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Abstract: [Objective] The effects of different amendment measures on soil water and salt content, organic

matter, nutrients, and microbial communities in saline-alkali soil of the Qingtongxia irrigation area in Ningxia Hui
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Autonomous Region were analyzed, in order to provide scientific support for improving saline-alkali land in this
area, thereby further to promote food security, improve land resource use efficiency, and facilitate sustainable
agricultural development. [ Methods] A field experiment on saline-alkali soil improvement was conducted in the
Qingtongxia irrigation area, with nine treatments established. The main treatment types included the addition of
organic and inorganic materials, microbial inoculants, and different tillage practices. [Results] (O Except for T,
(where maize roots were 70 cm from the drip irrigation belt) , soil water content in the 0—40 cm soil layer
significantly increased under the other treatments. Among these, T; (film mulching) showed the greatest
increase, with its surface soil water content increasing by 35.59% compared with the control T, (no amendment
application, no mulching, and no deep ploughing). The pH value and total salt content in the 0—40 cm soil layer
generally decreased across all treatments. The greatest reductions were observed in T, (phosphogypsum —+ natural
humus + nitrohumic acid) and T, with pH value decreasing by 0.27—0.37 and salt content decreasing by 27.36 %
—41.82%. @ In the 0—20 cm soil layer, all treatments except Ty significantly increased soil organic matter and
nutrients compared to the control. The increases in organic matter, alkali-hydrolyzed nitrogen, available
phosphorus, and available potassium were 3.13%—20.66%, 3.50%—127.50% , 5.05%—115.06%, and 5.06 %
—105.86% , respectively. T; showed the most significant increase. @ The richness and diversity of the soil
microbial communities significantly increased. T, and T treatments notably increased the relative abundances of
dominant bacterial genera Microbulbifer and Pseudomonas, as well as the dominant fungal genus Mycena. In all
treatments, bacterial functional genes were mainly associated with amino acid metabolism, carbohydrate
metabolism, and energy metabolism. The major fungal types were saprotrophic, symbiotic, and pathogenic. Soil
under T; and T; (deep plowing + film mulching) had a higher abundance of beneficial symbiotic fungi.
[ Conclusion] The combination of film mulching with organic and inorganic amendments can significantly reduce soil
pH value and total salt content, increase organic matter and nutrient content, and enhance microbial richness and
diversity, demonstrating significant effectiveness in improving saline-alkali soil in the Qingtongxia irrigation area.
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Table 1 Basic physicochemical properties of tested soil

o +2%HE /cm
+HEdg b

0—10 10—20 20—40 40—60 60—80 80—100
TKE/ % 8.13+0.18 8.2140.46 8.3440.23 9.2840.65 10.78+0.88 11.3440.36
pH & 8.19+0.18 8.26+0.12 8.19+0.06 8.32+0.28 8.40+0.17 8.39+0.20
43 /(gekg ) 4.494+0.13 2.984-0.32 3.6040.78 2.3540.98 2.66+0.36 1.9340.08
HHLFE/(g-kg ") 8.80+0.77 7.93+1.53 7.46+0.88 6.300.86 4.85+0.36 4.0140.29
%/ (g kg™ 0.4240.12 0.43+0.15 0.3940.13 0.3040.07 0.2140.04 0.2140.06
BA# A/ (mg kg ) 53.664-15.94  38.37+13.39  36.72+13.78  23.37+8.28 14.05+4.10 13.6643.91
AR/ (mg « kg™") 13.9741.61 14.004-5.33 6.8542.26 3.284-0.79 2.81+0.73 2.67+0.33
WA/ (mgekg D) 150.294:20.76  170.544-24.05 104.76411.02  88.304-19.11 66.764-7.88 59.824-9.42
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Fig.1 Variation in soil water content at 0—100 cm depth
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Table 3 Effects of different treatments, soil layers and
their interaction on soil water content
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Table 4 Effects of different treatments, soil layers, and their
interaction on soil pH value and soil salt content

pH {H e
S
F(T,—T,) F(T,—T,) F(T,—T,) F(T;—T,)
+2 9.944" 14.982" 3.797° 6.222"
b3 48.337" 8.181" 30.991" 14.137"
+ 2 X Ab 2.9747 2.529" 3.673 12.460"
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Table 5 Effects of different treatments on soil organic matter and alkali-hydrolyzed nitrogen

AHLTE R/ (g kg ™)

B8R A e/ (mg » kg™ ')

pog:EH
0—10 cm 10—20 cm 20—40 cm 0—10 cm 10—20 cm 20—40 cm
T, 8.81+0.19" 7.99+0.71" 8.06+0.66" 10.61+0.23 13.13+£1.09"* 9.6540.22%
T, 10.6340.52 8.9540.35"" 8.09+£0.23" 15.5440.34™ 13.7440.43°™ 11.5840.86"
T, 10.2140.38* 9.61+0.32" 9.52+0.39™ 24.12+1.39M 25.034£1.32" 19.864+0.89""
T, 9.8240.39"" 8.2440.38"" 8.63+0.33™ 12.6740.78% 15.17+0.18 14.22+0.81"
Ts 9.14+0.63™ 8.62£0.46" 7.714£0.18° 16.07+1.4" 15.134+1.69® 12.9840.75%"
Ts 8.86+0.41 7.88+0.86™ 7.76+0.18 10.6240.91 13.3240.74°™ 9.32+0.64%
T, 9.43+0.86™ 8.3940.79%" 7.92+0.36"° 17.2640.76"™ 17.9641.39™ 11.02+0.7°™
Ts 8.90+0.77% 7.66+0.08™ 6.95+0.85 10.9840.61¢ 13.674+1.02" 9.88+0.71*"
T, 7.91+0.95 6.97+0.81"% 6.9141.15" 9.24+0.36™ 9.77+0.94F 6.04+1.71%
TE KRG F B F R AR R L2 AR AL B2 (0] i 22 5, /NG S bk 30 A TR Ak B [ )2 2 ) ) 22 57, S TR /NG 2 R 3R0R 22 53 ik 3 (p<0.05) .
T,
x6 FEALIEX L IEEYBEAENF R ENHG
Table 6 Effects of different treatments on soil available phosphorus and available potassium
e HE A/ (mg kg 1) B E i/ (mg kg )
0—10 cm 10—20 cm 20—40 cm 0—10 cm 10—20 cm 20—40 cm
T, 16.3240.78™ 14.81+0.16" 8.83+0.32% 109.60+3.7""" 110.1146.2" 99.68+5.7""
T, 17.1540.47% 16.4140.93™ 14.4540.93 137.1343.4™ 164.4548.8™ 127.46+8.5"
T, 25.49+0.84"" 31.86+0.53" 17.0941.98™ 22560+ 1.4 216.94+8 203.81£5.2%
T, 16.16+0.84" 15.06+0.36" 11.1240.24™ 111.95+14.7°% 111.6645.2> 109.284+5C"™
Ts 20.324£0.45"" 17.4440.22% 114.8040.74" 127.3247.28 131.3648.7" 114.8741.9%
Ts 16.9440.29" 14.88+0.7" 9.36+0.25% 117.2147.3°% 115.784+1.8™ 113.98+£5.3%"
T, 21.6540.51" 19.8440.21" 14.60+0.83" 125.63£2%™ 137.394+6.3°" 118.55+4.9%*
T, 16.07+1.19% 14.97+0.94%" 9.5641.06 113.77 423V 112.984+11.9" 111.66+£1.8"
T, 12.2141.27% 11.0140.63°" 8.88+0.64" 110.954 9% 118.6147"" 110.4745.9™
®7 ARLEBESLEREZEHM K- b S AN V5 22 2 TR 1] (Proteobacteria) |
i%ﬁ*}l}ﬁ%ﬂﬁ?ﬁ%ﬁﬁ@%ﬁurﬂ i 28 B 1] (Actinobacteria) 48 FF B '] ( Bacteroidota) |
Table 7 Effects of different treatments, soil layers and
their interaction on soil organic matter and ZF L B 1] (Gemmatimonadota) (18] 3a) o 15 % HEAH
available nutrients W ZEAHLTEALYEHR T, T e 28 JE BT A AH X
Wz AR R JE 14 11,66 % , T 2 26 4 11040 13.09 %6 5 T, H ik
F(T27T4) F(T:)*Tn) F(T,—T,) F(T\?*Ts) %%I‘]*ﬂ?ﬂﬂ%f] E‘J*HXH‘ﬁEEﬁ%UiBH 9.86% ﬂ]
+2 11.665" 16891 5L137° 11065 39.45% , 1 2 2 I B 1100 12.14% , T, b iR i 1)
i BLOIST - A0AG8" SST98T OGS g ] KR S B4 30.73% 1 24.06% .
LI 20T WS ST BTN g A T T R RS 6 A
% s A = BT B4 BT 17,10 % 1 50,4396 1 5 6 1
- F(f;;_zj) F(;;OT) F(;Z(;)Zf) F(;“;;j) IR B T4 B 20.10 % F1125.35%
= 79 : : ' v e T Vi > e
Jib 211.615™ 56.245™ 783.131° 39.462" AT A B A ﬁﬁ? SIH Elil RESUSCRE %‘P I\]
FEXAE 80.8657  28.538"  243.924”  26.404" (Ascomycota) .4 I '] ( Chytridiomycota) 1 -7 I']
(Basidiomycota) 1 %' 2% I{ '] (Rozellomycota) ( &
2.4.2 RE A E ;AR LR A B R AR AR 3b) o AHLEHPEHE I, T, FRER % 2% 5

o A R A SR R W AR R ) o R E T 2 R

11 ER R X B 0k R A3 )98 20 57.60 % #147.79 %4 , 1
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H 7 B '] A1 Aphelidiomycota 43 %Il 8 fin 210.09 % Al
331.82%, T, ¥ 4 B ] /9 A0 X5 3= B 4 b B8 88
391.69% , 1M T2 3 W /> 32.91% . 16 A [5] B 1F 15

i, T %] % 2% 78 ']l Aphelidiomycota ']
Y AH X = R R BE 3 5 e 2> 20.17 %, 99.04% il
79.68 %, 1M 4 A [ 3 63.92% ¢

#x8 ARELETIFEMEF TIEEREH OTU I Alpha ZH K

Table 8 Effects of different treatments on soil bacterial and fungal OTU and alpha diversity indices

AN TE HIE
b B - . - . -
OTU %/4 Simpson 8§ #( Shannon $§ %1 OTU %/ Simpson 5 %{ Shannon $§ #{
T, 1092.66+86.04 0.992-+0.004" 9.3340.29¢ 387.00433.95”"  0.856+0.071° 4.0940.11°
T, 1424.00+£56.08" 0.99640.002* 10.0740.24"8¢ 542.6644.78"¢ 0.912+0.051" 5.4040.36%"
T, 1610.33+43.39" 0.997+0.001* 10.4040.31* 659.664+30.16" 0.993+0.002" 6.58+0.12"
T, 1122.33+40.59"F 0.99640.003* 9.834-0.4948¢ 512.00415.93"  0.9044-0.048""¢ 4.9040.66"F
T 1300.33+47.31" 0.996+0.003" 10.29+0.472" 615.33+74.38""  0.964+0.002"" 6.1840.87""
Ty 1 090.00=+ 134.50%F 0.99540.002* 9.5140.27%¢ 474.00+18.83" 0.884-0.013%¢ 4.4140.2"F
T, 1279.66+£67.53"" 0.997+0.000" 9.88+0.12""¢ 609.66+43.66""  0.939+0.04""¢ 5.69+0.63""¢
Ty 1139.33+£41.68"F 0.99640.002* 9.7840.25""¢ 483.00£46.56"  0.907+0.002*¢ 5.1840.07%PF
Ty 933.334+39.13" 0.995+0.002" 9.5640.28" 427.33+18.37" 0.873+0.046" 4.574+0.20°""
a MM b AH
100
80
260l
B
m 40 ¢
20 +
0
T T, T, T, T, T, T, T, T, T T, T, T, T, T, T, T, T,
HE] ab B HH# it B
[ Others Il Firmicutes [ Cyanobacteria [ Others I Mucoromycota [ Basidiobolomycota

[ Myxococcota Il Patescibacteria [ Chloroflexi
Il Acidobacteriota [ Gemmatimonadota [ Bacteroidota
I Actinobacteriota [ Proteobacteria
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Fungi_phy_Incertae_sedis [l Basidiomycota
[ Ascomycota

Il Mortierellomycota [l Blastocladiomycota
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Fig.3 Relative abundance of soil bacterial (a) and fungal (b) phyla under different treatments
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XbAE B B Xk gy G M i 85.6804, 16.7106 AN
82.08%0 o T, H A 5 il BT J A i 2 B2 PR O T J 1) AH
XF 4= B2 5 X RO EL 43 51 48 i 28.10%6 F1 64.06 %, T
e B TR T R R T R ) R X R ) R )
Jn144.21% #125.52% , 11 Subgroup 10 {9 A% 4=
W 47.99% .

TEAS [) b B ey, 32 28 B L 1T )i 4% AR X 35 B K/
UM Rhizophydiales_gen_Incertae_sedis, Helotiales_
gen_Incertae_sedis, Fungi_gen_Incertae_sedis /N &
(Mycena) %5 CEl 4b) o 5 X BAH G, T, o Rhizophy-

diales_gen_Incertae_sedis . ¥ 1 5¢ J& (Podospora)
Rozellomycota_gen_Incertae_sedis B 8 X 3 BE 43 51 9,
B 17.90%, 53.24% F1 84.16%, Helotiales_gen_
Incertae_sedis 1 /)N 4 J& B9 A0 XF 3= BE 43 51 ¥4
327.04% F1 95.30% . T, " Rhizophydiales_gen_
Incertae_sedis, Helotiales_gen_Incertae_sedis A 8 5¢
J& Fl Rozellomycota_gen_Incertae_sedis B0 X 3 B ¢
Xt B8 43 30 /0 69.10% ,56.85% , 76.06 % F147.71%,
T Fungi_gen_Incertae_sedis NG I |
130.69% #1 306.01% . Ts ™ /b a5 J& A% 4 7¢ J& A
Rozellomycota_gen_Incertae_sedis {4 A X} =F & 43 5| ¢
Xt B /D 70.75%,79.52% 1 89.09% , 1fif Helotiales_
gen_Incertae_sedis M Fungi_gen_Incertae_sedis 43 5l
Xt R N 153.26 %0 #116.84 % .
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Fig.4 Relative abundance of soil bacterial (a) and fungal (b) genera under different treatments
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Fig.5 Bacterial and fungal phylogenetic trees
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Fig.6 Principal coordinate analysis of soil bacterial (a) and fungal (b) communities across different plots
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Fig.8 Clustered heatmap of functional prediction annotations for soil fungal communities
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