
mg-kg™'. 0.048 mg-kg™" 1 0.270 mg-kg™'; &I
W pH {E7E 5.3~6.0 ZIi], i A 5Erb 5L oKt
2, Wi H HE G AS AR B T R
PRAETE SR AR Sy, RIS FH 0 1 PO 57 7305 243 B ofe ik
IR YRR o TR TR 2021 4E 5 H¥)
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1.3 BEKREASHTSHNE
1.3.1 SAKIARGT L 15 ARSI BT,

FANER (S 0.1 cm) & Fr A 9 w0 G vk
6 (em); FRAPABEHIMETH . 911 A
BRG] i BT A R AE AR RO PR R (om ). IR E
S L) 5 AN G AR R 2 2510 A D) R e 7 I
[&] f) #H X A= K 3 4 ( Relative height increment,
RHI ) 1,
RHI, 4 = Hy = Hyop (1)
Kb H FRoRM A 4nsipobkss, n Gy (n=
7,9, 1),
WA TRl WiV BE AL T Ay bk e B8 5 AR A AT
() ST RIS, R R AEE
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Table 1 Contents of macroelements in different phosphorus content groups

AbFRRE S VU 7K R4S BlR — a4 TR . - eyt
Treatment gradient Ca(NO;),-4H,0/(g-kg™) KH,PO,/(g-kg™) MgSO./ (g-kg™ AALHKCY (g-kg™
JeH% OAP 0.945 0 0.120 0.253
1/81% 1% 1/8AP 0.945 0.001 0.120 0.253
1/Af5T% 1/4AP 0.945 0.002 0.120 0.253
11215 1/2AP 0.945 0.003 0.120 0.252
X4 CK 0.945 0.006 0.120 0.250
2157 2AP 0.945 0.012 0.120 0.247
A5 AAP 0.945 0.024 0.120 0.240

0.935~0.979 (% 2), R E T RIFEIREER
FAET AN A KR RN R, AF

% ORI R ZRE O R A 4 T B R AR A R
( Relative growth rate, RGR ).,

*k2 DEMRYEHKS (H) SEKEE (t) BEEERRERNSEH
Table 2 The parameters of linear regression model between growing time and
height of P. massoniana seedlings

IEEEBSE Treatment gradient A3 Formula R? P
TeH§ OAP H=1.857 t + 53.736 0.954 0.023*
/8% 1/8AP H=1.984 t + 56.636 0.979 0.011*
1/445 1% 1/4AP H=1.812 t + 52.450 0.947 0.027*
112157 1/2AP H=1.910 t + 57.275 0.935 0.012*
XHEZH CK H=1.913 t + 55.265 0.948 0.026*
2151 2AP H=2.059 t + 56.390 0.979 0.011*
AR5 4AP H=2.349 t + 50.555 0.956 0.022*

7E: P<0.05,

*; P<0.01, **; P<0.001, ***. T[d]

Notes: P<0.05, *; P<0.01, **; P<0.001, ***. The same were as below

1.3.2 rtARES RN

H Li-6400XT fifi#

6 R B e — 2D b 25 E . A RIES “Imed 2

{OEATEHMR A% (Li-Cor, Lincoln, USA) il
TEFF MRS SR, R MEL, ARKERLF
IR BB RSS 4 Bk, S30fES H. 6 . 7 1.
8 H. 9 H. 10 HELEIIR -4 9:00—11:30,
TPEREAE AR bR A B I SRS 28, D
AR ENERE RN 25 C, EEAREREI N
1 000 pmol-m™-s™", S {&ifi i 500 ymol-s™, Ml
TN RN AR, PEER S S IE R
4G/
1.4 EiEATE

A B s R g o i A2 B ) B SPSS
v23.0 il R4.1.2 # 4 ( http://www.r-project.org/ )
eI

AW 5% B A7 %% 4 38 5 1E & 3 A ( Shapiro-
Wilk #5465 ) FlJ7 22 55 IR PERE 58 ( Bartlett 45 55 ) ,

P58 A PR A ROV ALY ( Linear mixed-effects
model ) #y5r#T, HAELZ/ERFEHILE T, 75
TR TE] | R R R A T AR HAE X R
g AR K S

RHIFSG G Z 8dEtn (H6H #H % (Net
photosynthetic rate, Pn) S A" E
( Conductance to H,O, Gs). fifili] CO, ¥ J¥
( Intercellular CO, concentration, Ci) F17% % #
K ( Transpiration rate, Tr)) WM, FHEARZE
77 Z 01 ( One-way ANOVA ) F1 LSD #3677 1%
BN [ A KB T RN BE RS B T S A KAV A2
Boagtrm 25, H¥AERKE (Student's t test) Al
T LR Iy e o B VA B 55 4 AR AR
HRM IR . A S HT AR AR C A0 (Partial
correlation analysis ) iR A= K iFH] | Wik BE Jo L
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WM, 4hHE RHIFRE A 4 i) B ZE K i s
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Table 3 Effects of growing time, phosphorus content, and their interactions on relative height increment and
photosynthetic parameters of P.massoniana seedlings

T B AE K] Tl R 5 5[]
SN Phosphorus content Growing time Phosphorus content x Growing time
Indicator
F-value P F-value P F-value P
AR A K RHI 2.810 0.004** 293.052 0.000*** 0.755 0.796
HIEEZ Pn 24167 0.000*** 1746.995 0.000*** 59.456 0.000***
SALFE Gs 127.570 0.000*** 10 287.470 0.000*** 104.970 0.000***
JfLIRICOL# ¥ Ci 20.274 0.000*** 2 345,131 0.000*** 32.512 0.000%**
ZEREEE Tr 184.030 0.000*** 12 552.540 0.000*** 210.810 0.000***
T, OAP 1/8 f5#%, 1/8AP 1/4 1505, 1/4AP 1/2 f5H%, 1/2AP
8t
Aab Aab Aab
6 Ab
I I Aa I
4l Ba I :BE Ba
L Bab Bab . Bab
Cab
g 21
8
i 5~6H 7—8H 9—10 H 5~6H 7—8H 9—10H 56/ 7—8H 9—10 A 5-6H 7—8H 9—10 H
ol XTIRAL CK 2 {7iik, 2AP 4 {iiw, 4AP
8+ Aa
g Aab I
junag
* Aab
61 ABa I
I Ba
Ba
Ar Ba i I
Ba Cab
2+
0

56/ 78] 910 /]

56/ 7—8J] 910 /]
R G

rowing times

567 7—8J] 9—10 /]

T ARRIKRE FBER AR RIBER B AR A A ) Y B ARGl i AR AR K REAE 0.05 7KF- B2 5 i 3, ARRVNG FEER AR A KRR IR B2 T
AR AR KB R AE 0.05 K1 225 B3
Notes: Different capital letters meant significant differences in relative height increments among different growing times, and different lowercase
letters demoted significant differences among different phosphorus contents at the 0.05 level
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Fig. 1

£

during different growing times

Variation of relative height increment in P. massoniana seedlings in different soil phosphorus contents
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Fig. 2 Bivariate relationship between soil
phosphorus contents and relative growth rate of
P. massoniana seedlings
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WRELMET, P fE R AR K B (0] B A7 7E 8 35 25
5 (P<0.05), [ CKALBE, Pni47E 8 J k3|
KAE; 7E4AP 04K, PnfE7 . 8 AMI9 AR
EET 10 A, Gs, Ci. Tr5 Pn R AL
AR A d, BPREAE IR K S TR (£ 4);
RS B ST, TEARRIERKER Gs. Ci,
TrESBE (P<0.05), 7—9 Afifmm (%£4),
8 HMOH, Ci, TriF 4AP 44T 3w K
Wi (OAP. 1/8AP il 1/4AP ); 1E5 HHI6 H,
KB T Y Ciy Tr B3 = TR b #ig (2AP
FI4AP) (%4, P<0.05),
23 AEBREZGTIERSEHEMNEKIEE
5 &SHMEXSH

Mk 588, Pnfil Cis RHI W 3 IF A %
( P<0.05); 4K E Y5 RHIE # IF AMH X
(P<0.01), 5 Pn, Gs. Cith AR —EM
IEAM KK FR (0.05<P<0.1), 2445 il # ik B 1}
o BAAAEI I RHI S Pn A1 Ci LA KB K ] 2 T
BFEAK (P<0.05); A:KmtES Ci t 3 EAH
o M 2 A A e T i [ s o v R A A K
BRI, RHIFDGE SECS Wk FE Z 18] T i 2 AH G
%, RHI 5AESEIMEHEEARE,

3 it
3.1 DREMYHENRSSEX REBER E R
W5 A VR Z MY G 2l UL e B fabn

T RO R Bk FR P, (HAER RIS
B SR TER X RIERIIG P, Hilan, Prior
A5 PO St AT B W RE I () 2L FE 4K ( Erythrophleum
chlorostachys (F.Muell.) Baill. ) . 4 &% ( Acacia
auriculiformis Benth.) 1 ¥ # 41 ( Callitris
intratropica R.T.Baker & H.G.Sm. ) ZHi#k 164
YEFBFFE R IDEEVEH 22 2 0 29, 1 Smith
SEE Ak 201 ANl AU RO AR IS
RIDCEEMS TR ERIC, EANT T,
S EIAIHI Pn. Gs. Cifl Tr 45z B[R Bk
FER B E R (£ 3, P<0.001). 7k #4c1F
(0AP. 1/8AP 1 1/4AP) &, Pn7#E 7—9 J il
$wm, Ok Pn BERTEBEH (£ 4, P<0.05);
i 451 (1/2AP, CK. 2AP f14AP) T, Pn
M6 H IR R, feoRk Pn RREemt Rl E R, &
BEALEE (2AP. 4AP) ) Tr 1 Ci M\ 6 A TR iHGH
FhE, 7—9 ARl KA, HizAK e\ B
Trfl Cid4 i % K TIRuk b 7 ( 0AP. 1/8AP Fi
14AP) (% 4, P<0.05)., Pn. Cifl Tr 8
(A XSS (] A8 A0 T R B FE A I i A 3 W AR PR
FEA B A IS N R - AR i KOG B AR R Rk i
B, $EEDCAIERRE, s B R RS
R A AERE R, SR DG AR IR AL
RO R EE R — e R F AR A AR AERLE (The
least-cost hypothesis ) ¥™%2 [l 42 Hi fE ) FI#R
fbie 1R BT, JCA R RE LLE B AR FE
KAEFFHEYI M IE R 3. Gs fEA R Bk B 451
T, ¥7E 8—9 HikBfmmlE, S5HAA AT
Gs 2R (K 4); (B A A B [ A [7] 2k 23
] Gs =5 AN, RIS HZEHBOM A
HP SRR B X B B SR AR PR S . TR
FKUEF, SR T RERIE T iR 1 Re
UK iR B R I RE AR, A X
TRBEPREE A0 N P20 B B AT 8 R B, AR bR
REA IR Z () ] R B, PRIE F B ) A 2800k
ICEIER, R EK,
3.2 OEMMNESEKIAERERK E MR
HEVEHAE S Y Y A K AR I RE i,
Y, SARKREY A KW EZERIE A,
i8] 2 7 AU X I R b R B AR X R A A TR
&, DR EESE (0.02~78.65 mg-kg™ ).
TEREATEIN, DA PR e AR A R R 37 KL o
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Table 4 Comparison on photosynthetic parameters of P. massoniana seedlings in different growing times and
phosphorus contents

HESH 5/ 6/] 7H 8/ 9H 104
Parameter May June July Augest September October
JET OAP
B ATERE Pn 0.489 £ 0.045 Fd 3.0520.136 Ea 85910126 Ca  11.460 £0.507 Acd  9.719+0.183 Ba 3.925+0.118 Dc
AL Gs 0.009 £ 0.001 Dc 0.023£0.001 Dab ~ 0.101 £ 0.002 Bd 0.602+0.012Aab  0.568 £ 0.011 Ab 0.043 £ 0.001 Cc
HBIAICOKEL Ci 288.745+12.107 Ba  182.986 +2.900 Dc 253569 + 3.205 Cc  374.556 + 2.321 Aab  371.886 + 1.118 Abc  253.302 + 4.506 Cb
Ak Tr 0.342 £ 0.015 Dd 0.521£0.030 Ca 1.054 + 0.008 Bd 3.846  0.081 Ab 3.794 £ 0.062 Ac 0.531£0.011 Cd
/8151 1/8AP
B AT Pn 3.169+0.134 Ea 3.007 £ 0.165 Da 6.926£0.094 Cc  13.088 £0.432Abc  8.496 £ 0.183 Bb 3.145+0.138 Dd
AT Gs 0.030 £ 0.002 Da 0.016 £ 0.001 Dd 0.133 £ 0.003 Bc 0.625+0.013 Aa 0.553£0.011 Ab 0.100 £ 0.003 Ca
JIFCOLKIE Ci 212.857 +1.979Db  247.100£3.639 Ca  304.003£3.066 Bb ~ 378.667 + 2.968 Aab 370.981% 1.034 Ac  299.400 + 5.281 Ba
A Tr 1.280 + 0.058 Ba 0.309+0.011 Ded  1.297 +0.028 Bc 4.012+0.088 Aab  3.841£0.073 Abc 1.031£0.021 Ca
1/ARERE 1/4AP
B AR Pn 2.529 £ 0.044 Eb 2279+ 0.122 Eb 3.843:0.256De  15.133+0.707Aa  10.240 £ 0.196 Ba 5.265  0.147 Cab
SALTE Gs 0.017 + 0.000 Cb 0.021+0.001 Cbc  0.060 + 0.004 Bf 0.468 £ 0.010 Ac 0.402 £ 0.012 Ad 0.053 £ 0.001 Bb
JAECOLKIZ Ci 150.802£2.065 Dc  239.876 +4.615Cab 255.639+8.275Bc  381.289+4.029Aa  354.678 +3.568 Ad  232.541 + 4.578 Ccd
FEREER Tr 0.798 £ 0.008 Bb 0.470 £ 0.021 Ca 0.616 £ 0.040 Bf 3.356 £ 0.079 Ac 2.910 £ 0.064 Ae 0.717 £0.021 Bc
1125 1/2AP
B ATERE Pn 2.730  0.079 Dab 3.007 £ 0.165 Da 6.222+0.219Cd  10.628 + 0.948 Ad 8.496  0.183 Bb 3.145  0.138 Dd
AL Gs 0.018 £ 0.000 Db 0.020£0.001 Dbc  0.070 + 0.002 Be 0.584£0.010 Aab ~ 0.549  0.009 Ab 0.032 £ 0.001 Cd
JMFICOLKIZ Ci 165346 +4.382 Cc  168.897 £4.208 Cd  250.187 +6.273Bc  383.211+2987 Aa  376.275+1.025Aab  240.331 + 4.496 Bbc
Ak Tr 0.701 £ 0.032 Bb 0.384 £ 0.022 Cb 0.637 £ 0.020 Bf 4113 £0.102 Aa 3.9720.063 Aab  0.468 £ 0.0110 Ce
XTHE4 CK
B AT Pn 1.459 + 0.011 Dc 2.139.£0.148 Db 8.328 £+ 0.506 Aab  6.386 £ 0.469 Be 8.635+0.323 Ab 5.184 + 0.167 Cab
AT Gs 0.011 £ 0.000 Dc 0.019£0.001 Ded  0.077 £ 0.004 Be 0.389 £ 0.008 Ad 0.461£0.010 Ac 0.053 £ 0.002 Cb
JIFCOLKE Ci 160.194£5.135Dc  245.621+4.995Ba  230.055+3.825Cd  359.778 £ 1.039 Ac ~ 373.345% 1.501 Abc  224.969 + 5.089 Cd
A Tr 0.535 £ 0.011 Cc 0.343+0.021Cbc  0.773 £ 0.040 Be 3.098 £ 0.065 Ad 3.406 £ 0.054 Ad 0.769 £ 0.019 Bb
2% 2AP
B AR Pn 1.503 + 0.064 Ec 1.472 £ 0.088 Ed 7.984+0.108Cb  13.460 £ 0.452 Aab  8.571+0.170 Bb 4.842 +0.143 Db
AT Gs 0.012 + 0.000 Dc 0.016 + 0.001 Dd 0.242 + 0.004 Bb 0.665 + 0.012 Aa 0.605 +0.011 Aa 0.050 +0.001 Cb
JMAEICOLKIZ Ci 157.584 £3.788 Dc  232.621+3.992Cb  334.049+ 1.665Ba  387.692+4.015Aa 379.243+0.766 Aa  234.204 + 4.228 Ccd
FEREER Tr 0.452£0.008 CDcd  0.210 + 0.009 De 2.447 £ 0.024 Bb 4.258 + 0.069 Aa 3.921£0.055Aabc  0.750 £ 0.015 Cbc
4151 4 4AP
BGATERE Pn 1.226 £ 0.011 Bc 2.029+0.116Bbc 8555+ 0.122 Aa 8.015 £ 0.662 Ae 7.864 £0.135 Ac 2.660 £ 0.104 Be
AL Gs 0.008 £ 0.000 Cc 0.026 £ 0.002 Ca 0.272 £ 0.003 Ba 0.550 £ 0.010 Ab 0.546 £ 0.010 Ab 0.025  0.001 Ce
MFCOLKIZ Ci 148.373+2.852Dc  228.389+5.704Cb  334975+1.021Ba  367.730 £ 2592Ab  379.254+0.764 Aa  223.245+5.370 Cd
AEREER Tr 0.402 £ 0.003CDcd 0.272£0.017 Dd 3.056 £ 0.008 Ba 4.012+0.088 Aab  4.058 + 0.058 Aa 0.412 £ 0.012 Cf

T R AFHE £ bERE . R T 8UE A FRS 5RO R R BEAN [ AR A (1) & RAA ST DG & 2 804£0.05 KF L EREE, [FS)
AN /IN 'S R 2 A 8 AR K B A [ VR P 40 ¥ Dl 5 2 40460.05 /K B2 R B3
Notes: All data are expressed as mean + se. For photosynthetic parameters of P. massoniana, different capital letters in same rows meant
significant difference among different growing times in the same phosphorus content, and different lowercase letters in same columns demoted
significant difference among different phosphorus contents in the same growing time at the 0.05 level.
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Table 5 Correlation coefficients between relative height increment and photosynthetic parameters of
P. massoniana seedlings in different phosphorus contents

AR A5l WHRAEE SIS MFCOMIE AMWEE Akka S BHKE
Controlled variable Variable Pn Gs Ci Tr RHI owing p
time content
AR P 1 0.783* 0.787**  0.783**  0.426* 0.387 -0.013
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Variations on the Height Growth and Photosynthetic
Characteristics of Pinus massoniana Lamb. Seedlings
along a Soil Phosphorus Content Gradient

XU Jin', LEI Lei*?, ZENG Li-xiong"?, LIU Ya-hui', WAN Yi', NI Yan-yan"®, JIAN Zun+ji', DENG Xiu-
xiu*, ZHANG Jia-jia', XIAO Wen-fa'?

(1. Key Laboratory of Forest Ecology and Environment of National Forestry and Grassland Administration, Ecology and Nature
Conservation Institute, Chinese Academy of Forestry, Beijing 100091, China; 2. Co-Innovation Center for Sustainable
Forestry in Southern China, Nanjing Forestry University, Nanjing 210037, Jiangsu, China; 3. Wuhan Botanical Garden,

Chinese Academy of Sciences, Wuhan 430074, Hubei, China; 4. Experimental Center of Forestry in North China,
Chinese Academy of Forestry, Beijing 102300, China)

Abstract: [Objective] To study the response of Pinus massoniana seedlings of height growth and photo-
synthetic characteristics under different phosphorus concentrations, reveal the adaptation mechanism of
P. massoniana to low phosphorus environment, and provide experimental basis for the management and
accurate growth simulation prediction of P. massoniana forest. [Method] From May 2021, to November
2021, two-year-old seedlings of P. massoniana were planted in 7 different soil phosphorus concentrations,
including control group (2.325 mg-kg™', CK), no phosphorus group (OAP), with an eighth of CK (1/8AP), a
quarter of CK (1/4AP), a half of CK (1/2AP), two times of CK (2AP), and four times of CK (4AP); and then
the growth and photosynthetic parameters were tested. [Result] Relative height increment (RH/) and pho-
tosynthetic parameters of P. massoniana seedlings were affected by growing times and soil phosphorus
concentrations. RH/ during from May to June (RHIs.¢) was higher than that from July to August (RH/;_g) and
September to October (RHly.19). RHIs. of 4AP was significantly higher than that of 1/8AP. Relative growth
rate of seedlings was positively correlated with soil phosphorus concentrations (P<0.05), and linearly in-
creased with phosphorus concentrations. Net photosynthetic rate (Pn), conductance to H,O (Gs), intercel-
lular CO, concentration (Ci), and transpiration rate (Tr) were significantly affected by soil phosphorus con-
tent, growing time and their interaction. And all of them reached their peak in July to September. Pn and Ci
were positively correlated with RHI. Growing time had a promoting effect on RHI, Pn, Ci and Gs. [Conclu-
sion] The height growth and photosynthetic parameters of P. massoniana seedlings are significantly af-
fected by soil phosphorus concentrations. P. massoniana seedlings have a special adaptive mechanism to
the low-phosphorus environment by regulating photosynthesis and the dynamic changes of height growth.
Keywords: Pinus massoniana; phosphorus; photosynthesis; growth

(TUATZisH: # I



	1 材料和方法
	1.1 试验材料
	1.2 试验设计
	1.3 高生长及光合特征参数的测定
	1.3.1 高生长指标的计算
	1.3.2 叶片光合参数的测定

	1.4 数据处理

	2 结果与分析
	2.1 不同生长时间及磷浓度条件下幼苗高生长变化
	2.2 不同磷浓度条件下马尾松幼苗光合参数比较
	2.3 不同磷浓度条件下马尾松幼苗相对生长增量与光合参数的相关分析

	3 讨论
	3.1 马尾松幼苗光合参数对不同磷浓度的响应
	3.2 马尾松幼苗高生长对不同磷浓度的响应
	3.3 不同磷浓度下马尾松幼苗相对生长增量和光合参数的相关关系

	4 结论
	参考文献

