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Abstract: The Songnen Plain faces an escalating ecological threat due to persistent soil salinization. This study aimed

to establish an artificial grassland system integrating straw biochar application (CK: 0 t-ha ', T,: 20 t+ha ', T,: 40
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t+ha ') with Leymus chinensis and Puccinellia tenuiflora, two forage grasses tolerant to salt-alkali soil. We analyzed
the effects of biochar addition on soil physicochemical properties, grass physiology, and production performance.
The results showed that soil pH and electrical conductivity did not significantly change in the first year following
biochar application. However, in the second year, the soil pH and electrical conductivity showed the largest
decreases in the T, treatment, with increasing biochar application leading to sustained increases in water content and
porosity and continuous decreases in soil bulk density. Biochar addition significantly reduced the sodium ion (Na")
content in soil in L. chinensis grassland (P<C0.05) , whereas the soil Na' content in P. tenuiflora grassland only
decreased in the second year. The calcium ion (Ca®" ) content in soil was higher in the T, treatment than in CK over
the 2-year observation period, with the difference being more pronounced in the second year (L. chinensis: 0. 91—
1.60 mg-kg '; P. tenuiflora: 0.91—1.08 mg-kg '). The magnesium ion (Mg® ) content in soil decreased by
35.2% (P<C0.05) under the T, treatment in P. tenuiflora grassland in the first year, while in the second year, the
soil Mg”" content significantly increased under the T, treatment in both grasslands (L. chinensis: 45.5%, P.
tenuiflora: 66.8% ). In both grasslands, the sodium adsorption ratio (SAR) and exchangeable sodium percentage
(ESP) of the soil generally showed significant reductions under the T, treatment, but showed greater fluctuations in
the T, treatment. The contents of soil ammonium nitrogen (NH, -N) and nitrate nitrogen (NO, -N) in soil did not
change significantly in the first year. However, in the second year, the ammonium nitrogen (NH, -N) content in soil
was signigicantly higher in the T, and T, treatments than in CK, and the nitrate nitrogen (NO; -N) content in soil
was also increased. Biochar application significantly enhanced the chlorophyll content in L. chinensis (T,: 10.3%,
T,: 8.2%), but reduced the contents of proline (T,: 18.7%, T,: 38.1%) and soluble sugars (T,: 15.0%, T,:
26.7% ). Under the synergistic soil-plant interaction in this grassland system, biochar addition significantly increased
the forage yield of L. chinensis (T,: 12.9%, T,: 18.3%), but only the T, treatment promoted the forage yield of
P. tenuiflora (by 28.8%) , indicating that a higher biochar application rate is required to increase P. tenuiflora
yield. Comparative analysis of the effects of forage grasses to improve soil quality revealed that L. chinensis reduced
the Na* content more effectively than did P. zenuiflora. Therefore, priority should be given to the integrated biochar-
L. chinensis artificial grassland system in moderately saline-alkali regions, because it facilitates the restoration of
degraded grassland and enhances the forage yield.
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Table 1 Basic physicochemical properties of biochar

pH K5 A B w E: ki IOy
Moisture (%)  Organic carbon (OC, %)  Phosphorus (P, %)  Nitrogen (N, %) Potassium (K, %) Nutrients content ( %)
8.5 15.3 63.7 0.97 1.52 2.84 5.33

F S oA R A E S =AY E A, Nutrient content is the sum of phosphorus, nitrogen and potassium elements.
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45 kg+hm *,
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Table 2 Basic physicochemical properties of experimental field soil

KR pH LIRS A B A HLBT S filf S % A
Water content Electric conductivity ~ Available phosphorus ~ Organic matter NH, "-N NO, -N Available potassium
(WC, %) (EC, pS+em 1) (AP, mg-kg ") (OM, g-kg ) (mg-kg ) (mg-kg ) (AK, mg-kg ")

13.27 8.60 268 18.45 8.47 3.72 5.62 139.42

BN CE G, AT N ET e R & i, T A, Available phosphorus is the phosphorus content, and available potassium is the potassium content,

the same below.

1.4 #EKRELHAE

T 2022 F1 2023 4F 6 H , 754 A /NXCR ] 5 s ORE 2R 4R 0~20 em b )2 HIRE G T 2 mm 0 25 B £ B B
WA . RPN e H A A REAS R BE O 8 52 50 5 B B0y RS S W 4, — 0 1 R s At
TSR Gy B B E 5y — 4 WA AE T —80 “Crk AR N, FH T I S S A (NH, -N) FI & A (NO, -N) %
b5 o
1.4.1 T3 HRAb M BT A9 I o ik BI(Na ) 45(Ca’" ) VBE(Mg® ) B+ & & : FRHCE 0. 85 mm i 1y WU &
10.0 g, il A 50. 0 mL Z&E MK 5 , 9% % B9 0, B0 B 08 WOHT Bt 7 W le 43 6 6 3+ (T AS-990F , v ) AR 1 25 5 &
B B B e (sodium adsorption ration, SAR) Fil s 1L J& (exchangeable sodium percentage , ESP) : 43 il 2 & i W
R O vk Boh AR N R RT E RO AT AR A RS K R I I e L, FLBR = (1 — £
ZE/ B E) X 100% , R E I E S5 200 50 AR . pH S USSR AR £ K EG 15 0 E i 8 Al
/K Cultrapure water, UP) =4 R &, IR 3% IF &0 & )5 FH pH 1T (pHS-25, h ) (AL 3 3L (DDS-11A, &) %f I
THRHEAT pH B S 3 A I E
1.4.2 IR S ENE AR A LR 5 5 2 B A N RIERTE B R AR P AR i — LA A
BT A LRI E Jr . NHL -NUNO, -N & i 2% B R b — A A A5 4 2R 8 /U il
Tk
1.4.3 HWA 2R E 20234F 7 H R A), A EOAR B RLR - 3E AN ST AR 2R AR
e . BRE ZERL ZE0T e B 0E5E S RS S O TR I A o A A S BRI T R SV TR I
1.4.4 YA A8 bR 0 E TE B B B R RE ) 58 4 e T T AT R AR S AHOCHE AR A0 . MESR R T i
(chlorophyll content, Chl) : 4z £ S B B, B>/ X B ML AL HL 10 #% , 2 R AL (SPAD-502, H A) FE 0t 5 rh 38 47 &
g, Rk bk, 1] I ME . Rl MM A i (soluble sugar content, SSC) il % R 7% & (proline content,
Pro) : Z & AEM5 (10 7 2005 o
1.5 HEHRITE5»H

K SPSS 26. 0 8 AF o3 &l o A 22 I 3 U5 22 70 F (multifactorial-way ANOVA) Flge /) i 35 4 25 57 (least
significant difference, LSD) 3 Ji5 & 40 J7 ¥ A AS W] 50 H0 A [m] A 49 o Ak 34 6] 9+ SR BE AR FAL PR BT VB W I & =
KR T ACTE A 09 26 5 05 R O R 2R 1) e A BT B R AE B Y A PR DL BN S Y 25 R B TEAD
PRAE PN 2R W) e Ab B CRE ) AR 0y PR 3R KT - 398 58 AR T B 5 e 6 R i 5 AR AR R N B AT R g
(Pearson) A1 5 2 o 47 VR 6 96 DA T 45 21 A 5C 4 20 #r , P<<0. 05 2 18 35 A1 3G, P<<0. 01 A 3 A OC . R
WPS office Fl Origin 2025 £ i K] 3¢ .

2 ERE545H
2.1 FREREADF AR HFET LR R

DU TR e A 4 o A B O TR 30 B RNAS [a) A A A Sk A A i, = 338 BRAR P o 38 A 1 o DR AR 1, R4 T 22 4307 (1]
1), 25 0] AE SR Al o A A= Wy AL B S FhoRE S SRR B RIS R, £ ES —4F pH ML 5 R AE AN TR b B
(8] 400 . 3 22 5% (P>>0. 05) , 5 “4F pH 5 R 7E T AR 3 B 28T CK M T,(P<<0.05), FHE -85S KE,



535 B 5 M FOll 224 2026 4F 143

- % L. chinensis JE R E P tenuiflora
: Prokeks Sk e *R* TS ens CcK THAF IS IRk E I T SIS
A,
9.0 T, ns A
ns A [
A

- e 5

8.5 ? B & ?

: % wa ES C

8'0 %

75 i =

500

T **;S: #*; Y: ns; TxS: ns T*E: S ROV RS TXS: 1§

B LI B

S
=
=3

=

@

N
4

@ C

GRS
Electrical conductivity (uS-cm ")

200
24 -
T: ns; S:ns; Y: ***; TxS:ns Teng: Sensy Y TxSng
20
= A
= A
< A fee 23
wE 16 Do 5
bk - 2%
= 12 7 b
=7 =%,
T2 o~
4
70 [
T: *%%; S: *¥**; Y: ns; TxS: ns T ¥4 S 8K Yone: THS ny
65 r ns
~_~ A o —
= a A A
Hl a
’gi‘ 60 3
(=] 55 -
ey b 3 B ° é ﬁ B B

o

45
200 1. ns; S:ns; Y:ns; TxS: ns T:ns; S:ns; Y:ns; TxS: ns
8 I8 A 4
& ns . B
i > 1.6 a B — =
o EE R R
o 14
"2 oy = @
B 12 s é
3 9 °
2 1.0 -
0.8 - - - '
2022 2023 2022 2023
4 Year

1 FMEYMREMEAAREN LEpH. ASXR SKEFREMITENZ A

Fig. 1 [Effects of biochar addition and cultivation of different forage grass species on soil pH, electrical conductivity, water
content, porosity, and bulk density

CK\T) T, 43 BIFE7R8 A 0 5 AT 74 0.20.,40 t-hm %0 T RRAE YRI5 Y FR 4G : S TR WA . ns TR 22 FAR WL+ FIRAE 0.01 KT
E2E S W R AR 0.001 K P B 22 5 B3 . 2022 AF R R AH I 22 S WA VE T ab e KR, 2022 SRR R B R A P 22 5 B E I a b e KR
2023 AF AR E RN 22 S WETE M A B .C KR, 2023 4FEFhig B R A1 N 22 5+ WEPET A . B.C IR CK, Ty, and T, represent biochar application
rates of 0, 20 and 40 t-ha ', respectively. T denotes the biochar application rate; Y represents the year; S indicates the species. ns indicates no significant
difference, ** indicates a significant difference at the 0.01 level, and *** indicates a significant difference at the 0.001 level. Within-group significant
differences for L. chinensis planted in 2022 are denoted by a, b, c; for P. tenuiflora planted in 2022, they are denoted by a, b, ¢. Within-group significant

differences for L. chinensis planted in 2023 are denoted by A, B, C; for P. tenuiflora planted in 2023, they are denoted by A, B, C.
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3), G5 R AR O b, 5 CKA L, A AR 9 ¢ b BHLR | 45 P4 2 00 09 Na & 3 B0 B 35 I (P<
0.05), At BB+ HE58 —4F I W3 Ak 58 AR AR W ks B AR X T Ca® il E L T 3R CK AL BEA i I
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Table 3 Effects of biochar addition and cultivation of different forage grass species on soil saline ions and nitrogen status

wR Am R AT T BT BIUCWEE Sodium  BAMLIE Exchange AR WA
Species  Treatment Year Na' Ca”’ Mg’ adsorption ration able sodium per- NH, -N NO, -N
(S) (T) (Y) (mg-kg ") (mg-kg ") (mg-kg™")  (SAR, mmol-L™") centage (ESP, %) (mg-kg ) (mg-kg ")
et CK 2022 168.719.90a 5.7540.14ab 36.56+1.19a  7.7940.22a 8.9440.17a  4.40+0.55a 17.75-0.56a
L. chi- T, 2022 103.86+8.12b  6.66--0.53 32.1346.36a  5.17--0.37b 6.00+0.48a  7.70+1.5la 19.91-+2.51la
nensis T, 2022 111.25+6.93b  4.72-£0.72b  33.50+£8.32a  6.70-1.27ab 7.62+1.47a  4.31+0.45a 16.21+2. 24a
R CK 2022 178.96-£7.04a 5.4840.32ab 33.20%1.09¢  9.2640.31ab  10.890.36ab 4.5040.4da 18.20+0.8la
P.tenu=p 2022 166.18+8.90a  6.5620.67a 43.00£4.05¢  7.06=1.014 8.21+1.226  6.50+1.13a 24.68+2.75a
iflora T, 2022 132.45+22.16a 4.1140.786 21.5045.596  11.44-1.28a 13.25+1.37a  4.2540.25q¢ 17.9642.24a
A CK 2023 110.72-1.92A 3.9840.02B 11.6840.34B  14.3640.45A  16.054+0.22A  3.31+0.14B  4.93+0.51B
L. chi- T, 2023 84.9540.92C 5.58--0.30A 13.27-20.49B  5.98-0.19C 7.05+0.11C  4.07-£0.12A 5.61+0.35AB
nensts T, 2023 95.14+0.73B  3.25-50.20C 17.00-£0.49A  10.18-0.32B  11.77-£0.39B  4.460.20A 6.9140. 09A
RER CK 2023 97.89-3.07A 2.4640.16B  7.9940.488  17.024+0.89A  18.6640.90A  3.89+0.158 5.63-0.358
P.tenu-p 2023 73.3240.71B 3.37+0.18A  9.56£0.58B  6.57-0.158 7.7240.21B  4.40+0.20A 7.47-0.47A
iflora T, 2023 79.84+1.37B 3.8450.22A4 13.33£0.13A4  15.31+1.64A4  16.431.89A4  4.5740.10A 6.93-20.09AB
T 9079. 07+ 32.20 327.08 1790. 375+ 1432, 58+ 35. 245 124. 56%+
S 4561. 34 42.11% 12.50 10.25 47.81 1.82 4.65
Y 8,50 10%k% 228, 80%xk 1. 50X 10M 975. 84w 712. 96+ 66.84%% 3089, 10%%*
TXS 9168. 85%* 17.12 197.39 145. 37+ 131. 52+ 1.06 5.48
TXY 2315.07 92.27%%%  239.83 848. 35k 660. 225 22.83* 91. 52wk
SXY 745.70 4.34 190. 60 17.01 3.58 0.71 0.26
TXSXY 1.60 10* 35.41 399. 63 153. 36 138.52 4.72 7.08

CK\T, T, 43 3 3R 7% AR B At it 9 0,20,40 t-hm %0 T 8RB YR AHE T Y SRR E 0 s S TR WA . +3RRTE0. 05 /K LB 3, w38 7R
150, 01 K- BRI 35, #++32RAE 0. 001 K LRI 03 o 2022 AR PR £ B 2N 25 5 W3 PE ] a b e O, 2022 4F iR AL A2 0 2 ) 22 e 1 35 1
a b c KR ;2023 FFFAE A RIAL N 2 5 WEME A BL.C KRR, 2023 4E Mg R R AN E R BEHEMA B.CER. T, CK, T,and T, represent
biochar application rates of 0, 20 and 40 t-ha ', respectively. T denotes the biochar application rate; Y represents the year; S indicates the species. *
indicates a significant influence at the 0. 05 level, ** indicates a significant influence at the 0. 01 level, and *** indicates a significant influence at the 0. 001
level. Within-group significant differences for L. chinensis planted in 2022 are denoted by a, b, c; for P. tenuiflora planted in 2022, they are denoted by
a, b, c. Within-group significant differences for L. chinensis planted in 2023 are denoted by A, B, C; for P. tenuiflora planted in 2023, they are denoted
by A, B, C. The same below.
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AL PR 5 W) Rl 28 HAE X Na™ & & . SAR FI ESP A7 7E W & % (P<<0. 05) . WAk AE 0y xf T IR s F AR
RAEBA B E R,
2.3 AMERRMTREREEIKREAIE = F A

A ) Ji A 3R I R o S B A B i (P<Z0. 05) , 43 ) B X BEEE i T 12, 996 F1 18, 396 5 A AL T BE a4 Bl LY
Xt REBE N T 3. 6% .28. 8% , Fe W v FE i b e b VR 0 A 0 e ke 2 R A A AR R AT T AT T R 0 S A
B AT R B B BN, BRZSHLAL Wi 45 A 20 MR R ] B A A 3 R e (P<<0. 001, % 4) .

T, AR FEF 2505 bR R 4 CK B 38 TH i, M58 AR 48 T, L CK 34 8 35 4R 5 (P<<0. 05) , T A8 A I 2B 4 3¢ 1 12 2
AL PR B AR AR AR OR UL M 25 R (P>>0.05) . X TN S, A s T B T 83w T T, CK i A9
Bele ERZEN LR E S B R AN ) B T CK 4L A W b B 4% A 2R R i) o 7 g 2 A
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T4 EUREMMBEREZEREAETENH N

Table 4 Effects of biochar application on agronomic traits and forage yield

PR 4b 3 7R M ZEM EINEY K -5
Species (S)  Treatment Yield Plant height Stem diameter  Ratio of stem to Ear length Leafl width
(T) (kg-hm %) (cm) (mm) leaf (cm) (mm)
FRE CK 1789. 68+38. 73B 82.10+1. 68B 1.780.04B  2.6440.11A 18.68+0. 43B 5.56-£0. 10B
L. chinensis T, 2020. 80+ 69. 09A 88.2443.75AB  1.84%+0.05B  3.2040.22A 18.70+0. 37B 5.28+0.29B
T, 2117. 524 38. 63A 92.8840.69A  2.1040.03A  2.984-0.21A 20. 600. 56A 6.920. 37A
SR CK 574.20+43.97B 49. 0872, 94A 1.68+0.11B  3.35+0.05B 14.48+0. 45A 14.4640. 96A
P. tenuiflora T, 594.90435. 51AB 48.7241.08A 1.620.06B  4.3340.22A 15.2240. 14A 20.60+2.51A
T, 739. 504 26. 77A 52,5042, 72A 2.120.06A  4.66+0.33A 15.48+0. 35A 21,764 1. 44A
T 3. 00X 107 254, 95% 0. 96w+ 4, 28%% 11, 47%* 97. 65
S 1. 30X 10 % 1. 10X 10bx 0.08 10. 37 136. 53+ 1271, 40+
TXS 6.10x10* 80. 97 0.07 1.18 3.38 63. 94

2.4 HmAMFRRIEREFFE LIE R R AKX K

PRI BCRE 1 ] B  2  RE K RE FLBR R S R A OGS R A R A S A DG  HL S AR B R
5 AR AR S A SRR B EMAE(RS),
2.5 AMRFATEFALEKRG D A

O (%) A SR A AT LA ] 22 A R R ) A R PR B B 3E R R S R T 0 R 2 B T T P e R 1Y
T LAANIRIAE Wy e b B3 AS ) P AN ) AR 4 R A AR e R AR BREIR TR AR AR O R AR i BEAT 5 22 00 (3R
6), 45 R B AN R Ak B AN [) W b of AR ) S 2R TR A T MR S R A B IR RS R

RS 2R & B B THE , T AL BRAY AT 55 P40 A0 il 24 R o 848 CK A BT R, TA&}%‘?CKE%WEE-WEEE%Q
FRIA)JC 8 % 22 5% (P>0.05) o AN , AW RABESYF AL BEAERAN TSRS HEAR T YA 2 &N

(P<<0.01),
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Table 5 Correlation analysis between forage yield and soil physicochemical properties
L/ IiH sy oK R E2i FLBREE A Rk A HLER BASA
Species Items Yield Water content  Soil bulk density Porosity ~Available phosphorus ~ Organic carbon  NH, "-N
FrL 7K B Water content 0. 656%+*
L. chinensis 1 gz Soil bulk density ~ —0. 612%  —0. 813%*
fLBRJ¥ Porosity 0. 643%* 0.618%* —0.507
1 % Available phosphorus 0. 660%** 0. 725%% —0.483 0. 718**
A #LA% Organic carbon 0. 660%* 0. 683%** —0.551* 0. 757** 0. 873%**
A NHf-N 0. 721%** 0. 712%* —0.529* 0. 662%** 0.912% 0. 700%*
A% NO, -N 0. 741 0. 694+ —0. 643%* 0.618* 0. 594* 0. 685%* 0. 558*
AR £ 7K it Water content 0. 607
P. tenuiflora . s Soil bulk density ~ —0. 666+ —0. 818+
FLBRJE Porosity 0. 707 0. 900%+* —0. 906
A7 % Available phosphorus 0. 345 0.592%* —0. 736%* 0. 690%+
Fi HLA% Organic carbon 0.510 0. 639* —0. 804xx* 0. 741 0. 718**
A NH, " -N 0. 345 0. 578% —0. 560* 0.512 0. 608* 0. 337
HA&EHNO, -N 0.234 0.116 —0.342 0.184 0. 554* 0.472 0.373

*FRAE 0. 05 K L AH M 3, o+ R R7E 0. 01 K B A X W 3% o * indicates a significant correlation at the 0. 05 level, ** indicates a significant

correlation at the 0. 01 level.

F6 WA B A AR AR R T
Table 6 Effects of biochar application on forage physiological traits
"y Fp JGEL 4% 2 & it Chlorophyll content ] %5 P BE % i Soluble sugar it 2 R £ bk
Species (S) Treatment (T) (Chl, SPAD values) content (SSC, mg+g ") Proline content (Pro, mg-g ')
FHE L. chinensis CK 43.18+0.66B 2.474+0.11A 15.87+1.42A
T, 47.64-+0.99A 2.104+0. 20AB 12.90+1. 33AB
T, 46.70+£0. 75A 1.81£0.06B 9.8240.44B
BRFP. tenuiflora CK 39.20+0.12A 4.13+0. 33A 65.54+2.91A
T, 36.80+0. 18A 3.424+0.13A 46.56+£0.51A
T, 39.60+0. 24A 3.77+0.17A 31.85+5. 28A
T 25. 76%* 1. 84 1981. 31%*x*
S 1. 30X 10**s 20. 32%%:* 9250. 99xx*
TXS 29. 74 0. 50 962. 72%**
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Fig. 2 Correlation analysis between forage yield and forage constituents
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