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Bentonite and straw amendments enhance water-nutrient retention
and yield of oat in Loess Plateau drylands

BAI Xin-hui, MI Jun-zhen®, LIU Jing-hui, WANG Jin-jin, ZHAO Bao-ping,
ZHANG Lan-ying, CAO Yu-jia, ZHANG Xin-yi
(College of Agronomy, Inner Mongolia Agricultural University, Hohhot, Inner Mongolia 010019, China)

Abstract: [ Objectives ] The dry-farming soil of the Loess Plateau is characterized by poor structure and weak
water and nutrient retention capacity. The application of exogenous organic and inorganic substances is a key
technology for improving soil quality and increasing crop yield in this area. This study explored the synergistic
effects of the combined application of bentonite and straw on enhancing soil structure, water and nutrient retention
capacity, and crop yield in oat fields within this region. [ Methods ] A long-term field experiment was
established in 2019 in the dryland farming region of the Loess Plateau in Inner Mongolia. It comprised four
treatments: no bentonite or straw application (CK), bentonite application alone (OB), straw application alone

(OS), and combined application of bentonite and straw (H). Soil samples were collected from the soil profile after
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oat harvest in 2023 to determine soil aggregate composition, bulk density, porosity, available nutrient content, soil
water storage, and crop yield and its components. Correlation and principal component analyses were conducted
to identify the factors influencing yield. [ Results ] Compared with CK, the other three treatments significantly
improved soil structure, water and nutrient retention capacity, and oat yield, with the following order of
effectiveness H>OS>0OB (P<0.05). The H treatment significantly increased the content of >2 mm and 0.25—
2 mm macroaggregates by 33.06% and 37.54%, respectively, reduced bulk density by 6.43%, and increased
porosity by 7.86%. These improvement effect extended to the 20—40 cm soil layer. In addition, the contents of
alkali-hydrolyzable nitrogen, available potassium, and available phosphorus were significantly increased by
6.89%, 17.28%, and 30.82%, respectively. The H treatment exhibited the highest water-use efficiency and rainfall-
use efficiency, increasing them by 36.84% and 35.25%, respectively, compared with CK, both at a significant
level. Panicle number per unit area, grains per panicle, 1000-grain weight, biological yield, and grain yield were
all significantly higher than those of the control. The increase in biological yield reached 34.42%. Correlation and
principal component analysis showed that yield was significantly positively correlated with >2 mm and 0.25-2
mm aggregate content, aggregate stability, and nutrient content, with alkali-hydrolyzable nitrogen and 0.25—2 mm
aggregate as the main positive influencing factors. [ Conclusions ] In dryland oat fields on the Loess Plateau, a
one-time basal application of bentonite (18000 kg/hm?) combined with annual straw incorporation (6000 kg/hm?)
can synergistically enhance the content of macroaggregates in the 0—40 cm soil layer, improve soil structural
stability, reduce bulk density in deeper soil layers, increase porosity, and significantly elevate soil available
nutrient content and soil water storage. This ultimately increases oat yield and water-use efficiency, achieving a
synergistic effect of soil structure improvement, enhanced water and nutrient retention capacity, and increased oat
yield. This approach can serve as an effective technical pathway for enhancing regional farmland productivity and
resource-use efficiency.

Keywords: dryland oat; returning straw to the field; bentonite; soil physical and chemical properties; yield
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Fig. 1 Precipitation and temperature during experimental
period in 2023
T 2023 AR IR R 172.0 mm, ZEFI H R 20.6°C, R
TR,
Note: 2023 was an arid year, with precipitation of 172.1 mm, average

daily temperature of 20.6 °C during growing season.
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Table 1 Detailed method for treatments in the localized experiment

i 4

Tt T

liwes b _ N UG
Bentonite amount ~ Straw return amount .
Code Treatment Reference for the input amount
(kg/hm?) (kg/hm?)
CK  *J}if Control 0 0 N Lt 528 KRB0, T B EE A L
. P AN 2R, TR
OB L 15,000 . TRk, NIRRT, SR
. o ) FARFERT 4 B ik AT/ NX
Single application of bentonite
. The application rate of bentonite was shown to significantly
08 FUERAT Straw return only 0 6,000 improve loessial soil bulk density and water-holding
H @i EERsFF 18,000 6,000 capacity, as reported by Mi 4. All oat straw was removed

Combined application of

bentonite and straw return

from the plots, while all maize straw from an adjacent field
of equal area was returned
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2. 0.25. 0.053 mm MY, SRR A RLGLAT R
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P, /A\ftﬁ[ﬂ:

SA (%) = M/M, x 100 )
Ry»s (%) = Mr>0.25/MT x 100 (2)
MWD (mm)= Z xSA (3)

ESAInx,-

GMD (mm) = Exp | — 4

n

Z SA
i=1

X, SA BRI 8 (%); M, TR
(g), M, HHE—RBHRBETR, R, HEAE>0.25
mm Y RBAIKE 5 (%); M.,,s N>0.25 mm Fife A
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AT IACAS R AR T - e A P8 bR O 27 A AR, IF
MR BEAEAR S R K R o SR Origin 2025
(OriginLab Corp., Northampton, MA, USA) #x{Fi#4 740
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Fig. 2 Effects of bentonite and straw application on soil aggregate distribution
T CK—ATEMZE L S5H#F; OS—Hpifi#r; OB—MifgiE +; H—WiE L ECHRFT . ARG FREFRIR IR —RLAR TR R 4b 35 A] 22 5
B3 (P<0.05), ARG F-REFRRAA R AL BE T SR AORI 0 F] 25 57 35 (P<0.05).

Note: CK—Without the application of bentonite and straw; OS—Straw application alone; OB—Bentonite application alone; H—Bentonite combined

with straw application. Different lowercase letters indicate significant difference among treatments within each aggregate fraction (P<0.05), while

different uppercase letters indicate significant difference among aggregate fractions within each treatment (P<0.05).
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Table 2 Effects of bentonite combined with straw on soil
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Table 3 Effects of bentonite combined with straw on soil

aggregate stability bulk density and porosity
i}?' (cm) AbH MWD (mm)  GMD (mm) Ross (%) i}?’: (cm) AbE AE (g/cnf) f LF@:EV(%)
Soil layer Treatment Soil layer Treatment Bulk density Porosity
0—10 CK 0.87+£0.04 a 0.34+0.01 ¢  31.63+0.47 ¢ 0—10 CK 1.40+0.02 a 47.30+£2.21b
OB 1.03+0.01 a 0.42+0.00b  40.38+0.38 b OB 1.37+0.02 a 48.05+£0.58 b
oS 1.1240.02a 0.43+0.00b  40.49+0.91 b oS 1.33+0.02 b 49.81+0.87 a
H 1.15£0.05a 0.47+0.03a 44.10£2.53 a H 1.31+£0.01 b 50.69+0.22 a
10—20 CK 0.67+£0.06 a 0.30+0.01 ¢ 30.66+1.48 ¢ 10—20 CK 1.39+0.01 a 47.55+0.79 ¢
OB 0.75+0.00a 0.36+0.01b 36.33+0.51 b OB 1.36+0.02 ab 48.81+1.15b
oS 0.7840.03a 0.36+0.01 b 37.47+1.01b (6N 1.33+0.02 b 49.69+1.64 ab
H 0.83+0.02a 0.38+0.01a 40.25+0.34 a H 1.30+0.03 ¢ 51.07+0.22 a
20—40 CK 0.57+£0.04a 0.25+0.01 ¢ 21.83+0.96 ¢ 20—40 CK 1.43£0.02 a 45.91+0.58 ¢
OB 0.60+0.01 a 0.26+0.01 bc 24.00+0.73 be OB 1.40+0.02 ab 47.30+0.79 be
oS 0.64£0.05a 0.27+0.02b 25.00£2.56 b (0N 1.37+0.03 be 47.80+0.95 ab
H 0.70+£0.02a 0.30+0.01a 29.78+1.00 a H 1.34+0.01 ¢ 50.06+0.58 a
-1 CK 0.70£0.04 ¢ 0.30£0.01 ¢ 28.04+0.95 ¢ P CK 1.40+0.01 a 46.92+0.33 d
Average OB 0.79:0.00b 035£0.01b 33.57£0.36 b Average OB 1.37£0.01 b 48.05£0.25 ¢
0s 0.85+0.02a 0.35+0.01b 34.32+0.95b 0s 1.3440.01 ¢ 49.10£0.19 b
H 0.89+0.02a 0.39+0.01a 38.04+0.73 a H 1.31£0.01d 50.61£0.51 a

I CK—ANHifZiE - 5FF; OS—HEfs#f; OB—HLjfifiziE
1o H—H L BOERFT . RIFIEERE AR/ NS FR3R0R R — L2
AR R] 25 5 . 25 (P<0.05),

Note: CK—Without the application of bentonite and straw; OS—Straw
application alone; OB—Bentonite application alone; H—Bentonite
combined with straw application. Different lowercase letters following
the data in the same column indicate significant differences among
different treatments within the same soil layer (P<0.05).

PRI T R AR S M, R e 32 B
PR AR AR 5345, $2TF Ry Al GMD IG5
SEME, X MWD B2 AT A B . H AbB4 R+
11 GMD F1 R, s [HIIAEI = {H, GMD Hl R, {H
KW EE T OS Ml OB AP, OS 4bFE& 12 GMD
MR, (B FEHT CK, 1M OB A GMD
Ry (HAE 0—20 cm +)Z B # 5 T CK, £ 20—40 cm
RS CK BB FEER. &b, WiHREHSUR T
# 2R RKGRE M, EIE 5 R R ]
P25 B T 4 10N

2,13 HHEFESILBE  hi& 3 v, BEEEm
W, LHEEBEBWIM, mLBE RS, 5
CK AHE, OS5 H /3 5lab# i F AL T &£ 2R+
HEANTH 4.29% 1 6.43%, & TFLBE 4.65% H
7.86%, H HACFEREMEA 24 E | 1 m LR i
PR B & ST OS AbBE ., i OB AbHEXT 45 + )24

T CK—ANElEE £ 5FFF; OS—HEFsFT; OB—Hujti g
H—E LR RE AT . [R5 e AR NS T RERoR A — L2

AN [ 3 ] 2 57 . (P<0.05)

Note: CK—Without the application of bentonite and straw; OS—Straw

application alone; OB—DBentonite application alone; H—Bentonite

combined with straw application. Different lowercase letters following

the data in the same column indicate significant difference among

different treatments within the same soil layer (P<0.05).

FALB R Z A W5 m . 25 b, f5FF 5 0E 6
Jiti it — 20 T TR AT RRAR - R SR MGEAL
BRESHASCR
22 BiELRCHMREFTXT LIEK S FI AR

& 4 al g, AL BRARE T RN OKE2ZE R AR
=, YRR —E OB 1 OS AbBHMIR )5 3K
W5 CKMESYARE, H AW G EENT
9.25%, HEEET OB, OS LB, UG jisbHnT
AT KB TT

M 4 W] FH, AP B K& (ET) 22
HARFE, OB, 0S. H AZLHKHFIHZL#HE (WUE)
FREKFI I (PUE) 431488 CK R &1 T 29.90%
33.97%. 36.84% F128.97%. 33.86%. 35.25%, {H—
FHREFPNEE . BARMIL, H bR E R ik
e LW oK E, B TR 1 S5 BE R o +
BEORFOKBE I MIRCR , ] oy A XK 5% I v 25 R
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Table 4 Effects of bentonite combined with straw on water use efficiency of oat

Qb + 48 /K8 Soil water storage (mm)
Treatment &N Pre-sowing 3K 5 Post-harvest
CK 126.66+5.86 a 62.52+0.78 b
OB 125.69+£3.02 a 62.96+£0.51 b
0S 127.59+2.64 a 63.85+0.96 b
H 129.74+2.12 a 68.30+0.02 a

ET WUE PUE
(mm) [kg/(hm? mm)] [kg/(hm?-mm)]
236.24+541 a 4.18+£0.15b 5.73+0.09 b
234.83+5.84 a 5.43+0.46 a 7.39+0.49 a
235.84+3.55a 5.60+0.25 a 7.67+0.32 a
233.54+7.71 a 5.72+0.18 a 7.75+0.14 a

TE: CK—ANtfE 1 5F6FF; OS—Ippitifs#T; OB—Huitifigid 1, H—IiE LIRS FF . ET—FEKim; WUE—KMFIIRCR; PUE—REK

R FFEERE AR/ NG FREOR AR AL B 22 53 2.3 (P<0.05).

Note: CK—Without the application of bentonite and straw; OS—Straw application alone; OB—Bentonite application alone; H—Bentonite combined

with straw application. ET—Evapotranspiration; WUE—Water use efficiency; PUE—Precipitation use efficiency. Different lowercase letters

following the data in the same column indicate significant difference among treatments (P<0.05).

et 2%,
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BRI A, I £ B P FIVE TR L )2 R
W . 20—40 em, 7EERACER U7, HALIE D
PETF T R, IRTHSCR B E ST OB 5 08
ACFE, NPT, H ORI OS AR TIOR8
T OB 4bHE, i OB AbHAE I + 2 %A 840wl G i 35 42
FERCR . g8 L, B £ RS AT AL PR EEAS W3 $E T 4%
TR S AR SR, BB ERN 2040 cm
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SR AT RO B i A 0 B PR T 6.89% . 17.28% FiI
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KAESLILAY
24 BEELE TR X RE S E AR E Z AR
H 2 6 AT, 45 Ab B e i S HH R R R
IR ANE . 5 CK AL, OS Al H 4 #4351 & 3%
HEhn T B T R SRR 8.89% 1 19.30%, H H 4b
TR 14 08 L E T OS AbFE; 5 CK ML, 75 3 Ak
PR E RO TR, H H. OB AbFE 3 iR 3%
T OS Ab#E; OS Al H ARFE 43 51 23 Jin 1 T-Hi 8
15.86% 1 18.00%, OS fl H AL 2R A EE; 5
CK AHI, 3 MAbFRY 2100 T kPR i 28.99% ~
35.20%, fHixX 3 MbHEZERARE; 5 CK AL,

I3 3 AEIEESIN T AY R, HOH AR A IR S
F T OS T OB ACFE, H ALFRAEWr a4 CK HiE
ik 34.42%. L L, H AP B R BT SR A
AR, FEOR BRI T = RO R, S
T A R Y S O SRR R R B KR, R
LT BCHt AL B 7 i Y B 255 PR RN
2.5 MmMEMFANTESHIELSEH, HIBKSRIIE
IR T B K M i
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(AP), KJ3FIFHEER (WUE) 1A= 75 301 F 1 A1) P 3%
(PUE) 24 & IEAHOC, 5 1% HE (BD). 0.053~
0.25 mm PR ] (SA3) F1<0.053 mm P ZE 44 L 45
(SA4) 5t W W i & R OC . KA, 14845 (BD)
5 SA3. SA4 BB EIEME, SFLBE . SAL,
SA2. MWD, GMD. R,... AK. AP, WUE. PUE
R BFEAME, 5 AN, SWS (MT) (Beak)5 IEok
)R RE . WMEEAMK; LBES SA1. SA2,
MWD, GMD. R,,;. AN, AK. AP, SWS (MT).
WUE, PUE 23 | B FIEM, 5 SA3. SA4
B E AL ; SAL 5 SA2, MWD, GMD., R,
AN, AK. AP, WUE. PUE £ 5% . B ZEIEHH
K, 5 SA3, SAA B RE | WBEAMKIK; SA2H
MWD, GMD. R,,;. AN, AK, AP, SWS (MT).
WUE, PUE 283 | B FIEM, 5 SA3. SA4
BB EIEMG; SA3 5SA4REETEMX, 5
MWD, GMD. R,,;. AN, AK. AP, SWS (MT).
WUE, PUE 22 . EBEAHE; SA4 5 MWD,
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Table 5 Effects of combined application of bentonite and straw on soil available nutrients

+)Z s DR A HEE R
Soil layer Alkaline-hydrolyzale N Available K Available P
(em) freatment (me/ke) (me/ke) (me/ke)
0—10 CK 41.7142.53 a 87.84+1.45d 6.73+0.11 d
OB 43.67+1.98 a 95.21+0.58 ¢ 7.01£0.12 ¢
0s 43.83+1.96 a 101.58+1.06 b 8.50+0.17 b
H 44.66+1.73 a 105.36+0.57 a 8.73+0.03 a
10—20 CK 41.35+1.99a 95.87+0.58 ¢ 6.090.06 b
OB 43.62+1.97 a 101.85+0.57 b 6.59+0.09 b
0s 43.70+1.61 a 109.33£0.78 a 8.02+0.67 a
H 4437+1.66 a 110.99+1.53 a 8.07+0.10 a
20—40 CK 41.12+0.87 b 82.07£0.44 d 5.91£0.47 b
OB 42.95+1.04 ab 90.86+1.16 ¢ 6.24+0.40 b
0s 43.05£1.07 ab 92.59£0.20 b 7.24+0.49 a
H 43.70+0.98 a 95.34+0.75 a 7.65+0.39 a
44 Average CK 41.39£1.40 b 88.59+0.81 d 6.23£0.21 ¢
OB 43.41£0.29 ab 95.97+0.39 ¢ 6.62+0.09 b
0s 43.52+1.43 ab 101.17+0.69 b 7.9240.25a
H 4424+1.18 a 103.9+0.38 a 8.15+0.14 a
+ 2 E Soil depth (SL) 283.501%** 765.482%*%* 27.418%%*
P KAt Treatment (Tre) 2649.718%** 509.481 % 74.616%**
SLxTre 13.880%** 9.147%#x 0.554N8

. CK—ANEfgiE - 5F5FF; OS—IjifsFr; OB—IAifigid +; H—RgiE L RCRFF . [FAEEE AR/ NG TR R — 1 )2 A b 3
[ 225 B35 (P<0.05), ***FR B0 ik 8]0.001 27K, MINSHEIRTC I E R .

Note: CK—Without the application of bentonite and straw; OS—Straw application alone; OB—Bentonite application alone; H—Bentonite combined
with straw application. Different lowercase letters following the data in the same column indicate significant difference among different treatments
within the same soil layer (P<0.05). *** indicates the variable effect at 0.001 significant level, while NS indicates no significant effect.

* 6 [iE LRI RE~E R AR ERNZM

Table 6 Effects of bentonite combined with straw on oat yield and its components

e AR FERIEL Tk FPRL CEL7/ T
Treatment Effective panicle number Grain number 1000-Grain weight Grain yield Biomass yield
reatmen
(x10%hm?) per spike (2) (kg/hm?) (kg/hm?)
CK 242.44+7.86 ¢ 14.4+0.59 ¢ 21.12+0.32 b 987.00+15.28 b 3100.00+100.00 ¢
OB 252.56+12.17 be 23341034 a 21.72+0.24 b 1273.00+84.39 a 3400.00+173.21 be
os 264.00+£1.20 b 22.3+0.48 b 24.47+1.48 a 1320.00+55.34 a 3500.00+300.00 b
H 289.22+3.08 a 23.7+0.44 a 24.92+0.38 a 1334.00+24.52 a 4167.00+152.75 a
F: CK—AHifgid + 5F5FF; OS—Fitifi#t; OB—Huiifgie +; H—AgiE L ECERFF. [RIZIEIR G A F/NG R38R R R A 2R a) 25 5
# (P<0.05).

Note: CK—Without the application of bentonite and straw; OS—Straw application alone; OB—Bentonite application alone; H—Bentonite combined
with straw application. Different lowercase letters following the data in the same column indicate significant difference among treatments (P<0.05).

g

AK. AP ZHIHE B WMEBETFMY%E, WUEYS 2.6 BEXTESTRIBHIETRHNERS O
PUE 222 IEHIKC HFE 3 MM T SE R, #4538 T PCA
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Fig. 3 Correlation analysis of oat grain yield with soil structure, moisture and available nutrient indicators
E: Y—7"f; BD—&E; Por—fLBE; SAI—>2 mm HIRIK; SA2—0.25~2 mm BIHR{AK; SA3—0.053~0.25 mm M Fik; SA4—
<0.053 mm HIRAK; GMD—JLA P EAE; MWD—FHEEERE; R0.25—HAAE>0.25 mm HIRKS &, AN—RfEA S &; AK—#E0
Frit; AP—ARWES it SWSPS)y—HERIT /Kt SWSMT)—IURIE N /K i s ET—#E/KiE; WUE—/KAFI ISR, PUE—AF HIFEK A

FRCER, * . =3 HIFRARTE 0.05 F1 0.01 7K FAEeME 3,

Note: Y—Yield; BD—Bulk density; Por—Porosity; SA1—>2 mm aggregate; SA2—0.25-2 mm aggregate; SA3—0.053—0.25 mm aggregate;
SA4—<0.053 mm aggregate; GMD — Geometric mean diameter; MWD—Mean weight diameter; R,,s—Content of aggregates with a diameter >
0.25 mm; AN—AIlkali-hydrolyzable N content; AK—Available K content; AP—Available P content; SWS(PS)—Pre-sowing water storage;
SWS(MT)—Post-harvest water storage; ET—Water consumption; WUE—Water use efficiency; PUE—Growth period precipitation use efficiency. *,

and ** denote significant correlations at the 0.05 and 0.01 levels, respectively.
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Fig. 4 Principal component analysis of oat yield and soil physical and chemical indexes
T CK—ANENEE - 5F5FF s OS—HtifsFF; OB—HuitisiE 1= s H—iH LR FF . GMD—JL-F1EE, MWD—FHE R H1E,
Ro.s— HAZ>0.25 mm HIRE &, Y—/%; BD—4AE; Por—fLBE; SA1—>2 mm W E{K; SA2—0.25~2 mm K {K;
SA3—0.053~0.25 mm FI{K; SA4—<0.053 mm IR AN—BAFE &I AK—HU8E & ik AP—AR & ik
Note: CK—Without the application of bentonite and straw; OS—Straw application alone; OB—Bentonite application alone; H—Bentonite combined

with straw application. GMD—Geometric mean diameter, MWD—Mean weight diameter, R,,,—Content of aggregates with a diameter >0.25 mm.
Y—Yield; BD—Bulk density; Por—Porosity; SA1—>2 mm aggregate; SA2—0.25-2 mm aggregate; SA3—0.053—0.25 mm aggregate; SA4—
<0.053 mm aggregate. AN—AIkali-hydrolyzable N content; AK—Available K content; AP—Auvailable P content.
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