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Article Info ABSTRACT
Avrticle type: Background and Objectives: Recently, pseudo-continuous transfer
Full Length Research Paper functions (PC-PTFs) have been introduced for estimating soil water
retention curve (SWRC). The M5 tree method is similar to regression
Article history: trees, _V\_/herg linear _functions are Ioca’ged in its leaves, apd it has a'high
Received: 04.09.2024 capa_b_lllty in creating transfer_ functlops. Thesg functions are highly
Revised: 05.20.2024 sensitive to the power of machine learning algorithms. However, so far,
Accepted: 05.20.2024 the powerful M5 tree method has not been used to develop PC-PTFs for
a wide range of soil textures. Additionally, the effectiveness of some soil
structural variables in improving PC-PTFs has not been investigated, so
Keywords: far. Furthermore, the dependency of the error distribution of PC-PTFs
Estimation error map, on soil textural triangles to various factors has not been deeply
Field capacity moisture content,  examined. Therefore, the objectives of this study were to develop
g?;é:]'i'les:a;fgrress'on' PC-PTFs using the M5 method, investigate the effect of soil structural
Saturated hydral'JIi ¢ conductivity variables on the performa_nce of th.ese functions, and examine the error
dependence of these functions on different factors.

Materials and Methods: A total of 120 soil samples were collected
from depths of 10 to 60 centimeters, with agricultural, orchard, and
pastureland uses of Tehran and Hamedan provinces, and soil texture,
bulk density (BD), SWRC, saturated hydraulic conductivity (Ks),
organic matter (OM), mean weight diameter (MWD) of soil aggregates,
and penetration resistance at 300 hectopascals (PR300) were measured.
Thirteen PC-PTFs, in three groups of inputs, were developed to estimate
SWRC, using M5 tree and non-linear regression methods. The error
distribution of all PC-PTFs was plotted on the soil texture triangle,
according to root mean square error (RMSE).

Results: In the first function, soil suction was used as the only
estimator. A non-linear regression model produced an acceptable model
for the first function with a R? of 0.718. In PC-PTFs 3 to 6, components
of soil texture, BD, and FC (at 300 hPa matric suction) and PWP
(at 15000 hPa matric suction) moisture contents were used to estimate
SWRC. The R? for these functions ranged from 0.719 to 0.990,
indicating an improvement in the performance of SWRC estimation. In
the M5 method, the use of FC significantly improved the model
performance and created an optimal model, resulting in RMSE of 0.015
and 0.020 cm3cm™, and R2 of 0.987 and 0.973 in the training and
validation stages, respectively. In the M5 method, any function using Ks
and MWD as estimators showed significant improvement compared to
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PC-PTF4, which used soil texture components and BD as estimators.
The AIC values in both training and validation stages in the M5 method
were 37% to 283% and 111% to 157% lower compared to non-linear
regression, respectively. The error distribution on the soil texture
triangle showed no dependence on soil texture but was related to the
method of creating PC-PTFs and relevant input variables.

Conclusion: A powerful artificial intelligence methods can be employed
to create a comprehensive model for SWRC. This would eliminate the
need for users to rely on various SWRC models such as van Genuchten
for different soils. Incorporating a set of soil texture and structure
variables increases the accuracy of SWRC estimation. However, among
structural variables, those indicating pore size distribution were more
suitable for SWRC estimation. The greater impact of FC compared to
PWP demonstrated the higher efficiency of moisture in intermediate
matric suctions for SWRC estimation. The robust algorithm of the M5
tree method identified some patterns of relationships between input and
output variables that were not detectable by non-linear regression.
Considering the dependence of error distribution on the soil texture
triangle to the method of creating PC-PTFs and input variables,
categorizing error distribution maps should be done based on the
mentioned factors.
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Table 1. Grouping and inputs for thirteen pseudo-continuous pedotransfer functions in estimating soil water
retention curve.

(CT2Y3T) s o35
Inputs PTF Group
ht 1 (First) Jsl
hTexture 2 (Second) ¢
hsSC 3
hSCBD 4
hSCBDFC 5
hSCBDFCPWP 6
hSCBDOM 7
hSCBDKSs 8 (Third) ¢ 5
hSCBDOMKSs 9
hSCBDMWD 10
hSCBDPR300 11
hSCBDMWDPR300 12
hSCBDOMKsMWDPR300 13

Sdasds Coliaa KKs gdﬂ o3l OM (g oL 1o sease e BD (i lais S () s € S ol Syl 2 th G Jsdr 5o T
Cosb, e ja T15000 (PWP)- TO 5 Jal oK Yoo 286 55 (69553 Canslis PR300 aaluSl= Jas S35 Sk MWD gl
ol ot abais sy PWP (Ul sSa Yov 286 53 cusby) ol cud b cusby (FC (JIKul sSa Vo e B 2S5 5 ez

(UKl 55 V0 v+ S 3 asby)

T In the above Table: h: soil water matric suction, C: clay, S: sand, BD: bulk density, OM: organic matter, Ks: saturated
hydraulic conductivity, MWD: mean weight diameter of soil aggregates, PR300: penetration resistance at 300 hectopascals,
TO - T15000 (PWP): volumetric moisture content at 0 to 15000 hectopascals., FC: field capacity (moisture content at 300
hPa matric suction) and PWP: permanent wilting point (moisture content at 15000 hPa matric suction)

1- Penetration resistance
2- Kolmogorov-Smirnov
3- Variance inflation factor
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4- Akaike’s information criterion
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1- Classification and regression trees
2- Accuracy
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Figure 1. Distribution of soil texture of the studied samples on the USDA soil texture triangle.
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Table 2. Statistical characteristics of the studied variables.

T10 TO PR300 MWD Ks OM (%) BD S C’
em’em®  (em®em®) (kPa) (mm) (cmh™) 0 (gem™®) (%) (%)
Sl
0.34 0.36 742 0.76 1.14 1.59 1.44 48 21 oSk
Mean
H
0.34 0.36 745 0.74 1.09 1.61 1.43 44 20 ©
Median
PRRHEN P ]
0.07 0.07 45 0.36 031 0.65 0.07 17 1 Standard
Deviation
]
0.16 0.19 626 0.15 0.66 0.27 1.28 13 3 Sl
Minimum
S|
0.50 0.52 853 1.63 1.87 2.69 1.58 89 44 Sl
Maximum
>0.15 >0.15 0.718 0.023 0.022 <0.01 0.092 <0.01 <0.01 p-value
MWD ¢ 3 3 NS NS 2
Transformation
Té?/(\)/go’ T5000 T3000 T1000 T300, FC T60 T40 T20
(emiem?) emem®  emPem®)  em’em®  emem®  em®em®  em®em®  emPem?®)
LSl
0.08 0.10 0.17 0.19 0.22 0.27 0.29 0.32 oSk
Mean
L
0.08 0.11 0.16 0.19 0.21 0.27 0.29 0.32 “
Median
PRIRHEN |
0.03 0.04 0.06 0.07 0.07 0.07 0.07 0.07 Standard
Deviation
Sl
0.01 0.02 0.04 0.05 0.08 0.10 0.12 0.14
Minimum
Sl
0.16 0.19 0.32 0.35 0.37 0.42 0.44 0.48
Maximum
0.068 0.039 >0.15 >0.15 >0.15 >0.15 >0.15 >0.15 p-value
s

Transformation

S35 ke MWD elil S ss0n ulits KS (T asls OM (g alb o sasin o BD (05 ke S oy Sldie € G s s
Vores Uv 58 55 ez Cusby o5 54 (T15000 (PWP)- TO 5 JICul oa Yor 25 55 (55538 Canslis PR300 dawilust= s
03l 105 35 nannb- 35 8 4alS 05051 p-value p o el 5 Slle 5 0 5Kl Jbe i b 51 Jids NS 5 0 seslr L (JIS 558
il 5 dpp b
J (OM)=-0.0633132 + 0.636356 x Ln ((OM - 0.231063) / (2.78399 - OM))
Al dl s Jsep bplal (Sdgsdes colia
J (Ks)=0.360800 + 0.707555 x Ln ((Ks - 0.641147) / (1.90489 - Ks))
Tn the above Table: C: clay, S: sand, BD: bulk density, OM: organic matter, Ks: saturated hydraulic conductivity, MWD:
mean weight diameter of soil aggregates, PR300: penetration resistance at 300 hectopascals, TO - T15000 (PWP):

volumetric moisture content at 0 to 15000 hectopascals, J: Johnson transformation, NS: transformation via Normal Score in
MiniTab software, p: p-value of Kolmogorov-Smirnov test. Organic matter was normalized with the following formula:

J (OM)=-0.0633132 + 0.636356 x Ln ((OM - 0.231063) / (2.78399 - OM))
Saturated hydraulic conductivity was normalized using the following formula:
J (Ks)=0.360800 + 0.707555 x Ln ((Ks - 0.641147) / (1.90489 - Ks))
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Table 3. Correlation between input and output variables (moisture content at different matric suctions).

T(Fl,\‘r;sg;) T5000  T3000  T1000 Iggg’ 60 T4O  T20 TO TO

0.265"  0.450"  0.409” 04777 04677 04717 04567 04437 04297 0430”7 C
-0.07 -0.185"  -0.340™ -0.400" -0.374" -0.378" -0.364" 0359”7 -0.352" -0.369" S
-0.11 -0.13 0.201" 0.17 0.15 0.17 0.16 0.16 0.18 0.201" Si

-0.249"  -0.373" -0596™ -0.612" -0.607" -0.566" -0.547" 05257 04977 -0.489" BD
-0.09 0.00 02537 0328" 03267 03547 03557 03767 03947 0407”7 OM
-0.04  -02957  -04437 -0.5517 -0.532"  -0.5347  -05207 05207 0507 -0.502" Ks
0.17 0221 0230 0.16 0.15 0.11 0.10 0.07 0.04 0.04 MWD
-0.06 -0.05  -0.193"  -0.06 -0.07 -0.07 -0.08 -0.08 -0.09 -0.10 PR300
0.493"™  0.696™  0.906” 0992  1.000" 0978 09617 09307 0904”7 0877 T300 (FC)
1.000"  0.833"™ 0548 0463 04937 05217 05267 05027 04917 04817  T15000 (PWP)

e #*

Las o QLES 1y 070N g 0/00 C]a.dﬁj\:&uw%j‘\ie' K
567..1! S Solas Ks L‘_ﬂ osle OM (g 8l o gases e BD ol s Siopdoliie S ey JMie € B Jsds ):'T
ez Cosby o5 54 T15000 (PWP)- TO 5 JSul 5Sa Yov 280 53 (655,2 Cuslis PR300 (el Jas S5y ke (MWD

ISl K V0 ee b i

* and ** indicate significant correlation at the 0.05 and 0.01 levels, respectively
T In the above Table: C: clay, S: sand, Si: silt, BD: bulk density, OM: organic matter, Ks: saturated hydraulic conductivity,
MWND: mean weight diameter of soil aggregates, PR300: penetration resistance at 300 hectopascals, TO - T15000 (PWP):

volumetric moisture content at 0 to 15000 hectopascals
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Table 4. Results of non-linear regression (NLR) method for thirteen semi-continuous pedotransfer functions in
estimating soil water retention curve.

gl e
ok yhanylis Jke Validation Training &ls
Comparing model PTE
AIC  R%;  RMSE (cm’cm™) AlC Ra RMSE (cm®cm)
61  0.716 0.066 1950  0.727 0.065 1
1 62 0715 0.066 1973  0.714 0.066 2
2 74 0.736 0.063 1851  0.739 0.063 3
3 -88  0.757 0.060 1733  0.762 0.060 4
4 -155  0.859 0.047 1108  0.858 0.046 5
5 -156  0.859 0.046 1095  0.859 0.046 6
4 -89 0.759 0.060 1720  0.763 0.060 7
4 -89 0.760 0.060 1717  0.763 0.060 8
4 90  0.759 0.060 1705  0.764 0.059 9
4 -87  0.757 0.060 1731 0.761 0.060 10
4 -87  0.757 0.060 1732 0.760 0.060 11
4 -87  0.755 0.060 1730  0.759 0.060 12
4 90  0.755 0.060 1694  0.761 0.059 13

Closn 55 Ky claodbls (ST cledbl Jlas AIC (s o R? s Sl e ks sdons RMSE G35 Jsi o 1

M:L;aul.:u \)a.)u}.::wu;d CULAJ&};JA CUJ‘JJ” ij‘&;lﬂ

T, In the above Table: RMSE: root mean square error, R? coefficient of determination, AIC: Akaike’s information
criterion. Colored highlights in the AIC column show the significant differences of that PTF with comparing PTF
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Figure 2. Distribution of estimated versus measured moisture contents for the validation stage of
semi-continuous pedotransfer functions 1 (a) and 2 (b) created using non-linear regression (NLR) method.
¥, h: soil water matric suction.

S OT cls e owe 5550 1 3 i gmand JEBI gl 035 51 MB 555 g, gl -0 Jsd

Table 5. Results of M5 tree method for thirteen semi-continuous pedotransfer functions in estimating soil
water retention curve.

g Sl
ol gl Jods Validation Training &l
Comparing model PTF
AIC  R%;  RMSE (cm%m?) AIC  R%;  RMSE (cm’cm?)

1

1 -131  0.830 0.051 1237 0.846 0.049 2

2 -160  0.862 0.046 584 0.911 0.037 3

3 -200 0.894 0.040 31 0.944 0.029 4

4 -376  0.972 0.020 -1635  0.986 0.015 5

5 -400 0.977 0.019 -1940  0.989 0.013 6

4 -203  0.897 0.039 15 0.944 0.029 7

4 0.904 0.038 0.951 0.027 8

4 0.904 0.037 0.953 0.027 9

4 -204  0.899 0.039 0.946 0.029 10

4 -198  0.894 0.040 33 0.944 0.029 11

4 -201  0.897 0.039 0.947 0.028 12

4 - 0.907 0.037 0.956 0.025 13

Aas e 0L 1 0 g alie wl L b gy w5 Sl ine 55 (SSIST

T, In the above Table: RMSE: root mean square error, R% coefficient of determination, AIC: Akaike’s information
criterion. Colored highlights in the AIC column show the significant differences of that PTF with comparing PTF
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Figure 3. Distribution of mean squared error (cm*cm™) of non-linear regression (NLR) method at the validation
stage on soil texture triangle for semi-continuous pedotransfer functions of 3, 5 and 13, from left to right,
respectively. Inside the triangles, VF: Very Fine, F: Fine, M: Medium, MF: Medium Fine, and C: Coarse.

The abbreviations mentioned at the top of the triangles; C: clay, S: sand, BD: bulk density, OM: organic matter,

Ks: saturated hydraulic conductivity, MWD: mean weight diameter of soil aggregates, PR300: penetration
resistance at 300 hectopascals, FC: volumetric moisture content at field capacity (300 hectopascals).
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Figure 4. Distribution of mean squared error (cm®cm™) of M5 tree method at the validation stage on soil
texture triangle for semi-continuous pedotransfer functions of 3, 5 and 13, from left to right, respectively.
Inside the triangles, VF: Very Fine, F: Fine, M: Medium, MF: Medium Fine, and C: Coarse. The
abbreviations mentioned at the top of the triangles; C: clay, S: sand, BD: bulk density, OM: organic matter,

Ks: saturated hydraulic conductivity, MWD: mean weight diameter of soil aggregates, PR300: penetration
resistance at 300 hectopascals, FC: volumetric moisture content at field capacity (300 hectopascals).
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