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Abstract: [Objective] The comprehensive effects of different intercropping methods of four perennial forage
grasses on growth, photosynthesis, and soil moisture in the LLoess Plateau were analyzed. Screening of the optimal
intercropping method was also done to provide theoretical support for establishing high-yield, efficient, and
sustainable artificial grasslands in the Loess Plateau. [ Methods] Four perennial forage grasses (Medicago sativa,
Bromus inermis, Elymus dahuricus, and Astragalus adsurgens) , with intercropping of one (n=4), two (n=4),
three (n=2) , and four (n=1) species were established to analyze the growth, photosynthetic, and water use
characteristics of the forages under the different mixture patterns. [Results] The total relative yield of all
intercropping treatments exceeded one. The intercropping treatment of M. sativa and B. inermis achieved a total
relative yield of 2.08. This treatment increased the biomass of B. inermis and M. sativa to 279.1% and 132.4%,
respectively, compared to their monoculture. Intercropping of M. sativa and B. inermis significantly increased the

net photosynthetic rate and transpiration rate of M. sativa (p<0.05). There was no significant effect on the net
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photosynthetic rate of B. inermis, but leaf water use efficiency increased significantly (p<C0.05). This intercropping

also increased the water content of the deep soil. Entropy-weighted TOPSIS evaluation revealed that the M. sativa

and B. inermis intercropping produced the best comprehensive effects in terms of forage yield, growth

physiological characteristics, water and soil resource utilization efficiency, and soil water storage capacity. The

comprehensive effect of gramineous monoculture was the worst. [Conclusion] Reasonable intercropping

configurations can optimize vertical soil moisture distribution and enhance forage net photosynthetic rate, thereby

improving system productivity and water utilization. Intercropping of M. sativa and B. inermis could effectively

enhance production capacity and water use efficiency, providing valuable practical guidance for optimizing forage

intercropping systems in semi-arid regions of the Loess Plateau.
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Fig.2 Biomass distribution of forage under different intercropping treatments
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Fig.3 Interspecific relationship and total relative yield of forage treated with different intercropping methods
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Table 1 Growth and photosynthetic characteristics of various forage species under different intercropping methods
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g M+P 148.49£2.06" 3.60+0.16°  10.97£0.53" 0.34+0.03" 7.714£0.57" 297.59+8.73" 1.454+0.06"  53.6041.34*
e M+W+P 147.34+3.98"  4.0040.22° 8.5340.58 0.29£0.03" 6.7640.70" 279.7849.20" 1.66£0.11°  53.63£1.08
MA+S+W-+P  143.6745.71" 3.73+£0.19"  10.75£0.50" 0.3940.03 9.14+0.86° 306.56+3.59° 1.3040.10°  53.36+0.93"

S 148.49+4.41°  4.0440.40°  13.10£0.73" 0.25+0.01° 5.93+£0.47" 257.79+£10.89°  2.42+0.13"  58.65+1.66"

W STW 143.50+£4.65" 2.664+0.16"  12.92+0.41" 0.32£0.03° 5.85+0.31" 251.02£6.77° 24010.11"  62.48+1.24*
T S+P 143.15+4.38" 2.92+0.24"  15.55+0.55" 0.1240.02" 6.7740.76" 247.68+5.96* 2.74+0.14*  59.91+3.16°
i s+w+p 148.41£2.73"  2.83+0.31"  13.79+£1.02" 0.260.02" 6.90+0.90" 2615541543 2.1240.20"  58.97+1.86"
M+S+W-+P  135.554+1.88" 3.40+0.29" 13.21£0.63" 0.18+0.02 7.944£047 246.64+9.62° 2.08+£0.16"  56.63+£1.20°

w 92.424+2.56"  3.17+0.16° 9.74+0.89 0.1940.01" 5.5340.47" 274.90+10.29"  2.03£0.09  39.70+1.65"
£ MW 107.2545.02¢  2.5340.20"  10.38+0.50° 0.2440.01° 6.9240.63° 271.80+8.02° 2.8440.08  40.83+1.19°
e SHW 108.23+£5.49°  2.5240.11"  8.82+0.68" 0.2140.02* 5.84+0.64" 275.61£11.91°  2.03+£0.15"  40.67£0.92"
% M+WHP 103.31£2.16°  2.38+0.17"  9.44+0.47 0.2040.01" 4.83+0.61" 259.84+6.08" 2.8740.18  39.51£0.78
% SEWAP 103.75+£1.93°  2.30+0.21°  10.1540.52* 0.2040.02" 6.1540.41" 270.484+10.69"  1.98+0.16"  40.87+0.97"
MA+S+W-+P  104.6042.88"  2.9840.34"  10.1640.62" 0.1840.01" 4.960.44" 253.46+13.99°  2.33+£0.17"  38.58+1.20°
P 93.62+£4.88° 1.73£0.20° 3.8840.29" 0.1140.02"™ 3.52+0.35 270.174+10.27"  1.39+0.26"  36.17+0.82°
M+P 85.604+2.80"  1.27+0.10" 2.94+0.26° 0.07+0.01° 2.8140.24"  259.93+21.57"  1.83£0.17°  38.89+1.14°
;f_ﬁ S+P 88.29+2.85" 1.38+0.12"  3.69+0.24™ 0.08+0.01" 2.40+0.29" 238.52+11.90"  1.91£0.15°  38.34+1.90"
g M+W+P 72.85+£3.87  1.2840.16" 3.1040.34" 0.14£0.03° 2.68+0.50" 292.95+7.23° 1.1740.11"  37.37£147
S+W+P 71.1443.34"  1.26+£0.10" 3.03+0.25° 0.1340.03" 2.884+0.24"  279.7849.20° 1.18+0.08"  37.59+1.39"
M+S+W-+P  66.7244.72" 1.34£0.13"  4.05£0.27" 0.1140.01™ 3.23+0.37" 297.16£7.17° 1.34+0.09"  41.16+1.47*
23 EEAXMEERGEEFIENZIN W o S+ W AL ey AT IE AL B B % T H AR AL

R 1A LAE H M+ W ] VR B 206 8 75 1
A R T AR (p<T0.05) , B & 46 H 16 Ak
P& 1 17.68%0 o S+ P [AIAFE &b 3 rh P07 HE 106 45 3 3
B m T AR (p<<0.05) , & ¥ 3T 0E 8 4F 4R 5
18.70% o IR/ Ak XS Jo o5 46 2 ot 5 MR T i 3 5

H(p<<0.05)c M+ W [E]FEAL B v JE 25 48 42 AL 5 &
3 T A (p<70.05) o 449 Bl fa) 1 1) 7% 1 3
O3 ) BEER A B AE AP FT RE B4 3 4R (p<<0.05)
S-+P Ak B 75 6 TR 8 B B A R 2 RE AR (p
<0.05).



Fal e A ) 1)V Dy U0 3872 B 7K 00N Y 5 167

W DU TR 95 A1, ED A A 3B 1 56 46 1 A L |] C O,
VBRI R [0 AR A B G VD T RE R OC 1 48
M\ COME TR EFEX W, S+W+PHMM+S+
W P[] £ Ak B A yb FT 05 i |k 20 A 88CR AR 1
FIREBAAE M+ W AIMA WP /AL G ERm T

TG 48 22 1 7 K 4 AT 280% (p<<0.05) , M+P
S+ P[] Ab 3 254 T B R Y R K a3 R AR
R(p<<0.05), £ [AIMEALFEY W m TR EE W
AT 2 R i (p<<0.05) {H XV FTHE  Jo 48 & Al
Pl B G 3 R

£2 ARBEMEARXTHREKRSFIRARE

Table 2 Water use efficiency of forages under different intercropping methods

KA FIH R/ (kg «hm >+ mm™")

4k 3

¥y S —FE AR A 5 AR A 5 = FE AR A
M 73.51+8.67" 86.484-10.97° 58.58+8.26 75.46£7.37"
S 61.704+11.15° 62.51+11.21% 64.22+11.14" 58.38+10.16"
AW 20.344-8.22¢ 31.664+7.27" 22.7345.17" 6.631+0.94 ¢
P 9.02+2.07" 17.29+4.11% 7.10+1.98° 2.68+0.03"
M+W 81.64412.79° 105.48+12.91° 76.16415.48" 63.2945.43"
M+P 73.05+12.43" 96.69+415.22" 56.21+11.28° 66.26+11.27"
S+W 60.404-11.35° 56.684-12.13°¢ 64.42411.96" 60.10+8.94"
S+P 45.64+13.17 29.61+5.12° 66.16+16.24" 41.16+6.29
S+W+P 49.224+17.28" 53.95410.33° 39.72+12.33° 53.97+£17.71°
M+W+P 65.034+11.14° 85.36+16.27¢ 53.70+8.98" 56.03+£7.04°
M+S+W+P 81.02+15.98" 92.26+7.69" 71.11+13.59" 79.68420.41°

24 EMEAFAXLEEKEMKS T RALENFIT

T IRIE R 88 1Y K 4 R AR (p<<0.05) . M+ W Ab B

Pl 4 AT, AN ) Ak 2 A 38 5 K o 2 {8 B R R
BT G 0 AN R R AL B RS OK R 2 R ALK,
60—80 cm * )Z % R HE AW . S+W AL H 00—
20, 20—40,40—60 cm + JZ 4 8 &K B E &K,
Sk 14.1% ,14.4% ,15.2% , 60—80 cm + 3 & /K
EWERE KB R P, M+W A HE 0—20 cm + 3
SR EYME RN, N 10.1% , R L E T8 M4
2 BIE IR T 22K IHFE. 20—40,40—60, 60
—80 cm 48 5 /K i BIE e /N AL B4R IR W, M+
WP, M+W+P, - 585 /K i {8 551 R 10.96 %,
12.2%,12.5% . M ESATLAE ), S+ W [H]F 4b 2
14 A S I K ey T A (A A B ) A T ek
AT WK B oA, SRR T AR A L, SR AE
G 5 J0 T 48 22 VR R I T X R 2 8K i T
e, “HRBIEM 0—20 cm + )2 H KB L
T AR T 11.7 % , 1 60—80 cm = J2 I 7K 5 %5 B A
P 1440 U ATHE S T 2 /R4 = T R E
K8 F1,0—80 cm 1 - ¥4 + HE IV /K & 55 Vb 4T HE A
P 13.24%

2 27 LLE W, SRR A B & 2K 43 F)
R 22 W i, R ) BT AR 04 K 43 R AR R
T ARARHE R IR E T 50 E AR
7 SRR AR T RIE R SR K o R ROR (p<<
0.05), ¥b 3K HE 5 B 6k 5[] 4R 45 70 3k HE 54 18 35 B IR

(7 17K 43 R FH 8% fe s, b 81.64 kg/(hm” + mm)
M-+ W Fl M+ S+ W -+ P &b [ - 35 7K 50 F) I 80CR 5
LW TE A SRS T 11.1% M 10.2% ., S+PH
S+ W+ P [H]/E AL B 545735 7K 53 R R B V0 4T IE PR
YE 3 9 F B 26.03% F120.23 %, Fifi 25 X) %1 Y 5 g 44
T, R AR b i) BB 114 7K 3 1) FH 28503 3% i R ALK, T
B B AR TE W i AR Ak
25 AELAEZIERESITEN

L —FE AR AN BEVE M R O 2B 45, TR I ik B
AN TR A 5 20 AR R A EORT IR K
B OKASFIHRCR Mmoo e AR KL SE
it R R IR I K 43 R AR R AR X S R i
10 548 A5 AE by 1F 1] 48 A, 25 0 BRI () CO, ¥R B 1
B 1] 48 A, DA ] B O 20 A B AR A AR B
ARG Bk 220 LG DA S 80 BRI AR CHE YT
PR AT K 2 ) RO A S OK g 22 0 T F
AR, LT HAL-TOPSIS ¥ % A [7] b B (1 4%
T8 AR AT 25 5 VAN, AR 25 A 21 3 f O i 1 B S
D, i 4 W B D, 525 4b #8355 A O 48 1 It
G Co

F IR WA RIS M+W, P Aab B
R U 45 B8 i /N L 2 B M+ W () A Ab B A4 4 15 7 2R
Az BAR DL L% 5 FH R A - S OK B8 ) 25 AL
N H5 B
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Fig.5 Soil water storage in different soil layers under
different forage intercropping methods
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Table 3 Comprehensive evaluation results of various indexes for different forage intercropping methods based on TOPSIS

Qb B M S W P M+W M+P S+W S+P SH+W+P M+W+P M+S+WHP
&%) 068 059 079 0.90 0.32 0.60 0.41 0.59 0.61 0.50 0.48
RETED;) 059 070 034 036  0.82 0.49 0.66 0.55 0.46 0.56 0.59
W& B (C) 046 054 030 029 072 0.45 0.62 0.48 0.43 0.53 0.55
il 52 7 4 10 11 1 8 2 6 9 5 3

- K AR B S R e VR WO A AR T B TR WA Z WK . ML E R
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