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Effects of Inter-species Competition in Legume-Grass Mixtures on Soil
Phosphorus Uptake Efficiency

FANG Ju-mei"*, DOU Zi-yi"*, LI Gui-zhen"*, ZHENG Wei"*, WANG Ling-ling"?, WANG Yu-jie"*
(1. College of Grassland Science, Xinjiang Agricultural University, Urumqi, Xinjiang 830052, China;
2. Xinjiang Key Laboratory of Grassland Resources and Ecology, Urumqi, Xinjiang 830052, China)

Abstract: To evaluate the effects of intercropping arrangements on phosphorus use efficiency and interspecific
competition in legume-grass mixtures, same-row intercropping (T) and alternate-row intercropping (Y) was
conducted by the pot experiment. The study investigated the relationships among phosphorus use efficiency
(PUE) , interspecific competition, and the overyielding effect in triticale-hairy vetch and triticale-common
vetch systems. The results showed that for the triticale-hairy vetch mixture, yield and overyielding were higher
in the same-row arrangement, whereas the triticale-common vetch mixture was the opposite. The relative yield
(RY) was higher in the alternate-row arrangement for both systems. Metrics including encroachment rate (A),
competition rate (CR), and relative crowding rate (K) indicated that triticale was the competitively dominant
species. Phosphorus use efficiency varied in the triticale-hairy vetch system, and it was higher for triticale under
alternate-row but higher for hairy vetch under same-row intercropping; in the triticale-common vetch system,
both species showed higher PUE in the alternate-row arrangement. Threshold analysis revealed that highly
competitive ability coupled with high PUE synergistically induced the overyielding effect under the alternate-
row arrangement. In conclusion, for establishing annual forages in the cool region of Zhaosu, the alternate-row
intercropping of triticale and common vetch is recommended.

Y s B #3:2025-10-13; & 2] H #8:2025-11-25

ELTE : {6 X E A 0FRTIT GO sl (35 H 45 :2022B03030-3) ¥ )

PEE T Av o507 4t (1996-) , 20, BURR , R 22 M A, 22 N 8 RE R 2 AT 5, E-mail : 1472485973@qq.com 5 #52 4% 5 (1998-) , %, I
WL H BN, M, 3 F R 5T, E-mail : 3517669621@qq.com ; * 1 15 /E & Author for correspondence , E-mail :
zw065@126.com



1642 B

S 34 4

Key words: LLegume-grass intercropping; Interspecific competition; Phosphorus use efficiency; Overyielding

effect

TARIRHEAALAT AR @ B4 A 77 g oKCF L
A 2 1 0 B Ml A Y — i 28 A 0 R D 5
AT 2 NG RIREE R G R YIEES LSR5
BEUE A LA B FR 53 A J2 A D T UE B A R
TSI . AR RN, B A R
HWE AR EE BT A, 8 iR
1E BRI S ATIR ) AR AR S HEE I 2L, T
LS 43 2 45 AN TR A 0 v R0 T W88 1 A= 0 2 0 g, i
7 B2 v L R A R R LAY R
Wi, 5 5 AE M, & 5/ F K (Vida faba L. /Zea
mays L. A 22 G2 B8 W 35 4 v A W X i 1 1 i 4
KAEW =&, TRt B BARTRIBEFRGE RN
BT UR BN AP B (H AR 2 R G AT SR A AE e G ()
B, ERR AR TR A KA S BT A 2, T 5 2
TR R G200 R ORI 7= J1 K R RS i
T ARAF (Gramineae) 5 T} (Fabaceae) ¥ 5 ) fi
IR, A A AL B AFAE 22 57 6000 3 K e
ST UR Y T ORAE N s 4R BB B AMERS AL, 3
G 75 0 W) R E PO 5K e SR AR OISR JF
B 12 S AR 2R I 4 2B T 1 18 5% 43, DA HE e AR il
Pl Az g Fp Az 1 B 20T BB T B0 R P e R
W R R
il 1] 55 4 i BE 3 S O T W R A A A A P
FRAE QAR 25 2 AR 0 2R A S A SR B R
R4 Grime (A8 9 %5 56 #38 (Lant strategies) ", 4
B0 AR ROR B 32 B 52 TE A CIIR B2 IR ) K g Ol
HE A5 BR A AL ) B 52 Wi o S 4 ok 8 5l o Y U 0 I
A A T R 43 S W R K Sl ) Rk Ak SR Ve
Ao TE I R I AR IR AF AR R S B R aa LA
T At A ) AH B A T Cn R 3 A 3 ] 98 3 A
e o PPE 2% B2 38 o o 45 A ) 1 285 T 98 4 (Mor-
phological Plasticity) 5 % # 73 Bt 5 W , o528 Ff 6] 55
GromfE . TS AR B T A R B R A 2,
I TR B 2 48 b i (8] 55 4 09 5 5 30 A8 TR 52 % R AR
20 FEFATIRBE ST, GRS R AR R F ]
WK AR A AR R M E RATIRIE KT,
ZH R N A AL B ] X R s
SFEOR ) SE g R A A MAE . Ren' il i £ K- K
5.(Zea mays 1. -Glycine max) [RI/E S50 % B, W &
WL RN, EORSE A LR 1. 68 TFE 2. 08,
1M R 5 3 4 H SR AN 0. 63 B 55 0. 49, 3 I %5 1 1 2

50 D ) S G ) Py . AR AETYE T B AR R AL
5 % 11 (Replacement series design) i 5% 5 48 & 75
(Medicago sativa 1..) 5 Wi & % (Achnatherum ine-
brians) IR A 7 G2 W R (6] 36 G S 2, A B (8] 25 B2 34
X TE 6 R 5 AE S R Gk e B A e EE R .
PR, TR 4% 7 305 5 B2 L R D g T AR ) ) - SR )
U B W W R R T S ) b A A R Y
FROESKE., SRHBRGMIL IR RG W E LA
U B Rl R R XA B TR T IR R R
MM 4E+E R g m A7 ) SR EE. REERL K
AR R G0 T (IR BR O RO T
SV Ry B R 25 [A) S5 4 I AR Ak (TR AT/ S AT IR 4RO 7T
AR TR R R O B B ) S R R, SRR R Y
e B 9% 1 A 7 g AR E PE . BT, SRR B ISR
Z A TR R A6 LA R B A ] S A DL R X A
PEAN AT SZ MR o SR, 5T AN [6) 1 42 J7 =X ey 3 ik
I o R] S G, I S e R A= 7 B R A
ROR IF 587 JaR 7 AR OCHR B AT M N TE A .
W A ST LA = R — 4 A GOR MR O AR, Tl R
B AT 5 RAT AR RS O L IR R SE RO R Y
PR A X i 2R AR FH 805 Bl 7 A 5 i T B AN [
TR 4% J7 252 e 7 7 a2 1) N AEAIL R, DL Oy I 975 b
DX TE 47 2 1 1 00 A 2 A 4 (A B AR 8 5 F R S 4%

1 HE5HE

1.1 RGN

WFIE DA TR S 4 /R FR PR RL G b7 5 H A
MR 5 B0 77 W A A R v 1R 3 59 1l (80. 90° ~
81.94° E, 42.89°~43.01° N) , #i &b ¥ #k% 1800 m 1
7 M b X, R A KRR T R AR, B A AR
KHZE RS ERRE . B 9T X AR Y ROk B
535. 24 mm, 4E i 4. 28°C, AF e i IR 31. 45°C, B
IR —25. 65°C, BT Wik 158 d, U R JE 20~60 cm,
JCRE I 85~100 d, I TN B 4, R A PR
& 12.63%~13.89%, 4= A 6.28 g-kg ' A
1.13 g-kg '\ &8 11.98 g-kg ' AL A 2. 4643
mg-kg ', ¥ A B 1.366 mg-kg 2. 3 A A 2. 6741
mg-kg ', pH{ETE 8. 0~8. 522 [A] . S I [X 38k > 24 Ml
A¢ H L H N AP AR R 78 8 45 (Medicago sativa 1..) |
INERFE (Tritical) % T8 AN TR0 A4 Ry 32 (14 fiE



%5

7 B IR R R 0 o i) B 4 X b S A AL Y B 1643

B SO 5 S 5 XA R i e i A A — A AR SR IR R
PEYE (Fi 58 Wi 5 (Vicia sativa 1. ||/NBZ (Tritical) |
£ T (Vicia villosa Roth) ||/N B2 (Tritical) 3 Wt
U, 5 R AR B R R ) b 26 B [ | N T
AREVE , B X BN B AR 24 B LU ) B (Setaria viri-
dis) . 515 U8 (Portulaca oleracea) 55 —4F H: BN
FLOERES T ARM NS

1.2 KWkt

AW ST T 2023 4F 16 538 B Y A K —4F R
SRR i F (Vicia sativa 1..) , B3 T (Vicia
villosa Roth) MR AR BHCFL /N ZE (Tritical )l F2 55
PR TE BAR IR B S5 0 B P R 2k il 0 . I 3D
AR, 43 0 o RATIRFE CT) R ATIR#E (Y)
o B3 AL B, A 3k, it 24 AR, AR
X B8 X 8 70 em X 45 em X 35 em , R 5 % 8 7E 7

A PRI P AT PR o ) R AT R AT IR AR S SR AT IR A
BORATIFE S 15 em, (B 1D 3056 R JFH BE HIL X 20 %
I, BRG] A 11, NG 1R .
B A O 5 B T R Bl A I 5 5
A LG =S 8], B AR IR E N 3 om, B B AT B N
15 emo JIr A A6 708 SOV 30T ) L JC 38 B 62 & ) R
50 cm [] i) B 57 R, € WIREAT BR 2R AE AT 1)
T RE A OC AR (ol e 2 R PR B AR — B

15¢cm
A

|
]
IV EVEVRVEY gv %37
o SyEEVE YR B Y
[F4 7R % Mixed cropping F11IR A% Intercropping

1 ERREXBRARTEE

Fig.1 The pot experiment for legume-grass intercropping
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Table 1 Planting arrangement and seeding rates of the legume-grass mixture

4k 71 TR 77 50 (il TR 7% 1L #% & Sowing quantity/(kg+hm )
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T lﬁlﬁ‘{s’:i‘% Mixed crop?mg - " 0 “
Y SEATIRHE Intercropping
CKp - 180 -
CKy ~ 120
CK - 120
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A, Binoome TR BV 21 53 F v B 5 7 ) il
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Table 2 Forage yield and overyielding effect of the legume-grass mixtures under different planting arrangements

e MRy MR R A R R fens O 1 77 RO 2
Treatment Forage yield/ Forage root Relative yield Overyield/  Transgressive overyielding Transgressive overyielding
) (gem 9 biomass/(g-m %) total RYT (g'm 9 effect 1 (OV)) effect 2 (OV,)
Yone 126.70+26.01" 0.9940.30" 1.13+0.27" 11.624£26.90° 0.3720.05" 0.1040.23"
Tone 142.43+13.58" 0.2240.09 1.24-+0.14" 27.35414.09° 0.81+0.11° 0.2440.12°
Y onpmn 141.774+15.96 0.8740.05" 1.75£0.13" 32.63+17.39" 0.52+0.39" 0.3640.13"
T opm 137.74+20.71" 0.86+0.16" 1.30+0.17" 28.57+21.31° 0.4710.22" 0.3240.17"
D, 110.1747.49" 0.64+0.16" — — — —
Dy 98.27+4.10° 0.4240.03“ — — — —
D¢ 120.00244.58"¢ 0.354-0.09 — — — —

VE LY e, BN ANBE BN T AT T e RN 5T T RATRIE Y )RR N 51 B 00 SR Ty /D
S 57 o IR 5 D R YU N D R YR I BT D KR IR EH T

Note: Y (oat|/foxtail) denotes oat and foxtail millet inter-row mixed planting; T (oat|[foxtail) denotes oat and foxtail millet in-row mixed plant-

ing; Y (oatllarrow) denotes oat and arrowhead pea inter-row mixed planting; T (rlla) denotes triticale and arrowhead peas co-row mixed cropping;

D(r) denotes pure triticale cropping; D(a) denotes pure arrowhead pea cropping; D(m) denotes pure foxtail millet cropping

2.2 ARAEBBARXTERFEMMEZTHIZD
T AR JR 38 b AE G 7 R R R R B R
Mg RILmER, ENRESEH TIRERS
WL /NS AT IR A AR e s TR TR, B
) S PR SR B (0 T 22 R IR SR K
Vo RATIRFE AT /NBZ A R B E S T E
HF(P<0.05fE/NRE ST EW L IRFE RS,
/N BB AT IR G 0 A 7 i v T R AT IR AR L A B
OB R B AT IR ARG /D A R T e i
T RATIRIB S ZEH T (P<0.05), MMNREBRG T,
PO A X = BN T LRY <D, R A a] 58
Lo B K TR N SE 4, R G0 INAFAE 35 A0 W TR SE 4
ML (E 1A, fE/NBESEH FIRERS D, /NE
ZRATIRFEN w20 TRATIRG, B 720
I EH . HRATRENBEN EHR D E S T 7
FIRETE I3RS FRP<0.05 ., fE/NBEHE
B IRTE R, R R AT IR 1 3E R Y
T RATIRSE, BB EN TS REE THEY T,
INBAE S E WG SATIRIE M S R KT 1, R
AN AR R A G B TR A 5w R (B 1B,
PR RE 2R G0 AR S B R R I A RS #E /)

RESEHFIRE D FATIRSE W RS T
SEATIRAE 5 1M /N B 27 5 7 5 i R AR U 2 B
A, FLITA b B ) 25 5 oK Gk Ge i 2 i K OF (]
10, /NRESEH FIIRE RS /INBEE ST
RGO R T RATIRSE B AR, B 547
RAE/NREZ W SR EE R TEE F(P<0.05 /)
BEHHEHGRBRENR GR B Z%Ee—
HE 1D, R FraIE B 2 5 R 5k B 28k .

2.3 AEBEAXTHESRF ARELLE
ENBRESEHFRERG D /DBEWBER
FHRCR LI R AT IRAE > WA IR, i B2 F B
FI R 5 R AT IR 4G > AT IR G i e/ R
ZEEEG LRE RGN BE R SRR
SATIRIE > RATIRSE , AT IR G AL B 8 3% = T
& (P<<0.05) , Hi E W G MR AR E Ty
N — B 2A,2B) . MEIRREE S RAE/NREY
TH TIRE ARG, 45 4 B AR B 5 RPN R AT
RE>FATREE/NRESHEVLRERS
i N R R AR B i 2 FAT IR A > RAT IR
e, HLAb R 22 5 i 3 (P<<0. 05), 7 & i & A9 A
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Fig. 2 Effects of different planting arrangements on competition dynamics of forages
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Note: A denotes the relative yield difference between triticale and hairy vetch, and between triticale and arrowhead pea, under same-row and different-

row interplanting systems.

Triticale|Hairy-Triticale indicates triticale in the triticale-hairy vetch interplanting system;

Triticale|Hairy-Hairy indicates hairy

vetch in the triticale-hairy vetch interplanting system. L|[P-L denotes the rye yield in the rye-peas mixed cropping system; L|[P-P denotes the peas yield in

the rye-peas mixed cropping system; B denotes differences in competitive rate; C denotes differences in relative crowding rate; D denotes differences in

invasion rate. Significance levels are indicated by different symbols: *denotes (P<Z0. 05) , **denotes (P<<0. 01) , ***denotes (P<<0. 001)



%5

7 B IR R R 0 o i) B 4 X b S A AL Y B 1647

2.4 REEHMMEAZSERESHANANRGE"
B M 5z 41 28

T 10 ] o 5 7 A% BB R 4R A TR R G 1 P ]
BEUR A3 B, 380 o 8 R 83 X o ] B A Ry DA S
I FH 28803 %ok L 7 A58 1) R OGP o A R B TR AT TR %
M RO 15 8 A A0R PUE 2 0% 3 1F A 56 (P
<0.01); -4 28 & 4R E 58 A 2% PUE 2
3 IE AR & (P<C0. 05) (B 3A) s AT IR & A8 7= 5k
N 15 A R 4R E R 3 IE A OC(P<<0. 05)
CIE 3BD 5 [ 47 R 4% AR X ™= 5 B R RY T 5 B8 ™ i
FY &) 2 1F 40 5 (P<<0. 01 (& 3C) ; A7 IR 1%
7OV 5 W = B FY &2 W35 IE A G (P<
0. 01 (I 3D) 5 S+ AT TR A% A AHXE 7= B SR RY T 5 8%
FFH #0% PUE £ 8 2% 1F AH ¢ (P<<0. 05) (&l 3F)
B8 1) P 20023 R - 8 4 e X TR R AR 4 1 e ]
V53 BC B 7 RO B e ey i B E S AR
HIRAT 5 RATIRB MR REEZE R BRI
R B E) S A R 7 ARONE 1 B G R R R AT TR
F& T AH X 77 R RY T<<1. 147 B« i i) 35 4 088 JiF
) 8% R 250% PUE, #5 F1 F 243 PUE Fifi F (8] 52
A 8 A DE /N I D8N 5 24 RY T >1. 147 i < Fla) 5
A i AR U B A B 2R PUE A9 W2 I, B A1) %
PUE i % P 5] 3 4 58 BE (% 5 T i 22 42 3% o &
AN SEATIREE N AT ™= 5 SR RY T<1. 442 B« %
FI) FH 2% % PUE Fl ] 35 40 5 B2 1) 38 Jn 22 12 389 hn 5 >4
RYT>1. 442 i - 8 1) %05 PUE B & Fi [8] 58 4+ 5
JE B 10 BE SR b TR AB) 5 B A R R 5 8 7 Ak
o7 ) 15 8 56 R o R AT IR 4% F 8 A 208 PUE<Z
3. 63 MF M7 AL 1 B % ) AR PUE A9 38 I
T B 24 0 R &R PUE>>3. 63 I}« 88 7= 24 W 1 B
£ WA ACR PUE M98 i b7 (&40 5 AT
% T W A 08 PUE<T4. 228 ) < 88 7= 00y 1 bt
5 A FH 203 PUE B9 38 m i T B 5 24 i R 440%
PUE>>4. 228 It} : i 1) J] % % PUE Fifi & #8207 1
R 388 i TR 4D .

3 it

3.1 ERIRIEE M E T S 3 A& 7 RE B2 0
TR R 7 5 AN AT DLk R AR S R A
OB IR A ik 3h ) R BRI B, 8 mT L
B oy M 7 A B Y (HJR R R BRI R 2
6] A7 A2 6 7 0 /K o3 Ot RN 2 ) 45 B8 9807 18 A9 5

Fro — BN, PR R A R SR AL H B A
PENT 3 R ) A I R IR B O KT sl 5
Pl S 4 R T o AEASBIESE R 38 a6 3 RS [ 1Y
LR PR A R R Uk BN R E S BH
TR BB R BT R TR AT GR D,
FIREE T B Tl R R AR PR T R
3, [ I [ 47 158 47 0 7 b P AR R R JE L L 9RO
PR S R AR T R A R R B XS
FIE RIS ORI A R B WA RAE S
i 5L IR AR R R R i R B AT R T RIAT
(R D, X — R e 4 AT IR e Y
PA 8RB R AR A6 b TR R [ 58
A 7 7 B0 R 0 AT M R BB B SR AT
PRy A A R X AR T R A IR AR
A BIF 5T A BRI AT Ak BE A R ] R T IR
THRAR AL X 5 ABF T AE R — 2.

TR 58 A P R B TR A 8 25 B S T
L) - M B R B M AR T, AS WS RN R A A
PR 8 & G0 R B sE A0 (I 2) O AT 1R 7%
T NERER R ARG R R E T RATIRSE, AT
REEMN N FATIRE P E RN ER AR EES, F5
TE R 53 FK 73 (8 W WM 7 T8 A 5 4 5 0 380, A
17 BR A1 /N 8 2 AR 2R A A R R BT IR R . A S
iR #& b, i T AR W) 2 18] 4 =5 1] 23 A 58 1, AR
) B e A, IR O A R R T SE A IR
3 ARBEFE R, PR R AR R R B R R S
FEARBIOR AT 8] E B A ARl = AR B 2 7 . X
— 45 Rl RE YR T R 5 R AR B AT Y Bl 18] 1R 8K
BE, SR (B B DAY [ RURE ) il
Xt A7 8] 2 B AR AR 51 A 0 BT R S A 1 SO AR TR
AFHCRE S R, SRR AR S R AR R 2
RO W P TR A T R B T IR A AR g A T B T Y
BB Sl J3 s R 3 A O R SRy R A O A IR
FEAL B RY T $KT DI, sk K A 94 500
] 555 A AN [5] 56 5 = o i Ak B 25 S0 L A A
Py AE R AR AR 0 A S5 R B i R R AT S s ]
AE 2% W 1 AT B) A2 A X AR X 7 e SR AR o R AR X
S EnE S i SIS 2 3 T NTIEF N M E 32/
B TRE , KRB LR 2R

3.2 EXREBWEMERTEHEBMEEEIRMAK
22 2ot 18 7= 300 L B Wi Rz
TR ARG, SRME Y Al i R PR R AL A



1648 LA CETES

A B C
= ns ns = =
g 3 ok ;0 ns ns
< ns ns - = =z
g 3. mEFY 2 o4 * S 101 o ns  MRATY
J‘:gg m [i]f7 T “‘j('g -#“Y 3 m [if7 T
E5 gD B & =i TES 08f [ gD
ED 2fs 2 [ S HiEDE S +
® Z A =2 e 06
E g . Eg ) £2
] 5 ] & Z 504
EE ol e :
=} =} =
& & g%
g 5 0 £00
& NIET-N - NE-B A INFE =N N A INIFB-N NEB-B
AN b ENELGsE ENELE
Different treatments Different treatments Different treatments
D E F
— o P ok .
5 2 mEFY G :inﬁ g}f
) 2 milf;T g *% Ay
S 08| — o Zo08p ™ ’-‘ ’_‘“S wmiEDp 5 08T HgE D
g mEi Y & < [
i o AT &2 £ 2 06 |
i 2 0.6 o MHTIT T2 £ 0.
. S * P ®e
= oo HRED 2 r 2
g M NE 55 oal
K § 0.4 % B 1% B
g = 2 = 2
<3 B B
2 02F E F 02}
g 2 2
<= 2 2
z s Jok Joe g X
5_:":‘ AN T2 N N =i g INIFE=N B FE-E IS AN IR /N[5
ENEL G = A4k 3 = ENELOs
Different treatments Different treatments Different treatments
G H 1
o\c ns ns o\c o\o
= =y - L_MCIvE) -
. M -ﬁ-ﬁ Y § 4% D g ns
£ m i{lf7 T _gso- wE 31 B
£2 0 oo siff DY 2 F &2 T Y
ﬁ&g I ? ﬁvﬂgm- . oo 8 5 = filf5 T
s £ 30} = 2 w2 oL
SE [ g [ R
e o) e
®EZ 20t . T Z 20 . HE
o o ] a . = 1r
Z 10F 210 E
3 3 i
g g0 20
MNE-D NE-E AN Feied N N i /NIFE /NI
NS AN Ak 3 Al Ab 3
Different treatments Different treatments Different treatments

B3 ARBEAXTHEBSMNALERLER
Fig.3 Comparison of phosphorus use efficiency (PUE) of forage under different planting arrangements
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AN /N[ -1 2R /N R 2 A A B IR AR AR G B L C FRoR RATIR I S AT IR AR NN R SR JEIE’J & W, D3RR [ 47 AR
HRATIRE T /NRA 5B T RSB E LR FATIRAE S AT IREE T /N B 55 5 R BR A ROk A F R8T IR AR S e AT IR R
T/J\%E%%ﬂ?ﬂ/ﬂf&l%iﬁﬁ(@e i, G FOR FATIRE S AT IR R T /N RS 5 05 5 0 B0 A ROR W 4258 HROR RATIR 5 S AT IR R /D
A5G BH T MR LA R BOR WA TFOR AT IR 5 AT IR AR T /NRE 5B T RN RS 5 BT LA e e R AT
P BR8P KCF e bR (P<20. 05) ,*#3km (P<C0. 01) R (P<0. 001) s 47 22 51 AN B35, AR “ns”

Note: A denotes phosphorus utilization efficiency of triticale and arrowhead peas under same-row and different-row interplanting; B denotes phos-
phorus utilization efficiency of triticale and foxtail millet under same-row and different-row interplanting. Triticale|[Foxtail millet-Triticale indicates
triticale in the triticale-foxtail millet interplanting system; L||T-T denotes Tithonia in the triticale-Tithonia mixed cropping system; L|[P-P denotes
Triticale in the triticale-Pisum sativum mixed cropping system; L[[P-P denotes Pisum sativum in the triticale-Pisum sativum mixed cropping
system; C denotes phosphorus content in triticale and arrowhead peas under same-row and different-row interplanting; D denotes phosphorus con-
tent in triticale and hairy vetch under same-row and different-row interplanting; E denotes available phosphorus content in rhizosphere soil of triti-
cale and arrowhead peas under same-row and different-row interplanting; F denotes the available phosphorus content in the rhizosphere soil of triti-
cale and foxtail millet under co-row and inter-row mixtures; G indicates the available phosphorus enrichment rate of triticale and arrowhead peas
under co-row and inter-row mixtures; H represents the available phosphorus enrichment rate of triticale and foxtail millet in the rhizosphere soil
under co-row and inter-row mixtures; I denotes the total phosphorus accumulation rate in soil for rye and foxtail millet, and rye and arrowhead
peas under same-row and different-row interplanting. Different symbols indicate significance levels: *denotes (P<C0.05) , **denotes (P<C0.01),
##*denotes (P<<0.001) ; if no significant difference exists, “ns”is labeled
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Fig.4 Relationship between interspecific competition dynamics and soil phosphorus use efficiency
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Note: Figure A shows the correlation between phosphorus use efficiency and overproduction effect in co-mixed grasses of the same species; Figure
B shows the correlation between phosphorus use efficiency and overproduction effect in co-mixed grasses of different species; Figure C shows the
correlation between competitive structure and overproduction effect in co-mixed grasses of the same species. Figure D shows the correlation
between competitive structure of heteroecious mixed-cropped forage grasses and the super-yield effect; Figure E shows the correlation between
competitive structure of co-dominant mixed-cropped forage grasses and phosphorus utilization efficiency; Figure F shows the correlation between
competitive structure of heteroecious mixed-cropped forage grasses and phosphorus utilization efficiency; RY denotes relative yield; K denotes
relative crowding rate; CR denotes competition rate; A denotes invasion rate; PUE denotes phosphorus utilization efficiency; Pc denotes plant
phosphorus content; E denotes soil total phosphorus accumulation rate; Pr denotes rhizosphere soil available phosphorus; ERAP denotes available
phosphorus accumulation rate; OV denotes overproduction; OV, denotes overproduction effect 15 OV, denotes overproduction effect 2; B

denotes forage belowground biomass; FY denotes forage yield; PU denotes phosphorus uptake
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Fig. 5 Threshold analysis of the relationships among competition dynamics, forage phosphorus use efficiency (PUE), and the
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Note: A denotes the threshold relationship between inter-seedling competition intensity and phosphorus use efficiency under co-cropping; B

denotes the threshold relationship between inter-seedling competition intensity and phosphorus use efficiency under mixed cropping; C denotes the

threshold relationship between phosphorus use efficiency and super-yield effect under co-cropping; D denotes the threshold relationship between

phosphorus use efficiency and super-yield effect under mixed cropping

FI 53 5 A HUIR L 35 Al b S ol s PERE R, HTOR
BORE AR BR 23 A A7 A 25 () 25 7 3 50 i D5 A AR L
WAL 5 DAL A 2 TRC , e ¢ B T A3 el AL D803
U T B 3 W R 4 e ORI T L R i o (] S 4
A% J5y 5 R ORI A R SF OB T R L TR
A7 TR 4% S AT M 1 A B TR B AR A AR R i [
A7 TR A7 DU B A 5 450 1 b A AR 1 . 3 A0 B
IR Ve R R B, Sk 5 O i S SR AT R R Tl
e ey MR TR T R AR PR b R R e
T3, AR PR S WA R B R T R
IR R BT P B o i AR R
1B T /N R |15 8 B0 R IR AR R S
BRI AR B LA R 3 i S A Al T AR R
S ATIR A = TR AT IR 5% A RRAE (8T 3D, 3 T fE
SN FATIRAE S B S RARMR R AEF — 1T

R BRI T SRR B R AL 0 KT, 4R
INTME VA TR B TR A R TR e R 2 4 AR
R R, B 5| Skt TR) — Wi VR B9 4 5
17 S5 A7 VR 496 38 Ao 34 R AT ) BE B, 2 E AR R s ), B
R (RERFZD 5RAR GRER RO E 5
A A% JR , R AT IR 2 R R AR
RO FH e 2 Wl 9 U, Ak DA 2 T 4 B /D T[] 2
7GR 5

B FHAIC S i I 5 4 5 7 A 1) BRI G 3R
Gy AT R CIELS) « IR AT IR 46 rf XY A 6 6 8 A
(RYT)>1.147 i} ,PUE S 2218 [ F+#a % ; 24 PUE
>3, 63 0, B ERON (OV ) IF 46 3 ; 1 517 1R 4%
L RYT>>1. 442 i), PUE 2 BESR | TR #3424
PUE>4. 228 & ,OV, i FH N . X R W17 I 4K
T AR T 4 59 B IS AT L TS AT TR AR ) S



%5

7 B IR R R 0 o i) B 4 X b S A AL Y B 1651

R B A - ELAN T RRAE 7 AR ORI G2 1 IR AT fiE 2
PUE # FhJ2 i 7= 25 0 fih 2% 1) BB 46 1F o [l AT IR 46
ORYT > 1. 147 J5 SR Py 2o AR B R 1k 47 55 i
Tl 200 TR D% v TR P Wl T G M L 2 A0 1S n - M £k
WAL HE 3 PUE R 0@ #2715 24 PUE &4t 3. 63
B, GRS AR AR B B 0 i R RO Gk B AR HE 7 I
A A I A B OB T R R R N . AT RY T >
1. 442 B, Ff i) 55 4 R ) /08 B A2 R R e IR L 3R
FETH Y PUE S/ 4. 228 I, IR 35 2 40 14 4
OV, B R T, %X 5 IR 3% R 40 T4 B
FEAR - A IS A I IN R B A
PUE 58 = 2 0 () 5 8, & BHR R 3 i 43 W6 A HL
Mg e i T AL BE W 5 A LB B Ak, T A v TR
1A 2 W A RO . RATIR 3 5 47 IR % 19 1
18 56 2 5 WL 22 5 1] B8 VR T 6 2 i) 25 4 L % LA
Ml RELZHEFNZMWEN, X5 THE LMD
AR VR R b b B) TE G OC R AR ST A R A — B
[l 47 5 5 47 5 Fh TR % 25 0l o 9] 5 4 1 L 3R 8
TEE 2 ) 25 0 92 R R O 5 B e MR AR e %
T PR AR, AR O - S 2R Y R i, B
TR W A PR R B, e S B 2

4 Hig

T B 95 3 DX — 4F A2 e w /N R || B A/ R
22 || B S R R 7 S CRAT IR 6 5 = AT IR
AR RIS b VR -BH TR RS P AT IR
F8 A 7 ROV R T S AT IR A 5 /N TR A -
YR ARG AT IR R T RATIRSE . B
T AR R AR IR R RS R AT IR
R T RATIR A . BRI F , /R |17 3 9 SR 7%
ARG T/NBRE|IBE TIRERLE . HNILER %
Tt DX A AP TR R AR I, AL/ TR -5 4 0 AT
TR, LA v W 9 Ml X 2 AR VR 49 3 o b 19 A 7 P iE
FSR o R o R RLEE & L HER R AR PR fok
P sl SRR R, B — 2D AU AT BE 3% R S
ey 7 B g A VR R A A

2% 3k

(1] P2eme, AR, 8. SRS RARHRCR R AR % R L3 oF
FUERELT]. i R SR 2019,41(1) :94-100
LUY X,MU L,YANG H M. Advances in improved soil fertil-
ity with legume-grass mixt ures[J]. Chinese Journal of Grass-

land,2019,41(1):94-100

[2] #&oc, 7o, B4, 5. TOKRIEEMIEE G KRG Rk
Mg (1], FEHI2 42, 2006, 32(6):917-923
JIAO N Y,NING T Y,ZHAO C, et al. Studies on characters
of photosynthesis in intercropping system of maize and peanut
[J]. Acta Agronomica Sinica, 2006 ,32(6):917-923

[3] LIL,  TILMAN D, LAMBERS H, et al. Plant diversity and
overyielding: insights from belowground facilitationof intercrop-
ping in agriculture [J]. The New Phytologist, 2014, 203 (1) :
63-9

(4] RWICIBFR, LAE, 45 IR T7 00 B R IR 15 55 s ML A AR &R
H A AR AT ], Bl 27 4, 2018,27(1) - 73-85
ZHU Y Q,ZHENG W, WANG X, et al. Effects plant spacing
pattern on root morphological and architectural characteristics of
legume-grass mixtures[J]. Acta Prataculturae Sinica, 2018, 27
(1):73-85

(5] RIEWI R £t R T, 4% SR M IXOK AL HE & 0 S 18 B A
b ERE AL S I R[], R A AR A 4, 2021, 32(11) £ 4004-
4010
ZHANG A M,XU Y M, ZHU J Y, et al. Effects of the cou-
pling water and fertilizer on soil phosphorus components in
alfalfa field in Eastern Inner Mongolia, China[ J]. Chinese Jour-
nal of Applied Ecology,2021,32(11):4004-4010

(6] ZRWIE, BRT A, 45 . TR AR 40 A8 AR B 5 0 o i 3 )
R 7], Rk, 2023,4008) :2129-2139
ZHU Y Q,CHEN X,ZHENG W, et al. Effects of root charac-
teristics on phosphorus use efficiency of orage grass under differ-
ent phosphorus supply levels[J]. Pratacultural Science, 2023,
40(8):2129-2139

[7] LIL,LISM,SUNIJH,etal. Diversity enhances agricultural
productivity via rhizosphere phosphorus facilitation on phospho-
rus-deficient soils[J]. Proceedings of the National Academy of
Sciences of the United States of America, 2007, 104 (27) :
11192-6

(8] W3 . 5 2 e/ I aih 3 IR A K 28 0wk 3= 23 AT 45 A F 52
[D]. A ll k2, 2023:5-8
HU Y. Study on nitrogen and phosphorus utilization characteris-
tics of chinese milk vetch/green manure rapeseed mixed crop-
ping[ D]. Wuhan:Huazhong Agricultural University,2023:5-8

(9] S, XU, 224028, 45 IR AR PF T 0K || & GLRIEAEY
R T B R B e i [T ], Hp R K 2 241z, 2023,
28(6):88-97
DAI J, LIU Y L, LI C J, et al. Effects of root distances
between intercropped maize and faba bean on the phosphorus
uptake of maize under low phosphorus conditions[J]. Journal of
China Agricultural University, 2023,28(6) :88-97

[10] HECTOR A,HAUTIER Y,SANER P, et al. General stabiliz-

[t

ing effects of plant diversity on grassland productivity through
population asynchrony and overyielding[J]. Ecology, 2010, 91
(8):2213-2220

[11

[l

GRIME J P. Plant strategies and vegetation processes [ M ].
Chichester: Wiley, 1979:69-75
[12] XUE W, HUANG L, DONG B, et al. Patchy distributions of



1652 ¥ o ¥ 4 %34 %
competitors affect the growth of a clonal plant when the com- [24] GUSWA J A. Effect of plant uptake strategy on the water-opti-
petitor density is high[ J] PLoS One,2017,8(10) :e78221 mal root depth[J]. Water Resources Research, 2010, 46 (9) :

[13] RENY Y,ZHANG L,YAN M F,et al. Effect of sowing pro- W09522
portion on above-and below-ground competition in maize - soy- [25] MUGGEO V M R. Estimating regression models with
bean intercrops[J]. Scientific Reports,2021,11(1):15760 unknown break-points [J]. Statistics in medicine, 2003, 22
[14) B4 HA BLHR . FEAHRE S EBED R ZEF0T]. & (19):3055-3071
A 274z, 2012,21€1) : 59-65 [26] K845, ARIEL  PERIE, A5 . ARENR RS 7 20 TR IR 6 55 3 A
HUANG X, LI C J,NAN Z B. Competitive effects between i) e g sh AR gE [J]. S Hb2 R, 2010, 18(4):568-575
Medicago sativa and Achnatherum inebrians[J]. Acta Pratacul- ZHENG W,ZHU J Z,KU E B, et al. Dynamics of interspecific
turae Sinica, 2012,21(1):59-65 competition of legume-grass mixtureunder different mixed
[15] BN, Lo ik FBAR 4 . —4F 2 I 248 A R R 3R w0t ™ sowing patterns [J]. Acta Agrestia Sinica, 2010, 18 (4) :
5 ZREPERION 19 FU AT . R AR AR 2 4, 2021, 45(1) 1 23-37 568-575
LIS S,WANG N X,ZHENG W, et al. Comparison of trans- [27] WHF = B 2Rk, B - R VR 3 o b Rl 1) G 2 B o a0
gressive overyielding effect and plant diversity effects of annual [J]. Blk2=H2,2013,22(3):284-296
and perennial legume-grass mixtures [J]. Chinese Journal of XIE K Y, ZHAO Y, LI X L, et al. Relationships between
Plant Ecology,2021,2021,45(1):23-37 grasses and legumes in mixed grassland: a review [J]. Acta
(16 THE AR, s, 45 . B 9% 22 1) 45 ) X0 52 2R 1 47 5 4 7o 1] Prataculturae Sinica,2013,22(3) : 284-296
ST R[], Brss Al 2240, 2015, 38(2) 1 87-92 [28] ARZE, AR, dk 64 , 55 . AN R] 5 AR R 4 468 X 0 0 o A 7 1k
YU H,ZHENG W,ZHANG X H,et al. Effects of spatial struc- [J]. BALRM#,2016,33(1):116-128
ture on the relationship of interspecificcompetition in legume- QI J,ZHENG W,ZHANG X H, et al. Determination and com-
grass mixtures community [J]. Journal of Xinjiang Agricultural parison of the production performance ofpasturesamong differ-
University,2015,38(2) :87-92 ent spatial structure of legume-grass mixtures[J]. Pratacultural
(17] SEhpf R MAe e, 45 . — 47 28 WU 6 o5 /4 7 1 Science, 2016,33(1):116-128
Mg IR T]. Rl RAE,2023,40010) £ 2639-2650 [29] S5, W /R SE 4, AR B, 4 . S TR IRAG O X e A A
DOU Z Y,ZHENG W H, TIAN Y Y,et al. Comprehensive com- Pii VR A M ) A R R AR e R SR AR [T]. R R A
parison of production performance of annual mixed legume-grass 2019,36(3):772-784
pastures[J]. Pratacultural Science,2023,40(10):2639-2650 GUAN Z X,NA E,ZHU Y Q, et al. Effect of different sowing
[18] ALRUN S,JENS S, CHRISTIANE R. Resource availability patterns on production performance and soil nutrients in Avena
alters biodiversity effects in experimental grass-forb mixtures sativa + Vicia sativa mixtures[J]. Pratacultural Science, 2019,
[J]. PloS One,2016,11(6):e0158110 36(3):772-784
[19] KARPENSTEIN-MACHAN M, STUELPNAGEL R. Bio- [30] FI&E A . A [ A 7 3 B ok 52 46 575 A 25 A 1R 476 e b
mass yield and nitrogen fixation of legumes monocroppedand BISZIR [ D ], PRI 4R N 5 Al K24, 2011:25-35
intercropped with rye and rotation effects on a subsequent maize BAT'Y C. Different sowing styles and proportion of alfalfa and
crop[J]. Plant and Soil,2000,218(1-2) :215-232 elymus sibiricus with the influenceof mixed seeding grass[D].
[20] DIMANDE P , ARROBAS M , RODRIGUES A M . Inter- Hohhot: Inner Mongolia Agricultural University,2011:25-35
cropped maize and cowpea increased the land equivalent ratio [31] B, Pk, ke, 5% RS B R ISR B T
and enhanced crop access to more nitrogen and phosphorus com- fRARCR[T]. Tk 247, 2021,3005) : 94-102
pared to cultivation as sole crops [J]. Sustainability, 2024, 16 WEI Z M, SUN B,FANG C, et al. Co-inoculation with rhizo-
(4):1440 bia and azotobacter affects the growth of Vicia villosalJ]. Acta
(21] ARIBE, SR, L 45 . I HE P2 R AR 45 F 0 TR ORIl Prataculturae Sinica, 2021, 30(5):94-102
ARG ARFI BRI J]. 0l 4, 2018,27(10):1-14 [32] RAIC, T AT, 55 . MEZ + 7 5 50 L R 3% 5 4t R 1% 1 35
ZHU Y Q, GUAN Z X, ZHENG W, et al. Effects of species B S s DR AT (D] ROl AR L 2020,29(1) : 74-85
diversity and community structure on nitrogen use efficiency of ZHU Y Q,YU H,ZHENG W, et al. Effects of different plant-
mixed legume-+grass pastures [J]. Acta Prataculturae Sinica, ing configurations on yield of Avena sativa and Vicia sativa
2018,27(10>:1-14 mixed plantings with soybean in alpine pastures[J]. Acta Prata-
[22] BONILLA D P,FUENTES J A,HANSEN N C, et al. Winter culturae Sinica, 2020,29(1):74-85
cereal root growth and aboveground-belowground biomass ratio- [33] PAUL KEDDY L T. Experimental evidence that interspecific
sas affected by site and tillage system in dryland Mediterranean competitive asymmetry increases with soil productivity [J].
conditions[ J]. Plant and Soil, 2014, 374(1-2):925-939 Oikos, 1997,80(2) :253-256
[23] MALAMY J E. Intrinsic and environmental response pathways [34] kil EARVE . TR RABHHCR B AR K EAE
that regulate root system architecture[J]. Plant, Cell & Envi- ﬁilﬁ&ﬁﬁ\ ﬁ'&%é}ﬂ&ﬂ&[ RS [T]. Bl 2= 4, 2018, 27(10) ¢
ronment, 2005,28(1):67-77 15-22



%5

7 B IR R R 0 o i) B 4 X b S A AL Y B

1653

[37

[t}

[}

ZHANG D,LONG H Y,JIN J,et al. Effects of growth interac-
tion effect of leguminous and gramineous pasture intercropping
and absorption of nutrient and phosphorus on pasture expression
[J]. Acta Prataculturae Sinica, 2018,27(10) :15-22

AR LK R, SR T e L, A BRSNS AR A - et A
2 N T M b S T R 3 3 AT R SE [T, N5l RO R 2%
e CHARBR# D, 2009, 24(4) :392-396

TAIJ C,ZHANG H Y, YANG H S, et al. Effect of sowing
methods on nutrients distribution of soil profiles in mixed grass-
land Calfalfa-+bromus inermis) [J]. Journal of Inner Mongolia
University for Nationalities (Natural Sciences) , 2009, 24 (4) :
392-396

WS IR S AR, TR R B, 55 AN [RDE A I ORI B K ST X
2 7 LR R RO R A RCR RS [T ] R R ARl
4%,2019,42(3):161-169

NAEKZ,YUH,ZHU Y Q, et al. Effects of different mixed
patterns and soil phosphorus level on phosphorus utilization effi-
ciency in mixed grassland of vicia[J]. Journal of Xinjiang Agri-
cultural University, 2019,42(3):161-169

LITHOURGIDIS A, VASILAKOGLOU I, DHIMA K, et al.
Forage yield and quality of common vetch mixtures with oat and

triticale in two seeding ratios[J]. Field Crops Research, 2006,

[38

[l

[39]

—
S
[«

[t

[41]

99(2-3):106-113

SRAEIN , T2, R, A5 /N A TR AR X 2T M AT A Y R
Wiy B JC S MBS pHAB R S R[], KW F5 5 ML AE24 4T, 2013,
19¢1):127-133

ZHANG D S, WANG Y Y, TANG L, et al. Effects of wheat
and fababean intercropping on available phosphorus of red soils
and its relationship with rhizosphere soil pH [J]. Journal of
Plant Nutrition and Fertilizers,2013,19(1):127-133
BRSO, sk i, A, A AR 0 R SLRHRL A HLIR 53
Mgt (1], HlkBL2,2011,28(6):1207-1213

ZHAO W J, ZHANG L J, CHANG Q, et al. Research prog-
ress on organic acid secretion of leguminous plants under low
phosphorus stress [J]. Pratacultural Science, 2011, 280 (6) :
1207-1213

HINSINGER P,BENGOUGH G A,VETTERLEIN D, et al.
Rhizosphere: biophysics, biogeochemistry and ecological rel-
evance[ J]. Plant and Soil,2009,321(1-2):117-152

M L, A H. Partitioning selection and complementarity in biodi-

versity experiments[ J]. Nature,2001,412(6842):72-76

(REHE &)



