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Abstract: [Objective] Soil acidification is a prominent issue in the typical black soil region of the northern Songnen Plain,

which hinders the sustainable development of regional agriculture. Thus, exploring the characteristics of soil pH,
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exchangeable acidity, and their influencing factors in the cultivated soils of the typical black soil region can provide a
scientific basis for the zoning and classification of soil acidification improvement measures. [Method] In this study, surface
soils of cultivated land in Bei'an City and Wudalianchi City, Heilongjiang Province, were taken as the research object. Soil
samples from 119 soil sites were collected to determine soil acidity and related soil properties, while data on relevant
environmental and anthropogenic factors were collected. Pearson correlation analysis and random forest model were used,
combined with the theory of soil acid-base buffering, to explore the main controlling factors affecting the spatial variation of
soil pH, exchangeable H*, and exchangeable AI** contents. [Result] The results showed that the surface soils of cultivated
land in the study area were dominated by strongly acidic and acidic soils. The spatial variability of soil pH was low, while the
spatial variability of soil exchangeable acid content was high. There were no significant differences in soil pH and
exchangeable acidity contents between dark brown soils, black soils, marsh soils, and meadow soils. Pearson correlation
analysis indicated that soil pH was extremely significantly and positively correlated with the contents of exchangeable Ca?*
and Mg?, clay fractions, and mean annual temperature, and significantly negatively correlated with soil organic matter
content, silt content, aluminum saturation, mean annual precipitation, and elevation. Soil exchangeable H" and AI** contents
were extremely significantly and positively correlated with soil organic matter content, silt content, aluminum saturation,
mean annual precipitation, and elevation, and extremely significantly and negatively correlated with the contents of
exchangeable Ca?* and Mg?, clay fractions, and mean annual temperature. The random forest model showed that the 15
influencing factors explained 84.38% and 71.61% of the variations in soil pH and exchangeable acids, respectively. Among
these factors, soil factors contributed the most (65.67% and 56.19%), followed by environmental factors such as annual
average precipitation (18.57% and 13.87%), whereas the contribution of anthropogenic factors was negligible with respect to
the spatial variation of soil pH and exchangeable acid (0.14% and 1.55%). [Conclusion] The typical black soil region in
northern Songnen Plain has a high acid buffering capacity due to its high base saturation and abundant feldspar minerals,
which is significantly different from the soil in typical red soil regions. The main controlling factors for the spatial variation
of soil acidity are soil exchangeable base ions (Ca?* and Mg?>*) contents, aluminum saturation, and annual average
precipitation.

Key words: Black soil; Soil pH; Soil exchangeable acid; Soil acidification; Random forest model
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Fig. 1 Map of study area and sampling points distribution
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Table 1 Characteristics of environmental and anthropogenic factors in the study area

ZH B/MA N FEE briEZE
Parameter Min Max Mean Standard deviation
SE ) B K Y mm 420 493 449.21 13.28
SEHIRE/PC 0.2 2.5 0.96 0.63
FFEY/m 186 437 300.08 48.40
W 0.33 25.59 5.31 3.87

K FEFIR/a 0 11 8 2
FEHEAOH RS (kghm? a) 123 192 149.09 33.60

(DMean annual precipitation (MAP), @Mean annual temperature (MAT), ®Elevation, @Slope, ®Soybean planting years,
®Annual average nitrogen fertilizer application rate
L4 BERFIt S 2

FIF Excel 2021 AT HHEIC A BEHE; FIH] IBM SPSS Statistics 27 AT Hifi i P Ge i+ FIZe MEAH 5y
BT, BEMKFEN P<0.05; FIFH R % F Random Forest i T FEHLARMAERLE S, /b L3, 3R
AN R 3R AR B0, 3% pH M SE H P AR S AR B2 M AT Origin 2024 #EAT EIR 24

2 4R

2.1 Hith 3R B TIRER S 4FAE

R 6] - 438 Y231 e ) 398 pH 43 G5 AT 43 28, W AT IX N BF 3R 2 1358 pH /3 A 7E 4.91~5.81
Z I8, P A 5.4340.19, 5RERTE 1% (45<pH<5.5) HE N 68.9%, Rath+i% (5.5<pH<6.5)
HHCN 31.1%. 3 pH 2553 R BN 3.43%, S AECNYIS], BEREERUN.

WEFLIX A B 2R 2 385 et HH5 &4 0.00~0.54 cmol kgt, “F-341& &5 0.09 cmol kg, 24.37%
(PIRE 55 3RS et HHR RSB s A8 40t AR5 &4 0.00~5.19 cmol kg™, P& &4 0.32 cmol kg,
35.29% ) FF i LIRS HetE ARHIS TR IR o« L35 BRI AR AR 7 240053 il 9 115.1%7F1 220.2%,
BIRIA =R AL

BRE S R B R B, B (n=67) . AL (n=20) . BFEL (n=13) FIKGEE
(n=16) 3% pH ¥t 4> 51y 5.46. 5.41. 5.36 f15.35 ([ 2a) , -HEAsHel: HH 4 &4 51 0.080.
0.083. 0.14 1 0.09 cmol kgt (B 2b) , +3EAc et ARS & 4724 0.20. 0.38. 0.93 #1 0.33 cmol kg
(K20 .
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Fig. 2 Acidity characteristics of surface soil under cultivated land with different soil types in the study area
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Fig. 3 Acidity characteristics of surface soil under soybean and corn in the study area

2.2 FithaR R TIREL 5200 [E] R AV HHIE

M3 2 AT, LI LR & RN 27.78~257.32 g kgt FI{E N 66.12 g kgt. ARHE (AEEL
RARIX Je 28 Gt b o & W AR b o bt GRRAT) ), LIEANUR S &, S9N —9 (>40g kgD,
A 5 R BN 36.55%, FEA A0 AN EAFERCRINZE R, XS 70 A A5

B R 2 IR S COBRL I RER N 3, Bk kLA b S B XME 70 0 h 54.75%.
35.44%%11 9.91%. H kLA R AR =, N 65.08%, TERFLIX NI AT AN IS Kb AR kL
A 5 RER BN, AT BN .

MR 2 A ik o 1 1 B el v BRIy Ca?t>Mg? > K" >Na, 4 F 1 & &7 7l
i Eh 2R SR 76.8%..20.0%. 2.2% 1 1.0%. 338 58 itk #h B B 1 S BTG ]y 15.23~33.37 cmol kgt
I R S A B R TE Y 16.74~33.37 cmol kgt, &N 24.70 cmol kgt 3% AR R AN
J5E ARV AN FE IVE R 43 7318 72.82%~100%A11 0.00~24.83%, ~“F-¥JME 437~ 98.10%F1 1.50%, %511FN
AR S R BN 230.75%, RIUA RS HEAL .

3R 2 iR E TIRIR M BUHIE

Table 2 Characteristics of the physical and chemical properties of surface soil under cultivated land

EEfpag  Com
Main ¢rop types

ZH w/MA YN E] FHME 5 R A
Parameter Min Max Mean CV/%
FIEA KT I(G kgD 27.78 257.32 66.12424.16 36.55
R /% 1.56 45.10 9.9146.45 65.08
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KR /% 31.74 71.47 54.7546.05 11.04
FRL/% 19.93 46.50 35.444.40 12.43
2t K*l(cmol kgt 0.35 121 0.5340.14 25.88
22 etk Nat®/(cmol kg?) 0.16 0.62 0.2520.07 27.97
22 #etk Ca2*”/(cmol kgt 11.77 27.20 18.642.68 14.38
22 etk Mg+ “/(cmol kg?) 2.66 7.09 4.8740.88 18.04
EhFEE T B (cmol kgt 15.23 33.37 24.2943.37 13.86
A9 255 B 1A e (emol kgt 16.74 33.37 24.7042.90 11.75
ERIE MA@/ 72.82 100.00 98.1043.89 3.97

B E®/% 0 24.83 1.50+3.47 230.75

(DSoil organic matter, @Sand, @ Silt, @Clay, ®Exchangeable K*, ®Exchangeable Na*, (DExchangeable Ca%,®
Exchangeable Mg?*, @Total amount of base cations, (0Effective cation exchange capacity, 10)Base cation saturation, (2Al
saturation

AR AR R, BRBLFRLE B RS TSN, ANF g SR a] 3 A WL 2
B, AR TCEZEZER B3 « BRELZHN Mo2 & & 22 & TIEERIESN, ASF -3 A )
TSR R —E T AR DEMMBRNEYLEEER (R .

7 3 T ELIE XA T H R B TR B HURFAHUMLE AR FHE
Table 3 Characteristics of surface soil organic matter and soil texture under cultivated land with different soil types

e £yt TIEHHLT SOM kL Sand KL Silt FhHE Clay

Soil types /(g kg) 1%

(RTF 65.51+16.93a 11.67411.22a 54.4848.90a 33.8545.33b
et 66.08427.36a 8.8043.90a 54.79+44.74a 36.4143.76a

wELY 68.04424.65a 10.02+4.43a 55.8147.37a 34.1745.52ab

2 4 67.44419.55a 10.7246.84a 55.0545.69a 34.834.00ab

(ODark brown soil, @Black soil, @Marsh soil, @Meadow soil
FTARNETIERBTHRE TIET R R B THHE

Table 4 Characteristics of surface soil exchangeable base cations under cultivated land with different soil types

L K* TNt Na* L CaZt L Mgt BESTAR ShEMRE
fane Lyt Exchangeable  Exchangeable  Exchangeable Exchangeable Total amount of base Base cation
K* Na* Ca?* Mg? cations saturation

Soil types /(cmol kg™?) 1%
kR 0.55#0.20a 0.2340.03a 17.60£2.61a 4.4430.78b 22.8143.29a 98.05+2.70a
Ao 0.53#0.14a 0.25#0.08a 18.85+2.20a 5.05#).78a 24.68%2.77a 98.74+2.26a
HELY 0.53#0.08a 0.25#0.07a 18.1543.96a 4.63+1.09ab 23.5644.89%a 95.0048.80a
g £ 0.5140.10a 0.2440.05a 19.2843.15a 4.7040.98ab 24.7343.96a 97.8043.65a

(DDark brown soil, @Black soil, @Marsh soil, @Meadow soil
EETYMABEE RS TERER (B 4) , HEFRATYWETENAE (36.40%25.32%) « fil
B (12.57%+.87%) 45K A AN K A (10.19%43.44% ), (R A4 32 By 44 e 47 (12.20%43.08% ) «
EIA A (11.41%43.16%) « /K = BF (8.59%=2.05%) - 1547 (3.99%=+1.73%) FIZ2Mif1 (3.96%=4.73%) .
R AL BN, RIS A RS REE S TREMA L. ZMAaSERE s TR L4,
ANIE) A A ) IR AR R E X R (REAIE6)
ROHMRRHERET YRR S E
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Table 5 The types and contents of primary minerals in the surface soil of cultivated land

e 2ot Fap WA A AN A S8y

Soil types Quartz Microcline Anorthite and Albite Total quantity

A 40.58 +6.73a 12.31 +1.45a 10.45 +2.76a 63.33 +£10.64a
e 36.73 £2.68ab 13.52 +2.39a 11.05 +4.83a 61.31 +9.85a

HEL 37.67 £4.52ab 11.61 +1.30a 7.35+2.83a 56.63 +1.42a

i 30.63 +2.10b 12.83 +2.62a 11.92 +2.86a 55.38 +3.94a

(DDark brown soil, @Black soil, @Marsh soil, @Meadow soil
RO HMRELDIEXEF I YRBLS

Table 6 The types and contents of secondary clay minerals in the surface soil of cultivated land

IR o e KBk WA i B

Soil types Chlorite Kaolinite Hydromica Vermiculite Montmorillonite Total quantity

H A 10.40 £3.76a  9.76 £3.89a  7.81+2.02a  2.31+0.07a 5.50 +1.04a 35.78 +10.58a
ot 1254 +321a 12.28+347a 7.63+2.65a  5.06 +1.63a 0.41 +£0.71b 37.91 +9.95a

BELY 1217 +3.01a 11.04 +2.84a 9.48+1.04a 4.02+1.83a  6.34 +8.21ab 43.06 +1.66a

i) £ 1369 +321a 1256 +35la 9.43+2.53a 457+1.98a  3.58 +4.81ab 43.84 +4.41a

(®Dark brown soil, @Black soil, ®Marsh soil, @Meadow soil

50r

“r

30F

W
Mineral content/%

10F

fC
ETE
Mineral types

K 4 BELIX AR JZ L P 4 K

Fig. 4 Mineral compositions of surface soil under cultivated land in the study area
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Table 7 Linear relationships between soil acidity and other soil physical and chemical properties

R AR SBLRRR T VR R TR
Exchangeable base cations
Soil acidity SOM K* Na* Ca%* Mg?* Sand Silt Clay Al saturation
pH -0.35%* -0.05 018  055*  (0.52** 0.07  -0.24*  0.24** -0.60%**
Rk HY 0.54** -0.06 -0.05 -0.60** -0.52**  -0.13  0.35**  -0.30** 0.80**
Lk AR 0.45%* -0.14  -0.10  -0.63** -0.56**  -0.08  0.38**  -0.41** 1.00%*

E: ¥ FKIR P<0.01. Note: “**” indicates P<<0.01.
< 8 LIEME SIMEERRMEXRAH

Table 8 Linear relationships between soil acidity and environmental factors

IR R FERIRE K e W
Soil acidity MAT MAP Elevation Slope
pH 0.27** -0.50** -0.39** 0.16

L HY -0.36** 0.59** 0.48** -0.13
e AR -0.26** 0.54** 0.45** -0.18

e e FRIR P<0.01. Note: “**” indicates P<<0.01.
2.4 N EIF200 B & 3t 1 5 ER A S p9 AR X sk

BENLARMBR G 45 R L (B 5) , LIEATR. PUbRE . v sh B R 1. FHREKE .
SEVR. R WE. KREMESER . RO RS 15 MIKSIE R, X3 pH AR iR
B ) AR S (AR P 43 I 83.69%F 70.51% . B8 [RI ¢, BRES DR 2R A\ g Rl 2%t 135 pH 4% R AR
(P RRRE B 43 7 N 65.67%- 17.90% 711 0.12%, X 22 #a VR R 7 52 7% 8] 28 S5 I AdRE FE 2373l 9 55.10%+ 13.87%
H11.55%. Horr, FRMORIREE, AZHbE Mo? & & Bkl & &, St Ca & I FR/KEXT 1% pH
123 (AR S A A R DUk, LI MU S AR e K B0 3 pH s (AR R B BTk (]
5a) ; FRMIRIRE. SZHLfth Ca2 i, CHLE M2+ & BN A 4 MR & B 1) 2 1) 3% e A AR S35 Tk, 41
PR K BN A He P R B ) % () A S 5 ok (I Bh) .

a) b)

— #
I R*=0.71
j FHEDI & Soil factors:55.10%
] S ntal factors:13.87%
j A J3151 % Anthropogenic factors:1.55%
0 5% 10% 15% 20%
BTy RN N & Y77 iR 2N &
Increase in MSE/% Increase in MSE/%

<05 P <001
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Fig. 5 The relative contributions of different driving factors to the changes of soil pH (a) and exchangeable acidity (b) based

on random forest model fitting
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HEIRE . AR L DU R R R 32, oA gE, KA 2:1 B ZOIRRERR SR 10
Wi B SN FEERRMESAE S, KABMSTEFEHY, JER KY, Ca S i i g 124, iXubdh i gsv
AL o 4 SRR AR G AT A7 a5, BRAR ISt HY . ABTIMRIFE, 827 3R 1k gk FERS), 7R B
L X IR E B 5 KA SR A, SV R SR T RF A R R R S, ERF IR R
Ae7y, Al EAL TR IIRES, (HERSBE RN . AAhRE LIRS A+ E
WTIREVLR, TIEAEVRSES T3 pH 2D ZHRMEAML, 518N v AR S E 2K
BELNEIEAK . B EEIRERIL S T EAVER T e et LI, B, WAV
R T EE R & & SFEY KR 2T ZELMEIEMAX (r=0.61, P<0.01) , +3E pH HHEHHEK
EEWREELETAHEX, THAIRSES pH MR LM 7 O R AT R 2l i AR R K &
LI, PR A X A LN IR R FE R AR AT, DR, RIS HE Ca?t 5 Mg
V1) 8~ AT 45 I S AN A Vi s I e 4 ) IR 5 1) = AL

FHECZ R, MRS 5 R B (R ML W5 22 5, XM E R 5 LRI, 5
YIRS ANUR S BEA K. MM E T iR 2 MR s il U X, 72 &R E b
KRR iR KA E R R, 3G LB & EA IS, A s BB REW kR, ShEEMRI BRI,
AN s8-8l TR AR (KR m B KRES M, Hh ZiEneE. 85, 855
TCHRBERI KRR, TER. SR e R AR & &, TERARAET ) (i A, Ak, S
N IR A SRR R, MR 27 9 g R A B T A AN ) A R SR AR T T 1 RE D 55
TR A,

Yo BRI AR TR B, SR T80 (] 1458 pH FIAC MRS T B35 2 5 . AN L3R
(] LA e #h e . AN HUBRZEL SRR D 2E R AIE RS L85 SRR B, AE R Z UG 0L K L3 i
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P& (1) DT HR 2 53 708 11.58% 711 8.09%. FHIMF /K B2 45 5 FE LIRS I E 1 (K, Nat, Ca?. Mg?)
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13 N R EE 20T T3 I P A 5 1) A b MR I/ . (HABT [E] B, AR DU i 7 it AL - S8 L il
FEBHESE (2005—2014 ) B8], R T Aldb 22 i #F 2 -3 pH $41E5 575N 6.420.4 F1 6.140.4,
EARREF 2024 S K TR 2 3% pH {8 (5.4520.17 A1 5.4120.20) AL, 2351 T & 0.95 Al 0.69
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STIT IR IX RIRAFAE W] R 2 . ASHIE TN ESRAT N A A B B 7 AR T SR b s s 70 3 - X R R 2
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