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Abstract: The Sodium Adsorption Ratio(SAR)is a critical indicator for characterizing the hazard of sodium ions and the degree
of soil sodification in saline-alkali soils. However, in the coastal region of Hebei, the characteristics and key influencing factors
of soil SAR remain unclear due to unique processes of salt formation and accumulation, as well as complex physicochemical
interactions, which hinders its accurate prediction. [ Objective ] This study aims to elucidate the spatial distribution and profile
variation patterns of SAR in representative coastal saline-alkali soils of Cangzhou, Hebei; to identify and quantify the key soil
physicochemical factors influencing SAR dynamics. Also, the study seeks to develop and select an optimal machine learning
model for accurately predicting SAR based on easily measurable parameters.[ Method ] Taking typical coastal saline-alkali land in
Cangzhou City, Hebei Province as the research area, soil samples were collected from two layers (0-20 cm and 20-40 cm). A
comprehensive set of properties was measured, including ionic composition, bulk density (BD), soil water content (SWC), soil
organic matter (SOM), total porosity (STP), capillary porosity (SCP), saturated hydraulic conductivity (Ks), electrical
conductivity (EC), and pH. The characteristics of SAR were analyzed, its main influencing factors were explored, and four
machine learning models: Linear Regression (LR), Decision Tree (DT), Random Forest (RF), and K-Nearest Neighbors (KNN),
were used to predict SAR. Model performance was evaluated using the coefficient of determination (R*) and Root Mean Square
Error (RMSE). [ Result ] The mean SAR values in the upper(0-20 cm)and lower(20-40 cm)layers were 22.23 and 28.02,
respectively, with no significant difference (P = 0.126). The soil in the study area was classified as moderately saline-sodic soil.
Correlation analysis revealed that SAR was significantly correlated with K*, CI", SO}, EC, pH, BD, HC 0,, SOM, SWC, STP,
SCP, and Ks. Among these, the correlations with CI°, SO; , and EC were the strongest, identifying them as the primary
influencing factors. In the comparison of SAR prediction models, a model using both EC and pH as predictors achieved higher
accuracy, and the RF model demonstrated the best predictive performance, with soil EC being the most significant feature.
[ Conclusion ] The RF model can achieve robust prediction of SAR in the coastal saline-alkali soils of Hebei based on easily
measurable indicators such as EC and pH. This study identified the key driving factors of SAR in the region and developed an
effective predictive framework, providing a scientific basis and practical tools for the precise reclamation and sustainable
utilization of local saline-alkali lands.

Key words: Soil salinization; Sodium adsorption ratio; Salt ion; Coastal saline-alkali land; Machine learning
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Fig. 1 Map of the location of the study area and sampling points ( Picture a shows the geographical location of Cangzhou, and Picture b shows

the Nandagang Coastal Ecological Experiment Station of the Chinese Academy of Sciences )
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RO FILSE SO, HATEE e, eI Zk
R 0.6,
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2.1 AERETEELERNZE ST

LFREEEMHBETTZE, AR E (SOM ),
MALBRE (STP). BEFLKE (SCP) KM FK
R (Ky) Wep, MAHE (BD) K, HMJZEAEAE
BE 25 13 pH., {/KE (SWC) 5HUAA L (7P
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Table 1 Soil physicochemical properties at different soil layer

TIEA P ‘ ] ORI, Soil particle size
12 Soil AT BD/ SALBUE BESLBE WASUKE Sk BSR EC
pH SOM/ composition /%
layer/cm (gem™) STP/%  SCP/% K¢/ (em™h™') SWC/% (mS-em™) - - -
(gkg™) ki Sand  MbK7 Slit kL Clay
833+ 1333+ 130+ 4426+ 4027+ 0.56+ 33.01% 1.22+ 0.87+ 4629+  52.84+
0~20
0.44a  2.56a 0.95a 5.86a 5.79a 0.33a 10.3a 1.14a 0.26a 4.24a 4.24a
837+ 1151« 140+  41.65+ 3872+ 0.34+ 31.52+ 1.38+ 0.86+ 46.10+  53.05%
20~40
0.42ab  3.29b 1.09b 5.35b 5.85b 0.23b 15.87ab  0.96ab 0.26ab 2.86ab  2.86ab

L ANRNG R R AN JZ K 22 5 8 3 ( P<0.05 ), T [A] . Note : Different lowercase letters indicate significant differences among

levels ( P<0.05) .The same below.
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JEIRAELAR K . SAR BEEREERG N, Y53 #8 Ak Ak 5 {E
(SAR>13), ML (2) & ESP 4345k 23.97%
1 28.61%, MRS L2 %X 1N
o RE SR -0 R - 4

x2 ARBXRTEESDEBRMIMMEL

Table 2 Soil salt content and SAR at different soil layer

12 Soil Na' K" Mg”  Ca™ clr SOi  NO, CO} HCO, %%k Total salt
HAMKT L SAR
layer/cm / (mgkg!)
745.51+ 102.88+ 46.29+ 107.96+ 861.59+ 232.98+ 26.83+ 813.21+ 2937.24+ 22.23+
0~20 0
926.19a 114.44a 42.24a 56.64a 1355.33a 271.44a 25.03a 214.82a 2602.95a 20.27a
892.55+ 9435+ 46.33+ 106.43+ 1032.65+ 262.13+ 35.30+ 835.12+ 3304.86+ 28.02+
20~40 0
818.70ab 109.99ab 34.96ab 53.84ab 1168.99ab 213.27ab 24.73b 207.64ab 2206.40ab 22.86ab
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Fig. 2 Spatial distribution of soil sodium adsorption ratio in the study area ((a) and (b) are the upper and lower soils, respectively )
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SAR | SAR 0238 0845 0790 0002 0262 0788 0317 -0216 0330 -0.104 -0.601 -0.546 -0332 1o
K* . K* 0282 0278 0408 0241 0618 0050 0076 -0068 0.124 0042 -0.016 0076 0.80
cr %20 Cr 0952 0126 0311 0844 0067 -0179 0346 -0274 -0469 -0.421 -0.332 0.60
SO; | == . ** SO 0132 0263 0822 -0048 -0.166 0309 -0250 -0369 -0302 -0.204
NO; . *x .. NO; | 0.159 0305 -0190 -0222 | 0047 -0061 0134 0112 -0.040 0.40
HCO; ..... HCO; | 0062 -0.179 -0.120 -0149 0083 0365 | 0374 0154 0.20
EC A Al . EC | 0.095 -0219 0267 -0.178 -0.343 -0314 -0254 00
pH | = ....‘. pH | -0139 0266 -0.114 -0.588 -0.628 -0276 ’
SOM ..‘..‘.. SOM -0405 0378 0256 0206 0306 -0.20
BD |g#= . o e ..... BD |-0754 -0.568 -0.393 -0.997 040
SwWC ......“ B \ SWC | 0483 | 0413 | 0746
STP ‘.‘.‘ xx .‘.‘ #x | STP 0920 0574 -0.60
VOV VROV - = | Moy
Ky M‘Q - \ = | x| @) k. Lo
%Y% < O %0'“ QOEQQON’ 2% 55%0@ @Q%$ %&Q g,@ &=

*P=<0.05 ** P=<0.01

K3 3 SAR 5t HEEh Iy FE AL T AH S

Fig. 3 Correlation graph of soil SAR with soil salinity and physicochemical properties

MRS, pH Fl EC i HAR AT 34, )2
YIRS 3 EE 40T B E Y P<0.001, JUiA4E R
70653 (£3), WERR M. IZR4E SAR 1Al
HAFRTF .

SAR=-122.84+14.746x+18.996y (3)

A, x. y il 4 pH, EC.

YT 2 5387 19 51 P<<0.001,
£ R* M 0.838 (% 3), MARREL . g1
SAR B IRIH T BRI

SAR=-176.085+21.219x+18.856y (4)

A, x. y a4 pH, EC.

DL SAR MHAR &L, EC A A AR 5147 [ 437
L2 YNGR L3RI 5 Hr M P<<0.001, A4
R 0.531( 3% 3), AR —MH. U125 L1 SAR
AT AR

SAR=1.055+17.872x (5)

Kb, x A1 EC,

P EE A4 HT BB P<0.001, MK R
9 0.671 (3R 3), SIGRCRESF. 24 11 SAR
ONEIVE 3 (1

SAR=-176.085+21.219x (6)

(2) BEHLARARIETACAS (RF ) BUNKS R . HRAE
B 5 R B R IEAE IR EE DX ] X
Fh oy B sl B R T Y TRk AR . EC. pH /EN SAR
TS AR, )2 14 BC A 5Tk o Fo e b 90.80%,
FEUH AR A R A G EE A TNERAE | pH (5 A
9.20%, TTRRARXS B/ MEA A —E o, 76T )2 135
REEIX[H], EC Ay B ZERRA N 86.50%, pH Y B#k
R, k%] 13.50%.

TERRIPERE T, EC. pH F:[R] FmiAE Al 224
TP B A RO AR iR 22, 24
R*} 0.793, FEZMA4E RPN 0.798 (% 4), &4
TEM I & T EC S AR, L2 R, EC #
T AR LA R — M, R2ERE, LRI
££ R*} 0.584, FZMHIKEE R* M 0.668 (£ 4),

(3) PRHEH IR (DT ) FINKS B o 76 5RE
FEAED I, )R R T R EC i i,
4 96.90%, 1M pH & LA, 4 3.10%, BTERIR/I
T2 EC EEMEIIRFEILH 79.10%, pH (1B 4A 5T #k
KR 20.90%.

FERSRIPERE T T, EC. pH F:[R FUMAS A A2 I
RAE LIRS R — i, ELENNR 4 Lz LhE
55, FJZHNELE RN 0.557, T2 K
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Table 3 Prediction accuracy of the Linear Regression Model
fiRUEiegan T2 Wik Pt FY4EE 4
HHE4E Dataset )R 2% MSE PoE R R
Predictive indicators Soil layer/cm RMSE MAE Iti% 22 MAPE
EC. pH 0~20 YIZR4E Train set 92.785 9.632 7.519 56.253 0.740
MR Test set 162.427 12.745 7.597 55.998 0.653
20~40 YIIZE4E Train set 84.40 9.200 7.505 46.572 0.795
WX EE Test set 101.982 10.246 7.656 46.084 0.838
EC 0~20 YIIZE4E Train set 136.807 11.696 9.418 65.282 0.616
WX EE Test set 219.739 14.824 10.810 79.564 0.531
20~40 YIZE4E Train set 174.873 13.224 11.209 67.349 0.676
MHALE Test set 213.913 14.626 11.777 63.521 0.671
F 4 FENZRREIFEREE (RF) FUNEE
Table4 Prediction accuracy of the Random Forest Regression Model
NSO
T b +2 ¥Rz BHRIRZE P4
B 4545 Dataset THIRZE RERE R
Predictive indicators Soil layer /cm MSE RMSE 7% MAE
MAPE
EC. pH 0~20 YIZE4E Train set 19.284 4.391 2.954 16.542 0.960
MRS Test set 59.790 7.732 5.730 43.993 0.793
20~40 YIZE4E Train set 14.835 3.852 3.064 14.908 0.974
MRS Test set 73.308 8.562 6.301 45.146 0.798
EC 0~20 YIZR4E Train set 24.219 4,921 3.014 19.051 0.948
MIKAE Test set 132.020 11.490 9.107 56.915 0.584
20~40 YIIZR4E Train set 23.8689 4.886 3.181 11.804 0.959
MK AE Test set 136.815 11.697 8.957 48.767 0.668

£ RPN 0501 (£ 5). ZZAIFHME ST EC #
M SAR MR 2ZEHE AR . EC Bl T30 A5 A (1) 36
AR PR L7 B RIDZR B BLE BRI %, IRZETR IR
e, R RPN 0.424, FEMERE RPN
0.395 (£ 5).

(4) K-Fer 8B maAA (KNN) FlRg . i
BEAR DU e fe 33 (200 RaEAt) #4758
T, A E L R )2 TN ) S AR AR AL
(kH) ¥°8 5. BAIYIRZEREARFEIZREE LRI
PUERR—, (B4 LRI AT, L2
£ R* 7 0.631, T)ZM4E R° N 0.656 (£ 6), %

e

AV R & T EC i SAR iR 24845 .1 EC
PP FINAL AL (LA CRAME, RERE S,
JZIREE R 0.276, F JZMi4E R4 0.507( £ 6 ).

(5) SAR TN AURS B2 Xt b . EC .pH 7E A SAR
TS AR AT EC BAE N SAR TR bR . X
F EC. pHYEN SAR Hulll4845, N3 3~k 6 KA
4 J7R, AFEEERS (LR, RF, DT, KNN) [#75
BEARIPPA 25 5 7R, RF BERIAE AL 125 R
o [JZE 14 RF BIKER R2(0.793) B3 T LR
(0.653). DT (0.557) 1 KNN ( 0.631), HH: MSE
(59.790) F1 MAE (5.730) ¥J b feflk. 211 RF

RERENVARE (DT) FUNFEE
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Table 5 Prediction accuracy of the Decision Tree Regression Model
) B i IR E OO N R
T8 bR T2 ) BIraidi SE R4 xR BUERRL
Bii4E Dataset Y1725 MSE Sy iR 2%
Predictive indicators Soil layer /cm 7 RMSE 2% MAE R?
MAPE
EC. pH 0~20 |25 4E Train set 0 0 0 0 1
MR A Test set 160.68 12.68 8.50 61.61 0.557
20~40 I ZE4E Train set 0 0 0 0 1
MHR4E Test set 274.576 16.57 10.835 33.876 0.501
EC 0~20 Y2 4E Train set 0 0 0 0 1
MK A Test set 125.286 7.231 7.908 52.294 0.424
20~40 I ZE4E Train set 0 0 0 0 1
MHR4E Test set 218.094 14.768 10.514 45.970 0.395

%6 K-iLBEIVIEE (KNN) FAHEE

Table 6 Prediction accuracy of the K-Nearest Neighbor Regression Model

T bR +2 B RiRE  PLRTR L 4 g R
KAE4E Dataset Y125 MSE
Predictive indicators Soil layer /cm RMSE 2 MAE 112 MAPE g2
EC. pH 0~20 YIZR4E Train set 74.113 8.609 6.029 33.378  0.726
MALE Test set 216.037 14.698 9.519 51.698  0.631
20~40 YIZRAE Train set 64.666 8.041 5.288 23202  0.883
A Test set 148.425 12.183 8.748 51.901  0.656
EC 0~20 Y Zr4E Train set 94.677 9.730 5.716 32,157  0.764
MALE Test set 247.566 15.734 12.441 42,019  0.276
20~40 YIZRAE Train set 92.734 9.630 7.155 31.107  0.851
A Test set 139.294 11.802 8.459 51.834  0.507

B R> (0.898) =5 LR (0.838), {H& T DT (0.501)
FTKNN (0.656), HZi5rEHEIR (MSE. RMSE,
MAE. MAPE ) 3Kk, =EaMmE (K 4) Bx
RF ARAUTE b P02 300 T 25 SR T A 5 SE PR A Y
ZERZE SR, 11 DT BRI Z4E |- (MSE=0) 17
EW R IE S . ENNRERE | REFRIR N
23[R AR AR, RF AU e B e A0 A T M e AN b
W, JEARETY T R IR AL AR

3 0 ®
3.1 1IESAR EHSMIFE

SAR ' FHWEBRES IR 22.23 #128.02, L2

BERTFZ. WMARNET LE Na"GRET T
5, 0 R FI)E Catt Mgt iR (R 2), XA
Na {3 B30 A3 AR 52 22 i DR 2 IE R o 7 R o
HEMAIETY, RZE LIPS Z 205, R HRIK
PRXS Na™H — = WHTRE )1 , (HERSr Na 75 i e #eJf il
KT8, FEERE SAR BRI L3R AR,
K AR B A IS IR T Na™g Ca®' Mg iy
B2 M2 AR R BRI BOR X CHEAETTE)
WEMSCK 43 AT 28I P, AR 2R XK 4 fa 5 A3 R R
FxF Na i, S8R 2 JH FE Nalik B2 35k
4, HEERMTR SAR TR Mo, i1
WA (A ARDURY) ) AR AT RES A —
PE Y, AEREE R BE R, S RAN T
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a) R*=0.653

b)

R=0.793

TSR B L B

SAR orediction value
4.01 ~7.00

©) R*=0.557

d

4

R*=0.631 7.01 ~13.00
13.01 ~20.00
20.01 ~27.00
I 27.01 ~34.00

B 3401~41.00
B 2101 ~50.00

©) R*=0.838

f)

L

R=0.798

I 50.01~70.00
I 7001 ~90.00
I 9001~ 150.00

g) R*=0.501

H: oa. b, c. dAHIR0~20cm B LR, RF. DT. KNN A% 3 4 Fm &

h)

R*=0.656

e. f. g. h4 3 20~40cm & LR, RF, DT,

KNN BRI AEF Bl . Note: Graphsa, b, c, and d are respectively the prediction graphs of the test sets of the upper-level LR, RF,

DT, and KNN models, while graphse, f, g, and h are respectively the prediction graphs of the test sets of the lower-level LR, RF, DT,

and KNN models.

P4 SR mA e B EG s e e
Fig. 4 Prediction plots of SAR

ETFEETERMER, o H AR e ae i
AN PHE T S IR PARE R 4 2 T

3.2 SAR MyNmE =

SAR 5 K. CI'. SO? . EC. pH. BD ¥
TEARSeME, FEPE T SAR BT, NaO7e +E i
PR ZR A A 7 a5 AT 8 T, e A A
FRHEEB 4 W B 25 KRR 2 e iR ), $27 KO
WRE . [RIEE, CUA SO AEh B FEREIT 251,
“PEREES RO PO RS Na R e, LR E
FAER RS SAR BAM, X 8K T8 HEA TR
MBETWE ETF, il EC R8I, 5 SAR
S P LS R S B st RN AR
55 5 ) A 8 1 — 2B BELRS AR 40 RN R 23 AR 5 Na'
FOBUAT G o K AR R OH, DA £ i 3
pH[31]O

14 SAR 5 HCO,. SOM, SWC, STP, SCP,
Ks 2R F A, EZFEHNA R SAR H FLHibm
PEIREE, HCOLZERME SR F Ok Cos™, HIF
By Ca® . Mg 4 A T8 R SR i TERY A
THFE T WP R Ca? Fl Mg?", FRAR T HA &E, M
A T Na' g et gy, F—2 8 k1,
FEf SAR M, Na SR HUR e iAk i) Ca”
M Mg?, SRR, TR U 5 LB
Uk AP R LR S F AL BB S8 STP A SCP
WERM, PET HENSKEET, RN SWC
RS K BRRDY. m Nao & i i shmifk 2
) 1 A SR A T B R R e e, O T R I
GINGRSE TN A
3.3 SAR Fiifl#&#

KA EC Ml pH L [a] T 448 SAR %5 i
EC Flil iR 2 ik, FZHE AT EC Al pH e [R]£2
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DRI A - AT Yt R il it - S 5082 BB L RRAIE S T T 52 739

BT A, EE MO SAR O B I(E
B EC LG8/ B 1 RO BE , TETI0IAR HY rp AR i i
7, 5 SAR 1 Na W B AR 3l ) JEHAH A0 ),

MEZ T, pHAERAR, 5 SAR BICRE Ma#E,
HH 5 58 4 PR 15 B B 1 45 At e R R A AR AR 2k
P, HIES T Ak AR RE J1 0T (RARER pH 1)
BAME, B RHE TR S S s Ui vE o
e, ATREZL S A MR AR BEE R, AR
I 53 1T i 5 OB AR P B A1 T RRDS ), AR fe &
1 FFEALAR AR AR A R HGE I Bagging 5 RLAN
FRIEBENLEBA A LG . BTy 22T 10 &
I A0 2 e ] AR e LA Ak A S ] Y Sl 2k
e 07 5 2R SREARRS [l 1 A5E 780 6T - S35 i A 7 1) J 3 S
BRI S R, 255 i 36 s K-dmelf < nl A A [
(SR S IR S Ol NI 7R 2 [ 7 S

RF FEAGH AR Bz AL RE ) AR 52 R AR M C &R 11
THHERE ST, AT e AR A

4 4 ik

SAR LB - 398 R 5 34 iy g R, 12 SAR
B0 22.23, T2 SAR{E K 28.02, YW1 & THdfk
T IEAPRAER (SAR>13), %X 3Pt a2
FE-4R 4. 1% SAR 5 K, CI', SO, . EC. pH.
BD £ i IEADCH:, SAR 55 HCO, . SOM,SWC.STP,
SCP. Ks 2@ EMAMIKM:, Hp, CI. SOi #1 EC
NFEI SAR [ £ IR H . FEARBFITIY 4 R
SRR, BEHLARRR (RF ) o] ISR e A 1 4% 1
TMEY RN RN A TNACR, +3 EC &
FUAS R fie i o AT 1 0000 A 2 s 2y S R T 9T
JLE AR SAR MR HERLHL, R kel g TR
RH P2 7 8 St T R 2K
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