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Introduction

The penetration resistance (PR) of the soil shows the mechanical resistance of the soil against the penetration
of a conical or flat probe; it is important in terms of seed germination, root growth and tillage operations. In general,
if the PR value of a soil exceeds 2.5 MPa, the growth and expansion of roots in the soil will be significantly limited.
The direct measurement of PR is also a laborious and costly task due to instrumental errors. Therefore, it is useful
the use of different models such as multiple linear regression (MLR), artificial neural network (ANN) and gene
expression programming (GEP) to estimate PR through easily accessible and low-cost soil characteristics. The
objectives of this research were: (1) to obtain MLR, ANN and GEP models for estimating PR from the easily
accessible soil variables in forest, range and cultivated lands of Fandoghloo region of Ardabil province, (2) to
compare the accuracy of the aforementioned models in estimating soil PR using the coefficient of determination
(R?), root mean square error (RMSE), mean error (ME) and Nash-Sutcliffe coefficient (NS) criteria.

Materials and Methods

Disturbed and undisturbed samples (n = 80) were nearly systematically taken from 0-10 cm soil depth with
nearly 50 m distance in forest (n = 20), range (n = 23) and cultivated (n = 37) lands of Fandoghloo region of
Ardabil province, Iran (lat. 38° 24' 10" to 38° 24' 25" N, long. 48° 32' 45" to 48° 33' 5" E) in summer 2023. The
contents of sand, silt, clay, CaCOs, pH, EC, bulk (BD) and particle density (PD), organic carbon (OC), gravimetric
field water content (FWC), mean weight diameter (MWD) and geometric mean diameter (GMD) were measured
in the laboratory. Relative bulk density (BDrel) was calculated using BD and clay data. Mean geometric diameter
(dg) and geometric standard deviation (o) oOf soil particles were computed by sand, silt and clay percentages. The
penetration resistance (PR) of the soil was measured in situ using cone penetrometer (analog model) at 5 replicates.
Data randomly were divided in two series as 60 data for training and 20 data for testing of models. The SPSS 22
software with stepwise method, MATLAB and Gene Xpro Tools 4.0 software were used to derive multiple linear
regression (MLR), artificial neural network (ANN) and gene expression programming (GEP) models, respectively.
A feed forward three-layer (2, 5 and 6 neurons in hidden layer) perceptron network and the tangent sigmoid transfer
function were used for the ANN modeling. A set of optimal parameters were chosen before developing a best GEP
model. The number of chromosomes and genes, head size and linking function were selected by the trial and error
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method, as they are 30, 3, 8, and +, respectively. The rates of genetic operators were chosen according to literature
studies. The accuracy of MLR, ANN and GEP models in estimating PR were evaluated by coefficient of
determination (R?), root mean square error (RMSE), mean error (ME) and Nash-Sutcliffe coefficient (NS)
statistics.

Results and Discussion

The studied soils had clay loam (n = 11), sandy clay loam (n = 6), sandy loam (n = 12), loam (n = 13), silty
clay loam (n = 14), silty clay (n = 1) and silt loam (n = 23) textural classes. The values of sand (13.14 to 64.79 %),
silt (21.11 to 74.96 %), clay (2.95to0 42.18 %), OC (1.01to 7.17 %), FWC (11.58 to 50.47 mass percent), BD (0.84
to 1.43 g cm™®) and PR (1.03 to 5.83 MPa) showed good variations in the soils of the studied region. There were
found significant correlations between PR with FWC (r = - 0.45™), silt (r = - 0.36™) and o4 (r = 0.36™). Due to the
multicollinearity of silt with o4 (r = -0.84™), the 64 was not used as an input variable to estimate PR. Generally, 3
MLR, ANN and GEP models were constructed to estimate PR from measured readily available soil variables. The
results of MLR, ANN and GEP models showed that the most suitable variables to estimate PR were FWC, silt and
BDrel. The values of R?, RMSE, ME and NS criteria were obtained equal 0.44, 1.19 MPa, 0.19 MPa and 0.36, and
0.92,0.41 MPa, -0.05 MPa and 0.92, 0.79, 0.91 MPa, 0.13 MPa, 0.63 for the best MLR, ANN and GEP models,
respectively. The former researchers also reported that there is a negative and significant correlation between PR
with FWC.

Conclusion

The results indicated that field water content (FWC), silt and relative bulk density (BDrel) were the most
important and readily available soil variables to estimate penetration resistance (PR) in the studied area. According
to the lowest values of RMSE and the highest values of NS, the accuracy of ANN models to predict soil PR was
higher than MLR and GEP models in this research.
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Figure 1- Geographic position and distribution map of sampled points in satellite image of the studied area
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Table 2- Descriptive statistics of soil variables in the studied area

095!

. o]
V;-i‘azle Training Testing

Min. Max. Mean Sd. Min. Max. Mean Sd.
FWC (% g g™ 11.48 50.44 24.46 10.24 12.90 50.47 25.73 12.15
BDrel 0.44 0.75 0.63 0.07 0.43 0.79 0.63 0.10

PD (g cm™) 2.01 2.67 244 0.15 2.02 2.68 241 0.17
Clay (%) 2.95 42.18 21.78 9.53 3.94 38.40 20.28 11.27
Silt (%) 21.11 65.19 44.62 12.90 25.53 74.96 47.45 12.35
Sand (%) 13.14 64.10 33.59 15.52 15.31 64.80 32.27 14.89
dg (mm) 0.01 0.18 0.06 0.05 0.02 0.21 0.06 0.05
og () 6.94 20.43 11.75 3.29 6.94 20.43 11.75 3.29
MWDd (mm) 0.98 231 155 0.28 1.19 1.98 1.61 0.25
GMD (mm) 0.8 1.33 1.03 0.11 0.8 12 1.04 0.1
OC (%) 1.01 7.17 2.85 1.75 1.15 6.31 2.90 171
CaCO; (%) 312 10.32 7.18 1.76 21 15.6 6.74 2.67
pHi:2s 5.45 7.2 6.29 0.38 5.68 7.34 6.33 0.43
ECi25 (dSm™) 0.02 1.08 0.15 0.19 0.04 0.33 0.11 0.07
PR (MPa) 1.2 4.8 2.15 0.85 1.03 5.83 2.22 152

s ogate > :Dpqrelative bulk density) .. el osase p>:BDrel (field water content) acyze S ook, FWC

Lowdin 3kl Byl :1og (geometric mean diameter) el jlhé  osis ,Ske g (s SN o Silt 0, :Clay (particle density)
ke :GMD (mean weight diameter) s S 39, 4 ashiSs Jhd Sjg .S5ke :MWDd (geometric standard deviation) >
£939,8 Conglio PR (Jolro wuudS” il :CaCOs (organic carbon) JI 5 :OC .(geometric mean diameter) laaliss s  wiia

il :Min sShis :Max . Ske :Mean o ikl >l :Sd (penetration resistance)
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Figure 2- Distribution of textural class in the studied soils
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2- Variance inflation factor (VIF)
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1- Multicolinearity
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syl casy b SB > (Sheykhzadeh et al., 2016) -, Son
b (1= == /$V"%) Jlogin g (e (Stuan PR g JI 008" (50
Jsiea PR 2jsly sl MLR (glaJae (S 0 o) 5 0

20,5 Cbasl Jae (0959

55 4 ¢ Uhyy et bl jo (BDEl bl 4) 529
MLR (sl Jio 3 PR L I3 jias Siwon o5lss cle 4 Yl
S el
yxio Glaicds MLR Jao aw o ;0 FWC 558 0 odnlin
2 ol (F Jgie) cwl ond)S ol gite cadle b 5 6399
2S5 Jole o yionee (FWC) a0 S gyl ingy
)l g5y sl i )3l 039y SB (599, Cunglie 39l
OKen 5 jlg (Bayat et al., 2008) ;e 5 by bawgs ol
Sheykhzadeh et al., ) ,Sen g odl55ui 4 (Vaz etal., 2011)
23500 3 ke 83909 SRt (S 4850 SB Cugh) 5 (2016
MLR Jao aw j2» 2 FWC Laie coMe .cusl 0093,5 4)l55 PR
SE b oy g Jome S Cagby Gl L &S cul o] Sil 5o
Wl GEalS (Jog st gy d9i plp > SB (Selke Canglie
o (Santos et al., 2011) ,Sen 5 yossle sbaabl L a5 cul
s oly &G 5o (Asghari & Shahabi, 2019) ks ¢ (g ol
b cdos & 5 ¥ ojled MLR Jao )0 395 oo odliie (puisron LAl
(F o) Conl o) 2o 3)l5 (639)9 yiie lgiedy (ke Caodle
oy @l (Stiwe g b Shd (65 b dmslie o cdw @l
Sl plply (Campbell, 1985) sowws jloygs (05 Caols

(n=80) anlian 3,50 (gl o (s (1) Cygm . (Saamsod g o> —F Jgut>
Table 3- Pearson correlation coefficient (r) between studied variables (n=80)

Variable OC  Sand Silt Clay dg Gq FWC BDrel PD MWDd GMD  CaCOs
PR 006 021 -036" 014 0.10 036™  -045" 017 0.19 0.08 -0.01 -0.03
ocC 1 059™ -0.24" -0.59™ 055"  0.03 078"  -050" -057" 0.23" 0.14 0.40™

Sand 1 -0.76™ -0.56™ 0.88™  0.42" 0.44™ -0.19 -0.32" 0.18 0.11 0.42™
Silt 1 -0.11 -0.50™ -0.84™  -0.07 -0.17 0.07 -0.24" -0.277  -0.28"
Clay 1 -0.71™ 043"  -059™ 050" 0.5 0.04 0.18 -0.29
dg 1 0.01 047"  -0.34" -036" 0.02 -0.03 0.45™
Oy 1 -0.12 033"  0.08 0.34™ 0.36™  0.05
FwC 1 -0.57"  -0.63" 025 0.17 0.37"
BDrel 1 052"  -0.03 -0.01 -0.19
PD 1 -0.14 -0.08 -0.28"
MwDd 1 0.87"  -0.07
GMD 1 0.02
CaCOs 1

el 03 03,91 Y Jodo 315 50 b puiite w3 Chogs huo)d 0 9 ) Jloin] o )3 I3 (me il ey it g

* Kk

Variable symbols description is available under Table 2. ™

: Significant at P < 0.05 and P < 0.01, respectively.

S (PR) (59,958 Caogliio (MLR) sil6iay (b (y9mw 55 (slaso € Jout>
Table 4- MLR models of soil PR

5 lowd J% VIF gSlas
Number Model Max VIF
1 PR=3.007 -0.035 FWC 1.00
2 PR=4.22 - 0.041 FWC - 0.024 silt 1.03
3 0.059 FWC - 0.030 silt — 5.098 BDrel PR=8.161- 1.40

ol 005 03,91 ¥ Jgas 5 5 b puiie oy
Variables description is available under Table 2.
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Table 5- Evaluation criteria for MLR models of PR

ose;l 990!
Testing set Training
5 ko £3933 (5 paiio . RMSE ME o g RMSE ME NS
Number Input variables (MPa) (MPa) (MPa) (MPa)
1 FWC 0.27 1.32 0.12 0.20 0.18 0.77 -0.001 0.18
2 FWC, silt 0.44 1.19 0.19 036 0.31 0.70 0.003 0.31
3 FWC, silt, BDrel 0.34 1.25 0.19 029 045 0.63 0 0.45

015 03551 Y Jodor 325 33 U puitie Chnorgi s ot g (RZ a3 5, Sike (ME s Slasyo :Ske y9idome :RMSE addSslum i oy (NS
R?: coefficient of determination; RMSE: root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient. Variables
description is available under Table 2.
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238152 12 (ANN) 03 olas 32,0l sladss glis
S (PR) 59,98 e 5lis
€9 ¥ 55 (GEP) 5 olo (sjoyaaly odlil L PR 34l
50 Jshz) ANN s MLR (sla Jao (395 (sl o b Jas
o35 &l GEP Jso ¥ o)) cslalins ¥ gt 43,8 sl (5
15led 5 GEP sl e (v, md o bt |y PR 351, (s,
o9 omb oslely (7 Jo22) ANN 5 (0 Jgio) MLR (sla Jas
S de slolol sluo 033,35 alosl NS o YL s RMSE
PR 3551 sly GEP Jao (538> (Y Jgi2) (sejl cslaodly
P g Chow deyio SB Cugb) (639)9 slajesito b ¥ ojled s

SB (PR) (59959 Cuoglio (Sguas (mas aSuwd (S0 (b5, b kre -1 Joua
Table 6 - Evaluation criteria for ANN models of PR

093l 90!
Testing set Training
o £593 (5l paiio . RMSE ME NS Re RMSE ME NS
Number Input variables (MPa) (MPa) (MPa) (MPa)
1 FWC 0.56 1.12 0.17 043 0.14 0.79 0.07 0.13
2 FWC, silt 0.89 0.61 -0.29 0.83 0.70 0.46 -0.03 0.70
3 FWC, silt, BDrel 0.92 0.41 -0.05 0.92 0.79 0.39 0.05 0.78

ol 015 0351 Y iz 5 53 Wit Chrnorgy -l oty tRZS 5 ike ;ME (s oo (3555s j9ime (RMSE el 5 oy (NS
R?: coefficient of determination; RMSE: root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient. Variables
description is available under Table 2.

S (PR) 59,958 Cwogliio (3 ol s 525800 2 slodde (25,1 S lixe -V Jgoa
Table 7- Evaluation criteria for GEP models of PR

093! 9!
Testing set Training
5 loud $399 Siie o RMSE ME NS m RMSE ME NS
Number Input variables (MPa) (MPa) (MPa) (MPa)
1 FWC 0.30 1.26 0.08 0.28 0.55 0.59 -0.02 0.50
2 FWC, silt 0.74 0.93 0.13 0.61 0.61 0.53 -0.03 0.61
3 FWC, silt, BDrel 0.79 0.91 0.13 0.63 0.75 0.43 0.04 0.74

ol 015 0351 ¥ s 1) 53 W peicie o - ysd oy tRZ (s (3,550 (ME bt Sy :5iko sione :(RMSE il 25 o i :NS
R?: coefficient of determination; RMSE: root mean square error; ME: mean error; NS: Nash-Sutcliff coefficient.
Variables description is available under Table 2.
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Figure 3- Investigation the performance of GEP model in estimating soil penetration resistance (PR) at the testing points
(n=20); F: forest land use, R: range land use and C: cultivated land use
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Figure 4- Comparisons of estimated and measured values of penetration resistance (PR) for the testing data set based on the

best MLR, ANN and GEP models. Tables 4, 5 and 6 provide detailed information about each model and input variables. The
dashed lines indicate the 1:1 diagonals.
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