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ABSTRACT

Knowledge of upper and lower limits of soil water content (ULSWC, LLSWC) is indispensable to
calculate the water depth that should be applied by irrigation , and 10 determine water availability, which
is a crucial factor in assessing the suitability ol a land area to produce a given crop. However, direct
measuring ol these limits 1s time consuming and expensive. Several attempts have been made to establish
a relation between readily available soil properties, like particle-size distribution, organic matter, and bulk
density and ULSWC, LLSWC. These relationships are referted (0 as pedotransfer functions (PTFs).
Therefore, the objective of this study was to evaluate some PTFs with respect fo their accuracy in
predicting the two limits of soil water content for some Jordanian agricullural soils. Fourteen widely used
PTFs were sclected for evaluation. Eight of the selected PTFs predicl soil water content at certain matric
polential, whereas the others predict water retention {unction parameters. In order to quantify the
prediction accuracy, the mean error (ME), the rool mean square error (RMSE), unbiascd root mean square
crror (URMSE), and the Pearson corvelation (r) were ubc,d Thc PTFs showed good to peor prediction
ceuracy w1lh RMSE ranging from 0.00149 to 0.03789 m® m”, ME leULb ranging from -0.01560 10 -
0.26785 m* m™ and with URMSE ranging lrom 0.00017 to 0. 0{]331 m’m”, The validation indices showed
that British soil survey (topsoil and subsoil), and Rawls-Brakensick were found as the best method to
calculate the limits of soil water content for the evaluated Jordanian soil dala sct. Rosetta exhibited an
intermediate value in estimation ol soil moisture limits of the evaluated soil set. The implementation ol
soil bulk density as an extra input value did not improve the accuracy of the estimated soil water content
limits. This may be duc to the Tact that more input data are required in our soil set,

Key words: accuracy, artificial neural network, pedotransfer functions, regression, upper and lower
limits of soil water content,
soi} water contents limits are cumbersome and
1. INTRODUCTION time consuming, the number of measured
Soil water contents at lower and upper limits  hydraulic property data is usually limited, and is
(LLSWC, ULSWC) are wsed (o calculate the usually less than required to Tully characterize soil
water depth that should be applied by irrigation heterogeneily. Hence, a simple technique is being
(Hansen et al, 1980), and to determine water needed to estimate soil water limits as tools lor
availability, which is a crucial factor in assessing  describing the spatial variability of such properties
the suitability of a land arca for the production of (Schaap et al., 2001). Many indirect methods for
a given crop ( Sys et al, 1991), If the area under  estmating of soil water conlents have been
investigation is relatively small or known 0 be  developed. These methods are called pedotransier
quite homogencous with respect 1o soil physical — {unctions (PTFs) (Bouma and van Lanen, 1987).
propertics  and  topography, determinations of  Bouma (1989) inlroduced the term PTFs, which
LLSWC and ULSWC at a reasonable number of he deseribed as translating data that we have (soil
sampling sites should provide accurate estimates. survey data) into data that we need (soil hydraulic
However, il the arca being cvaluated is large  data). These arc generally empirical relationships
cnough to exhibit substantial spatial variability of  that allow the hydraulic properties of a given soil
soil water variability, it is virtually impossible to 0 be predicied from more widely available data,
perform cnough measurements to provide good — usually soil texture, bulk density and organic
estimates  within  the temporal and  financial ~— matter or cartbon content. However, since cvery
consiraints of the project. Since measurement of  PTF is developed on the basis of a data base of a
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limited number of soil samples, it is not always
clear to what extend these functions can be used in
the case of soil conditions other than those under
which they were developed (Donatelli ef al, 1996
and Wisten ¢f af., 1999). Moreover, the available
PTFs can produce substantially different
estimates. Thus, scientists have a difficult task in
selecting a more appropriate PTF for their
application (Acutis and Donatelli, 2003).

PTFs are classified as point estimation methods
and parametric estimation methods (Tietje and
Tapkenhinrichs, 1993). Point estimation methods
follow a direct approach by estimating water
content at predetermined pressure heads. Many
examples of this type of PTF exist, i.e., Gupta and
Larson (1979), Rawls et af. {1982). Minasny et al
{1999). and Tomasella ef al (2003). Parametric
methods estimate the parameters of water
retention functions, such as the Brooks and Corey
(1964), Campbell (1974), and van Genuchten
(1980) equations. A recent approach for fitting
PTFs is the use of artificial neural networks
(Pachepsky et al, 1996 and Schaap ef al.,, 1998).
An advantage of using the artificial neural
networks {ANN) approach is that no relationships
need to be assumed before hand. instead the net-
work is trained to find the relationship. Schaap
and Leij (2000) developed Rosetta computer
program that implemented some of the models
published by Schaap and Bouten (1996), and
Schaap et al. (1998). Other programs developed to
estimate soil hydraulic properties include: EUR-
M3 (Nemes ef al,, 2003), SOILPAR2 (Acutis and
Donatelli, 2003), SWLIMITS (Ricthie et al,
1999). ROSETTA and EUR-M3 use an ANN for
prediction and the bootstrap to perform
uncertainty analysis. SOILPAR2 is a program for
estimating soil hydraulic properties using
empirical equations,

e

Fig. (1): Soil texture classes p the evatuating soil samples.
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The aims of the current study were to evaluate
the general applicability and the prediction
accuracy of some of the most commonly cited and
some recently developed PTFs that use soil
properties such as particle-size distribution (sand,
silt, and clay), organic matter content or organic C
content, and dry bulk density to predict LLSWC
and ULSWC for some Jordanian agricultural soils.

2. MATERIALS AND METHODS

2.1. Soil samples collection and analysis

The evaluation of the PTFs in this study was
based on data set of Twenty four undisturbed soil
samples 0.05 in diameter and 0.051 m in height
(100 c¢m™), collected from different soils covering
a wide range of texture classes throughout lordan
(Fig. 1). The samples LLSWC and ULSWC were
measured with pressure chambers (Soil moisture
equipment, Santa Barbara, CA) at -33 and -1500
KPa, respectively. Once ULSWC and LLSWC
were measured, bulk density (BD), organic matter
(OM) and particle-size distribution (PSD) in three
fractions were determined. PSD was determined
with hydrometer method (Gee and Bauder, 1986).
OM was determined by Walkley and Black
method {Walkley and Black, 1934), while BD was
measured from weighing the undisturbed soil
samples afier LLSWC and ULSWC were
measured by drying the soil samples for more than
24 hat 105°"C.
2.2, Pedotransfer functions

The PTFs are subdivided into two groups. The
first includes point PT, which estimates water
contents at specific pressure values and/or
ULSWC and LLSWC and saturated hydraulic
conductivity. The second includes function PT,
which estimates the parameters according to
widely used soil retention functions: Campbell
model {CP), Huston-Cass model (HC), Brooks
and Corey model (BC), and van Genuchten model
(vG).
2.2.1. Point pedotransfer functions

The point PTFs, which were used in the study,
are: (i) DBrakensiek-Rawis, (ii) Hutson, (jii)
British soil survey (topsoil and subsoil), (iv)
Baumer, (v) Rawls, and (vi) Manrique. The PTFs
input and outputs are reported in Table 1.

2.2.2. Function pedotransfer functions

Function PTFs, which were used in the study,
include:

(1) Campbell (Campbeli, 1985)

The methods estimate the coefficient of the
Campbell retention function on the basis of the
geometric mean and standard deviation of the
particle size and bulk density, using the following
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equation:
guer -h
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where 7, is the pressure corresponding o6, ,
. (hc pressure at air entry point; b the empirical
coefficient; &, is the waler content at saturation;
and 6

[«

is the actual soil water content. The

parameicrs  are  estimated according o the

following cquations:

b=2x0.5,4 +020,

w, =-0.5,,(BD/1.3)""
where dsy is the median diamcter and o, the
geometric standard deviation of particles diameter.
The soil waler content limits (ULSWC, LLSWC)

are obtained by the Campbell cquation cvaluation.
(ii) Mayr- Javris (Mayr and Javris, 1999). This

in prediCting. . cou coe vor vas cae cee sre sas sos sae ren se

w, = w261+ 20)f"

6. =2b8 /(1+2b)

All the symbols have the same meaning of those
used in Campbell’s retention function. The
ULSWC and LLSWC are obtained by the Hutson-
Cass Tunction cvaluation.

(iii) Rawlis-Brakensick (Rawls and Brakensick,
1989).

This method estimates the parameters of the
Brooks-Corey retention function using sand, clay,
and bulk density. The Brooks-Corey retention
cquation (1964) is the following:

o) =6, +- %

(h,/h)

where by, is the air entry value; A is the pore size
index; &, is the residual water content and their
parameters are  estimated  using
cquations.

(iv) van Genuchien (van Genuchien, 1980)

empirical

Table (1): Overview of the most important characteristics of the evalnated PTFs in this study.

| Model Required input | Parameters estimated Reference

| data
Brakensiek-Rawis PSPh, OC, BD SWC Hutson and Wagenet, 1992
Hutson PSD, OC, BD SWC Hutson and Wagenet, 1992
British soil survey PSD, OC, BD SWC Hutson and Wagenet, 1992
{topsoil and subsoil)
Baumer PSD, OC BD, ULSWC, LLSWC ASW/EPIC
Rawls PSDh ' BD, ULSWC, LLSWC ASW/EPIC
Manrigue PSD, BD ULSWC, LLSWC ASW/EPIC
Campbeli PSD, BD CA parameters Campbell, 1985
Mayr- Javris | PSD,QC,BD HC parameters Mayr and Jarvis, 1999
Rawils-Brakensiek PSD, Porosity BC parameters  ; Rawls and Brakensick, 1989
Vereecken PSD, OC, BD v(; parameters Vereecken ef al., 1989
HYPRES PSD, OM, BD vG parameters Wasten et al., 1999
Rosetta (H2) PSD vz parameters Schaap et al., 2001

LRosetta (H3) PSD, BD vG parameters Schaap et al., 2001

PSD: particle size distribution; OC: organic carbon (%); (IM: organic matler (%); BD: bulk density (T m™); ULSWC: soil water conient

al upper fimit (m" m”); LLSWC: soil water conient al lower limit (m* m™); SWC: soil water content at several pressures; Porosity: the

authors propose to obtain porosity from (L-BD/2.05), CA: Campbell retention function; HC: ilutson-Cass retention function; BC:

Brooks-Corey refention funclion; vG: van Genuchten retention function,

method esiimales the paramelers of the Hutson-

Cass reiention equation. The Hutson-Cass (Hutson

and Cass, 1987) rctention cquation is:

a(1-6,,18)"6./6)"
(1-6./16)"

‘//}ﬂ =
guc‘.f
I//c haﬁ ’i//m > W('

R)

Osy, sy,

where
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The PTFs Vercecken (Vercecken er al, 1989);
HYPRES (Waosten et al,, 1999); Rosctta (Schaap
et al., 2001)) evaluated the parameters of the vG
retention equation:

O(h) =86, + 6.-6,

|l+(ah)” [

Rosetta is able to estimate the vG waler
retention paramelers and saturated hydraulic
conductivity, as well as unsaturatcd hydraulic
conductivily parameters, based on Mualem’s
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{1976) pore-size model. Rosella unplements five
hicrarchical PTFs tor the estimation ol water
retention, and the saturated and unsaturaled
hydraulic conductivity using limited (o more
extended input data. Rosctta is based on neural
network  analyses  combined  with  bootstrap
method. Thus allowing the program to provide
uncertainty estimnates of the predicted hydraulic
parameters. The PTFs input and oulputs are
reported in Table (1).
2.3. Evaluation criteria
Four criteria were used to quanlify errors in the
PTE estimaies of the soil water conlents: the root
mean squarc error (RMSE), mean error (ME),
“unbiased root mean square crror (URMSE), and
the correlation coetticient (). The most commonly
used criteria in PTF-related work is probably
RMSE, which detfined as:
\ 1
RMSE = \/~

n

@ -6

(2R AN ) )

where n is the number of observalions for which
the RMSE is computed, and 6 .8, are
measured and estimated soil water contenis,
respectively. The RMSE may be viewed as giving
the accuracy of the model in terms of standard
deviations. When systematic ervors  exist, the
RMSE are biased and do not reflect the true zero-
mean variance. Syslematic errors are oflen an
artifact of the calibration databasc {Schaap and
Leij, 1998) and could render u comparison of
PTFs based on RMSE values difficult. Therefore,
we decompose the RMSE into ME and URMSE
(Hastic ef al., 2001). ME may be used to quantity
systematic errors between measurements and PTF
eslimations as:

ME = ‘L 2 (9,_«“—"“ - 9)1,(.‘&'.\‘.)
LK o

ME wvalues are negative when. the PTF
undercsiimates  waler content, URMSE  values
were used by Tietje and Hennings (1996) and have
the mean crrors removed as:

e

’ L
URMSE = Jl 2 [(6“,-,5;_ - ME) - gﬂacm‘}z
s

The value of the model correlation depends on
one  basic index, which is the correlation
coelticient r (Addiscott and Whitmore, 1987). The
cocflicient r is derived from the Pearson’s linear
correlation coctlicient.

3. RESULTS AND DISCUSSION

The values caiculated for  the different

validation indices of estimating ULSWC and
LLSWC using PTFs are given in Tables (2 and 3),
respectively. The PTFs performance for cstimating
ULSWC and LLSWC as estimaled vs. measured
values are shown in Figs. (2 and 3). Ideally the
intercept should be close to xero, however, Lhe
intercept for ULSWC and LLSWC ranged from -
0.1882 to 03933 and -0.0849 10 (.1584,
respectively. The closest PTFs model to zero
intercepl was Buamer and Rosctta (H2) for
ULSWC and LLSWC estimation, respectively.
Similarly, the slope should be close to 1, however,
the slope for ULSWC and LLSWC ranged from -
0.1092 to 19222 and 0.4045 to 6.1932,
respectively. The closest PTFs to 1 slope were
Buamer and HYPRES for ULSWC and LLSWC
estimation, respectively, However, such statistical
testing of intereept and slope is much more
rigorous and somelimes misleading (Givi ef al,
2004), and so another evaluation crileria were
used 1o evalvale PTFs performance.

A correlation coctlicient (r) was used fo reflect
how good the estimated data match with the
measured ones. RMSE, ME, and UMRSE also
represent (he deviation of the estimated values
from the observed onces, and it does in a more
comprehensive manner (Kobayashi and Salam,
2000). The inference drawn on the basis of just
correlation coefficient can be erroneous. The r
values revcal a somewhat different pattern in
terms of the models validity. The correspondence
between measured and estimated values is still
high tor the British soil survey (topsoil and
subsoil). However, poor correspondence  is
obscrved tor the PTEF of Vercecken. In the case of
LLSWC, ihe correlation values are satisiactory for
most PTFs (Table 3). Although, the correlation of
Mayr-Javris is high, its RMSE, ME, and UMRSE
are the highest values among the evaluated PTFs.
Like the results of ULSWC, although URMSE is
relatively low for Vereecken, the correlation
hetween the measured and cstimated values is the
poorest. Therefore, correlation coefficient and
ME, RMSE, and UMRSE valucs should be uscd
in evaluating PTFs.

When considering ME, it can be observed that
only Vereecken PTF tend to overcstimate the
estimated ULSWC and LLSWC (Tables 2 and 3).
This is in agrcement with the findings of Kern
(1995). He reported a slightly to overcstimate
LLSWC in case of Vercecken PTE The ather
PTFs show a fcndency to underestimale the
estimated values. As regards the ME, British soil
survey (lopsoil) and Mayr-Javris show the
minimum and the maximum ME for estimation
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ULSWC, while British soil survey (subsoil) and
Mayr-Javris exhibit the minimum and maximum
ME for estimation LLSWC, respectively.

As regards RMSE, again British soil survey
(subsoil and topsoil) showed the lowest values,
meaning that the estimated ULSWC and LLSWC
values follow the measured relatively well. By far
the highest values resulted from the Mayrs-Javris
PTF. The other PTFs have intermediate values. As
concerns UMRSE, a  different trend can be
perceived: the PTF of Rawls-Brakensick shows
the lowest value for estimated ULSWC and
LLSWC. The highest relatively value cxhibited by
Mayr-Javris PTE

Table (2): Evaluation of the PTEs for estimating upper limits of soil water content (ULSWC).

In the cvaluation criteria bascd analysis, the
best PTFs for estimating of ULSWC and LLSWC
are: British soil survey (topsoil), British soil
survey (subsoil), and Rawls-Brakensiek, This
corroborates the vesulls oblained by Donatelli et
al. (1996). Many rescarchers emphasize that PTEs
should be applied to soils whose charactleristics
arc similar to those of the soils from which the
PTFs were derived (Comelis et al, 2001; Mayr
and Javris, 1999 and Nemes et af, 2002). In the
development of British soil survey (topsoil and
subsoil) and Rawls-Brakensiek PTFs, mainly soils
similar to our dala set were used in development
of these PTFs.

PYFs RMSE ME UMRSE r Intercept Slope
Brakensick-Rawls 0.00266 | -0.05144 | 0.00133 0.59 0.0594* 0.9747*
Hu_tgon : : 0.00291 | | -0.05568 | 0.00136 0.61 -0.0710* | 1.4088*
British soil survey (topsoil ) 0.00149 | 001560 | 000137 | 06 | -0.0980 1.3251
British soil survey (subsoil ) | 0.00433 | -0,07644 | 0.00140 0.57 0.0414* 1.1214*
Baumer 0.00164 | -0.02852 ;. 0.00123 0.64 0.0246* 1.0116*
Rawls 0.00434 | 007727 1 0.00135 0.67 -0.1882 1.9222*
Manrique 0.00856 : -0.10810 ; 0.00272 -0.06 0.3933* | -0,1092*
Campbell 0.00287 : -0.04102 | 0.00203 0.28 0.1936* 0.5293*
Mayr-Javris 0.02095 | -0.19560 { 0.00181 0.38 0.0816* 1.6721*
| Rawls-Brakensiek 0.00384 | -0.07227 | 0.00122 0.64 0.0614* 1.0370*
Vercecken 0.00425 | 0.04731 0.00313 0.02 0.3823* [ -0.0414*
HYPRES 0.00239 ; -0.01628 | 0.00226 0.16 0.2580 0.3072
Rosetta (H2) 0.00677 | -0.10437 | 0.00132 0.67 -0.1003* . 1.7848*
Rosetta (H3) 0.00618 | 009453 | 0.00171 0.41 0.0815* 1.0480*

RMSE: root mean square error (m'm™), ME: mean ervor (m’m™), UMRSE: unbiased rovt mesan square error (m'm™), r:

Pearson correlation,
* Signiticant at 0.05 probability level.

Table (3): Evaluation of the PTFs for estimating lower limits of soil water content (LI.SWC).

PTFs RMSE ME UMRSE r intercept Slope
Brakensiek-Rawls 0.00743 [ -0.11076 : 0.00130 0.72 0.0210* 1.4491%
Hutson | 0.00609 | -0.09576 | 0.00151 0.68 -0.0638* 1.7421*
British soil survey (topsoil ) | 0.00635 ) -0.09993 { 0.00136 0.75 -0.0849+ 1.8766*
British soil survey (subsoil) | 0.00293 | -0.05868 | 0.0012) | 0.73 -0.0245* 1.3302*
Baumer | 0.00468 | -0.08285 | 0.00125 0.7 0.0558+ 1.1186*
Rawls 0.00948 | -0.12826 | 0.00125 0.73 0.0544* 1,4046+
Manrigue 0.01411 | -0.15951 | 0.00139 0.73 0.0355* 1.8198* #
Campbell 0.00599 | -0.09535 | 0.00145 0.66 0.0093* 1.3994*

| Mayr- Javris 0.03789 . -0.26785 | 0.00017 0.75 (.0450% 6.1932*
Rawls-Brakensiek 0.00808 | -0.11785 | 0.00114 0.78 0.0064* 1.5777*
Vereecken 0.00523 0.06590 0.00305 0.47 0.1584* 0.4045*
HYPRES 000969 | -0.12791 | 0.00151 | 0.61 ;| 0.1246* | 1.0180*
Rosetta (H2) 0.01660 | -0.17333 | 0.00158 0.71 0.0046* 2.2276* |
Rosetta (H3) 0.01747 | -0.17758 | 0.00170 0.64 | 00393 2.0383*

RMSLE: rool mean squate error (m'm™), ME: mean error (m'm™), UMRSE: unbiased rool mean square error (m'm™), 1: Pearson

correlation.
* Significant at 0.05 probability level.
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Fig. (3): Pedotransfer functions estimates of lower limits of soil
water content (LLSWC) vs. measured values.

255



Q. E. MohawesHh... ... .. coe coo ez coe sz ne ces weenzs cae cos sre sur rog sos tas ses zze s

Conclusions

The cvaluation and comparison of fourieen
pedotransfer functions that were considered in this
study enabled us 1o draw the following
conclusions: the PTFs of British soil survey
(topsoil and subsoil), and Rawls-Brakesick were
most accurate for our cvaluation daia set 1o
cstimate upper and lower limits of soil contents of
Jordanian evaluated soils. It had the highest
ranking [or the {our validation indices that were
computed in this study. The low performance of
Rosclia and HYPRES PTEs might be due (o the
fact that the soils used in its development were
different {rom our soils. The implement of soil
bulk density in Rosetla as an extra input value did
nol improve the accuracy prediction of our
evaluated soil set. The results also, indicale that
the upper and lower limits of soil waler content
can be estimated for seils where the laboratory
measurements are not available. However, a local
¢valuation is being needed before using any
available PTFs, Because the dala set used in our
evaluation does nol cover homogeneously the
whole of Jordan (and probably does not include all
the soil types), further studies will be necessary Lo
assess the validity of the estimation.
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