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5- Pedotransfer functions
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4- Penetration resistance
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1- Determination coefficient

2- Root mean square error

3- Akaike information criterion
4- Mean error

5- Global positioning system
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Figurel- Geographic position and distribution map of sampled points in satellite image of the studied area
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1- Kolmogorov- Smirnov
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Table 1- Descriptive statistics of the measured variables.

Shigel

o9l

e Training Testing

Variable Min. Max. Mean Sd. Min. Max. Mean Sd.
B:(% ggh) 4.79 31.34 10.68 5.15 4.56 33.18 11.96 6.55
D, (g cm™) 1.02 1.63 1.27 0.11 1.03 1.44 1.24 0.11
0, (% ggh 25.23 73.67 50.01 9.07 32.83 71.57 52.26 9.71
Clay (%) 3.99 17.34 5.8 2.02 4.07 9.1 5.32 1.45
Silt (%) 5.99 66.8 39.24 13.1 15.21 67.18 38.31 14.49
Sand (%) 26.87 87.43 54.96 132 26.26 80.22 56.37 14.21
dg (mm) 0.05 0.56 0.2 0.1 0.07 0.48 0.21 0.11
Gy (-) 4.69 12.15 6.83 0.95 4.86 8.11 6.55 0.8
OC (%) 0.3 241 1.09 0.41 0.47 1.82 1.14 0.37
CaCOs; (%) 3.45 26.99 12.77 5.17 5.31 15.76 10.58 3
D, (g em™) 2 2.57 227 0.13 2.04 2.46 227 0.11
n (%) 26.12 55.62 44 175 37.22 56.78 45.46 5.16
PR (MPa) 1.1 6.6 2.86 1.4 1.23 2.07 2.7 1.33

w811t w, «Clay (saturated water content) glsl cusb, : 05 (bulk density) (¢,sls jogaxe oDy (field water content) 5o cosb, O

S o8 0OC (geometric standard deviation) el3 wais 5kl =l 10, (geometric mean diameter) w3 Jad wiin (ke «dg <05 :sand
S (553,85 cuslia :PR (total porosity) ' Jxlss n (particle density) Lads jogase py : Dy ¢ Joleo puls” ol s :CaCO5 (organic carbon)
S8l Min (pSlis :Max ke :Mean o skl Gl ol :Sd . (penetration resistance)
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Figure 2- Distribution of textural class in the studied soils.
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Table 2- Pearson correlation (r) between independent variables

)-’A‘M

n D, CaCO; OC
Variable

dg sand silt clay 0 D,

9, 0.33%-0217 0.17 0.39% -0.13 0.03 -0.03 0.03-0.020.32%°-0.42%

D, -0.81"0.22" -0.14 -0.46™ 0.18

-0.01 -0.01-0.010.13-0.68 |

9, 0.44™-034™ 0.16 032" -0.13 -0.04 -0.07 -0.08-0.12 1
clay -0.18 -0.09 0.01 -0.01 0.76" -0.11 -0.05-0.09 1

silt -0.13 -0.24" 0.36™" -0.06 0.19 -0.92%"-0.99* |

sand  0.16 0.25%-0.37"" 0.06 -0.307°0.94™ |

dg  0.197 0.32*" 0.36™ 0.02 -0.50™

o, -0.29"-0.19" 0.10 -0.01
ocC 0.32%-0.19* -0.05 1

CaCO; -0.01 -0.23° 1
D, 038" 1

1

ool 005 03,91 Y Jgdo 35 )3 I paiite Cuog o yd O 9 Y Jlain] o 53 )b e s ey sk g3
Variables description is available under Table 1. **": Significant at P < 0.05 and P < 0.01, respectively.
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1- Multicolinearity
2- Variance inflation factor
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Table 3- Pearson correlation (r) between penetration resistance and independent variables

Variable y n D, CaCO; OC

sand silt clay 0, Dy £

PR -0.589*"  0.266*  0.290*

-0.465™  -0.505™ 0.447" 0.330*"  -0.048

0.655* -0.63™

ool 005 03,91 V Jgdo o5 )3 b puiie Cogs o yd O g ) Jlain! laws )3 )b ime ol ey s g3
Variables description is available under Table 1. "": Significant at P < 0.05 and P < 0.01, respectively.



AFY L plgi 1 ool b Jusd,yl cadsd sely3 sBSL 10 (6959,8 eoglio 8531

SB (PR) (5998 Cuoglio 3912 (512 4Bl GRS Sguw )5 ) @uilei —€ Jgi>
Table 4- Derived regression PTFs for estimating soil penetration resistance

&b o5l oS ) P VIF 5l
PTF number Regression PTFs Max VIF
1 PR=-0.572 +0.974D,, - 0.005sand 1.14
2 PR=0.675Dy, - 0.004sand - 0.3026; 1.86
3 PR=0.588Dy, - 0.003sand - 0.309 6;+ 0.0330, 1.95
4 PR=-1.023 + 0.997D,, + 0.004silt 1.13
5 PR=0.695D, - 0.004silt - 0.3056; 1.87
6 PR=0.585D, - 0.003silt -0.3076¢+ 0.039c, 1.95
7 PR=1.066 - 0.5410;- 0.608d, 1.20
8 PR=0.725 - 0.5276¢ - 0.404d, + 0.042c, 1.65
9 PR=0.718 - 0.4286; - 0.404d,, + 0.042c, - 0.0850C 1.75
10 PR=1.521-0.4760;- 0.014n 1.34
11 PR=1.429 -0.4076¢-0.012n - 0.459d, 1.44
12 PR=1.477 -0.018n -0.005sand 1.17
13 PR=0.705 -0.019n -0.004sand +0.346D, 1.25
14 PR=0.929 -0.006sand -0.1760C 1.1
15 PR=0.785 -0.006sand -0.1620C + 0.018clay 1.13

sl ond 03,51V i 5 5 Lo it iy
Variables description is available under Table 1
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Table 5. Evaluation criteria for regression PTFs in estimating penetration resistance (PR)

0903 9!
Testing set Training
3G 5, lowd . RMSE ME RMSE ME

PTE namber " VTIPIES 60029 sleie R (v gy (vpay AIC R (vpa vipa) A1
1 Dy, sand 0.53 1.16 0.40 12.240.51 096 0.66 -2.70
2 Dy, sand, 6¢ 0.50 1.33 0.69 21.220.58 1.03 1.48 10.57
3 Dy, sand, 0y, o, 0.50 1.18 -0.29 16.860.61 1.00 -1.50 0.62
4 Dy, silt 0.53 1.19 0.49 13.510.50 1.01 0.97 543
5 Dy, silt, 0¢ 0.50 3.34 -2.80 71.070.57 3.15 -8.34 184.72
6 Dy, silt, 0, o, 0.50 4.40 -3.89 87.950.61 4.43 -11.94240.16
7 Oy, dg 0.39 1.29 034 17.730.52 0.95 0.31 -4.75
8 0y, dy, 0y 040 1.28 0.39 19.310.56 091 0.28 -9.40
9 0y, dy, 04, OC 043 122 0.35 18.790.57 0.89 0.33 -10.00
10 0g n 041 1.16 0.17 12.160.55 0.89 0.05 -14.67
11 0r, 0, dg 049 1.16 0.34 13.840.58 0.88 0.35 -14.25
12 n, sand 049 1.16 0.35 12.000.44 1.01 0.33 5.65
13 n, sand, D, 0.52 1.16 0.11 14.020.48 0.97 -0.10 0.77
14 sand, OC 0.39 1.25 0.30 15.880.36 1.11 0.44 19.62
15 sand, OC, clay 0.34 134 049 21.840.42 1.08 0.79 18.66

Cool 015 03y Jgdn 25 5 b puiie Chogs e g © R? ks Sike :ME s claype (pSibie jgiome : RMSE (ST wleMbl jse : AIC
R%: coefficient of determination; RMSE: root mean square error; ME: mean error; AIC: Akaike information criterion. Variables
description is available under Table 1
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Figure 3- Sensitivity analysis of the input variables used to develop the best ANN PTF (PTF 6) for prediction of PR. Variables
description is available under Table 1
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Table 6- Evaluation criteria for ANN PTFs in estimating penetration resistance (PR)

o5l o990
Testing set Training
G o ,lowd .

PT? nI:mber Input variables 35,5 sle i R ?Bl}l/lPS ;;:(1\131/[11’3 3)AIC R’ I?Dh;[ss (1\1)141?3) AlC
1 Dy, sand 052 122 0229 1474 %0 036 00023 197
2 Dy, sand, 0; 041 134 02092165 73 065 0-0045 .05
3 Dy, sand, 05, o, 047 132 02052312 O3 055 00022 g4.79
4 D, silt 050 131 03161871 060 g79 00266 3545
5 Dy, silt, 6 045 133 03322129 %9 g70 00124 5445
6 Dy, silt, 0 o, 041 140 -020626.18 OOl 037 00026 14444
7 05 d, 046 130 028818.17 001 o709 001 354
8 05 dy G, 047 131 03902073 076 o061 00004 5543
9 05, dy, 6, OC 045 131 03001872 %7 o7 0-0009 4531
10 0, n 038 139 02322397 081 oss 00150 ¢35
11 0s 1, d, 045 132 01072083 8% 050 0-0209 gg. 98
12 n, sand 0.54 120 0278 1395 1 088 0-0004 1615
13 n, sand, D, 046 130 02882016 06 o070 00001 493
14 sand, OC 042 140 039922.10 OO0 g7 00005 3455
15 sand, OC, clay 051 123 01931702 00 75 00098 393

ool 005 0351\ 9 125 9 W yeii Cinorsi sl oyt R- s 5:Skee ME dlas clagyo 5Sks gione : RMSE (ST oMbl jlns :AIC
R%: coefficient of determination; RMSE: root mean square error; ME: mean error; AIC: Akaike information criterion. Variables
description is available under Table 1
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Figure 4- Comparisons of predicted and measured values
of penetration resistance (PR) for the training data set
based on the best regression and ANN PTFs. Tables 5 and

6 provide detailed information about each PTF and input
variables. The dashed lines indicate the 1:1 diagonals.
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Introduction: Penetration resistance is one of the criteria for evaluating soil compaction. It correlates with
several soil properties such as vehicle trafficability, resistance to root penetration, seedling emergence, and soil
compaction by farm machinery. Direct measurement of penetration resistance is time consuming and difficult
because of high temporal and spatial variability. Therefore, many different regressions and artificial neural
network pedotransfer functions have been proposed to estimate penetration resistance from readily available soil
variables such as particle size distribution, bulk density (Dy) and gravimetric water content (0,,,). The lands of
Ardabil Province are one of the main production regions of potato in Iran, thus, obtaining the soil penetration
resistance in these regions help with the management of potato production. The objective of this research was to
derive pedotransfer functions by using regression and artificial neural network to predict penetration resistance
from some soil variations in the agricultural soils of Ardabil plain and to compare the performance of artificial
neural network with regression models.

Materials and methods: Disturbed and undisturbed soil samples (n= 105) were systematically taken from 0-
10 cm soil depth with nearly 3000 m distance in the agricultural lands of the Ardabil plain ((lat 38°15' to 38°40'
N, long 48°16' to 48°61' E). The contents of sand, silt and clay (hydrometer method), CaCOs (titration method),
bulk density (cylinder method), particle density (D,) (pychnometer method), organic carbon (wet oxidation
method), total porosity(calculating from Dy, and D,), saturated (0,) and field soil water (¢) using the gravimetric
method were measured in the laboratory. Mean geometric diameter (d,) and standard deviation (c,) of soil
particles were computed using the percentages of sand, silt and clay. Penetration resistance was measured in situ
using cone penetrometer (analog model) at 10 replicates. The data were divided into two series as 78 data for
training and 27 data for testing. The SPSS 18 with stepwise method and MATLAB software were used to derive
the regression and artificial neural network, respectively. A feed forward three-layer (8, 11 and 15 neurons in the
hidden layer) perceptron network and the tangent sigmoid transfer function were used for the artificial neural
network modeling. In estimating penetration resistance, The accuracy of artificial neural network and regression
pedotransfer functions were evaluated by coefficient of determination (R?), root mean square error (RMSE),
mean error (ME) and Akaike information criterion (AIC) statistics.

Results and discussion: The textural classes of study soils were loamy sand (n= 8), sandy loam (n= 70),
loam (n= 6) and silt loam (n=21). The values of sand (26.26 to 87.43 %), clay (3.99 to 17.34 %), organic carbon
(0.3 to 2.41 %), field moisture (4.56 to 33.18 mass percent), Dy (1.02 to 1.63 g cm™) and penetration resistance
(1.1 to 6.6 MPa) showed a large variations of study soils. There were found significant correlations between
penetration resistance and sand (r= - 0.5057), silt (r= 0.447"), clay (r= 0.330), organic carbon (r= - 0.4657),
D, (= 0.655"), 0; (= -0.63""), CaCO; (1= 0.290"), total porosity (r= - 0.589 ™) and D, (r= 0.266"). Generally, 15
regression and artificial neural network pedotransfer functions were constructed to predict penetration resistance
from measured readily available soil variables. The results of regression and artificial neural network
pedotransfer functions showed that the most suitable variables to estimate penetration resistance were 8¢, Dy, and
particles size distribution. The input variables were n and 0; for the best regression pedotransfer function and also
Dy, silt, 0 and o, for the best artificial neural network pedotransfer function. The values of Rz, RMSE, ME and
AIC were obtained equal to 0.55, 0.89 MPa, 0.05 MPa and -14.67 and 0.91, 0.37 MPa, - 0.0026 MPa and -
146.64 for the best regression and artificial neural network pedotransfer functions, respectively. The former
researchers also reported that there is a positive correlation between penetration resistance with Dy and a
negative correlation between penetration resistance with 8¢ and organic carbon.
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Conclusion: The results showed that silt, standard deviation of soil particles (c,), bulk density (Dy), total
porosity and field water content (05) are the most suitable readily available soil variables to predict penetration
resistance in the studied area. According to the RMSE and AIC criteria, the accuracy of artificial neural network
in estimating soil penetration resistance was more than regression pedotransfer functions in this research.
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