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ABSTRACT: Theleast limiting water range (LLWR) of soils has been employed as amethodol ogical approach
for evaluation of soil physical quality in different agricultural systems, including forestry, grasslands and
major crops. However, the absence of asimplified methodol ogy for the quantification of LLWR hashampered
the popularization of its use among researchers and soil managers. Taking thisinto account thiswork hasthe
objective of proposing and describing asimplified algorithm developed in Excel® software for quantification
of the LLWR, including the calculation of the critical bulk density, at which the LLWR becomes zero. Despite
the simplicity of the procedures and numerical techniques of optimization used, the nonlinear regression
produced reliable results when compared to those found in the literature.
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UM ALGORITMO SIMPLIFICADO, DESENVOLVIDO EM EXCEL®,
PARA ESTIMATIVA DO INTERVALO HiDRICO OTIMO DOS SOLOS

RESUMO: O intervalo hidrico é6timo (IHO) dos solos tem sido empregado como uma metodologia para a
avaliacdo da qualidade fisica do solo em diferentes sistemas agricolas, incluindo éreas florestais, pastagens e
grandes culturas. Entretanto, ainexisténcia de uma metodol ogia simplificada para a quantificacéo do IHO tem
dificultado a popularizacao do uso desta técnica entre pesqui sadores e técnicos. Levando isto em consideracéo,
este trabalho tem como objetivo propor e descrever um algoritmo simplificado, desenvolvido em planilha
eletrdnica Excel®, paraquantificagdo do IHO, incluindo o célculo da densidade do solo critica, naqual o IHO é
nulo. Apesar dasimplicidade dos procedimentos e técni cas numéricas de otimi zacao utilizados, aregressio néo-
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linear produziu resultados confidveis quando comparados com aquel es encontrados em literatura.
Palavras-chave: regressdo nao-linear, planilha eletrénica, otimizacéo, fisicado solo, qualidade do solo

INTRODUCTION

The concept of an index of optimum soil water
content for plant growth, as related to soil physical prop-
erties was introduced by Letey (1985) and identified as
“non-limiting water range” (NLWR). Later, Silva et al.
(1994) developed the NLWR concept quantitatively, re-
naming it as the least limiting water range (LLWR). For
a given soil type, the LLWR incorporates the limitations
of soil aeration, matric suction and soil penetration re-
sistance for root growth as a function of a single vari-
able (i.e. soil bulk density).

Since its quantification (Silva et a., 1994), the
LLWR has been employed as an approach for assessing
soil physical quality in a wide range of management sys-
tems and soils (Tormena et a., 1999; Sharma & Bhusan,

2001; Wu et a., 2003), including in its relation to soil
chemical properties (Drury et a., 2003). The LLWR has
also been cited as a methodological approach for soil
guality assessment in literature reviews (Lal, 2000;
Schoenholtz et a., 2000) and books (Brady & Weil, 1999;
Silva et a., 2002). Despite advances in the characteriza-
tion and quantification of the LLWR, a detailed descrip-
tion of the computational methodology for calculating the
LLWR from soil properties data, including data manage-
ment, curve fitting procedures, and graphing techniques
is dill lacking.

The objective of this work was to propose a sim-
plified agorithm for estimation of the least limiting wa-
ter range of soils using the spreadsheet software Microsoft
Excel® and discuss technical issues concerning the non-
linear curve fitting procedures. We chose to use Excel®
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spreadsheet because it is one of the most popular com-
mercial spreadsheets in use in Brazil and many other
countries. However, the methodology described here can
be adapted to other software packages, according to the
resources and knowledge of the user.

THEORETICAL BACKGROUND

The quantification of the Least Limiting Water
Range (LLWR) is based on the fitting of a soil water re-
tention function and a soil penetration resistance function.
The soil water retention function in this specific case must
take into account the soil structural variability, which may
be achieved by incorporating the soil bulk density in
the equation. Silva et al. (1994) incorporated the soil
bulk density variability in a ssmple power function em-
ployed by Ross et al. (1991) for fitting the water reten-
tion data:

g=aY”’ (1)

q = Soil volumetric water content [L* L®]; Y = Matric
suction [M L™ T?]; a, b = Empirical parameters.

The stepwise regression procedures of Silva et
al. (1994) resulted in a three-parameter nonlinear
equation with good fitting properties for characterizing
the soil structural influence on the soil water
retention phenomena (Tormena et al., 1998; Betz et d.,
1998):

q=exp(@a+hD,).Y* (2)

g = Soil volumetric water content [L* L*]; D, = Soil bulk
density [M L?]; Y = Matric suction [M L™ T?; a, b, and
¢ = Empirical parameters.

The soil penetration resistance function has been
adequately described using the nonlinear eguation pro-
posed by Busscher & Sojka (1987) (Silva et a., 1994,
Betz et al., 1998; Ledo, 2002).

SR=d.q"D, (3)

SR = Soil penetration resistance [M L™ T?]; q = Sail volu-
metric water content [L° L°]; D, = Soil bulk density
[M L7; d, e and f = Empirical parameters.

The equations 2 and 3 are transformable to lin-
ear form, via logarithmic transformation. Because of the
relative simplicity of using linear regression methods,
some researchers do prefer to work with them in the lin-
earized form (Silva et a., 1994; Betz et a., 1998; Zou et
a., 2000). However, we chose not to do so because i)
Given the availability of efficient nonlinear agorithms,
the usefulness of linearization is somewhat diminished
(Seber & Wild, 1989); and ii) The transformation of the
data usually involves a transformation of the error term
too, which affects the underlying assumptions (Bates &
Watts, 1988).

PROPOSED METHODS AND DISCUSSION

The sampling and data collection methodology
for the LLWR quantification has been exhaustively de-
scribed in other publications (Silva et al., 1994; Ledo,
2002; Silva et a., 2002). Bri€fly, it is necessary to col-
lect a set of undisturbed soil cores in the experimental
site to be evaluated. The cores are then taken to the labo-
ratory and saturated with water. In the lab, each core is
equilibrated at different and increased matric suctions
(Klute, 1986). The soil penetration resistance, water con-
tent and bulk density are then determined in each core.
The result is a set of soil penetration resistance (SR),
volumetric water content (q), bulk density (D,), and
matric suction (Y) data points for each one of the cores.
The data is fitted to the Equations 2 and 3, resulting in a
set of empirical parameters a, b, ¢, d, e and f that are used
in the quantification of the LLWR.

In the Excel® worksheet example described here,
the first four columns are the data from the silt loam soil
described by Silva et al. (1994) (Figure 1). The soil isan
Aquic Eutrochrept with 180 g kg™ clay, 520 g kg™ silt, 300
g kg* sand and 38 g kg* organic matter, and mean bulk
density of 1.47 g cm®. For the optimization procedures, it
is necessary to create two other columns, with the estimated
values for the volumetric water content and soil penetra-
tion resistance. This can be achieved by creating columns
with Equations 2 and 3, using guess estimates for the em-
pirica parameters. It is advisable that the estimates should
be taken from the literature, since reasonable initial param-
eter estimates are critical for convergence of the optimi-
zation algorithms in nonlinear regression (Wraith & Or,
1998). Besides the estimates for the g and SR equations it
is also necessary to create columns with the squared error
(deviate) for these variables (Figure 2). This is necessary
for the quantification of the sum of squared error estimates.

A | B | € | D I

1 Dy ﬂ SR ¥

2| gem® em’em®  MPa MPa
e  1.55 0.4305 0.23 0.002
4 1.43 0.4209 0.85 0.005
5 1.51 0.363 0.5 0.003
G 1.6 0.367 1.34 0.01
7] 154 0.3097 213 0.0333
] 1.43 0.3217 0.61 0.1
B 153 0.2516 2.7 0.5
10
il

12

Figure 1 - Example of input data set for a silt loam soil (Silvaet a.,
1994) used in the quantification of the Least Limiting
Water Range.
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The squared error is caculated by:
Error =[(qor SR) —(qor SR)

2
measured egtimated by the modd] (4)

With the squared errors for q and SR, it is possi-
bly to establish cells containing the sum of squared er-
rors (SSE) for fitting the Equations 2 and 3. The SSE is
the merit function to be minimized in the nonlinear prob-
lem optimization in this case. The minimization proce-
dure in Excel®is executed by the command “solver”.
Once the “target cell” is defined, which in this case is the
cell containing the sum of squared errors; the option
“min” must be selected (Figure 3). The “changing cells’
are the parameter estimates previoudly used to calculate
the squared error terms for the variables (Figure 2). It is
worth noting that the optimization procedure can be eas-
ily subject to congtraints. In generadl, it is not necessary
to apply any congtraints to fit the equations used in the
calculations of the LLWR, as long as good initia param-
eter estimates are provided. However, for data sets in
which the user suspects low correlation coefficients be-
tween the variables it is advisable to apply constraints.
The range values for the constraints must be assumed ac-
cording to the literature and practicality.

E F = H |1 d o8
3R (Fiech @ (Fitted] SR {Frrog) 8 (Error)
MFa em et (MNP A fem® em
014450 0327 | 000 Soil Resistance
0933 04033 0.0205 0000 | d 0.08
1 45835 03mas agrre 000024 E I [3 -1.61
17457 O3s1s 0. 16495 000005 D’E | T 3.08
2405 03330 0.0073 .00
1 5307 03140 0E4TE 0000
27T 02664 0.27583 000022
Water comiend
w| @ 0.4z
E| b 0.3
a | c 0.0

Figure 2 - Columns with estimated values and squared errors for
the variables soil penetration resistance and volumetric
water content. The parameter estimates for Equations 2
and 3 are shown on the right.

_gJ' Solver Parameters H |

% Set Target Cell: 53 Solve I

Tg EmETo Cmme FMn O Yalue of: Jo |

_5_ ~Bw Changing Cells:

E I$K$4:$K$6 S| GUess

—1;— ~Subject to the Constraints: Options |

13 = add |

% Change I

Eeusly Reset all I
16 El Delete |

7 e |
18

18 0

20 S.S.Em. Var r

21 0.0308 0.0043 0.82

Figure 3 - Optimizer menu for defining target cell, changing cell
and constraints.

The minimization procedure must be executed
independently for variables and parameters of Equations
2 and 3. The goodness of fit can be easily computed from
the variance of measured values (a spreadsheet built-in
statistical function) by the coefficient of determination (%)
of the resulting curve (Figure 4):

r’=1-SSEIN.s? . (5)

N = Number of data points; 32Vari e = Variance of the mea-

surements of the independent variable; SSE = Sum of
squared errors.

With the parameter estimates, the LLWR for each
D, vaue can be estimated from simple algebraic trans-
formations of equations 2 and 3. It is aso necessary to
set the critical limits for the physical variables used in
the analysis. Here we used the critical values commonly
found in the literature. The field capacity matric suction
was set at the value of 0.01 MPa (Haise et a., 1955), and
the wilting point was set at 1.5 MPa (Richards & Weaver,
1944). The soil penetration resistance value assumed to
be limiting for plant growth was set at 2.0 MPa (Taylor
et al., 1966) and the limiting air filled porosity was set
a 10% (Grable & Siemer, 1968). However, the user is
encouraged to change these critical values according to
his experimenta conditions and knowledge of the physi-
cal processes involved in these critical limits.

The variation in water content at field capacity
(9,,) and wilting point (qu) with D, can be found by ap-
plying the limiting matric suctions described earlier to
Equation 2.

|| J A | 1|
Soil Resistance Sug. for 1°* step
w 1] o0s 001
E e 161 |05
= f 306 |1
Water content Sug. for 1°* step
w a 092 N
E 030 |1
o c 008 -1
SR
5.5.Erm Var rl
2473 1.126 0.66
8
S5.5.Erm. Var rf
0.0308 0.0043 0.89

Figure 4 - Results after the solver estimation procedures.
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q,. = exp(a+ b.D,). 0.01° (6)
d,, = exp(a+b.D,). 15 (7

The variation with D, of the water content at
which the soil penetration resistance is equa to 2.0 MPa
(q,) can be caculated by isolating the water content in
Equation 3.

q, = (2.0/ d.D,)*. (8)

The variation with D, of the water content at
which the air filled porosity equals 10% (qafp) can be
found from the bulk density and particle density (Dp), here
assumed as 2.65 g cmi®,

q,,=[(1-D/D)] -0.1 (9)

The parameters and variables in Equations 6, 7,
8 and 9 are the same as described earlier. The upper limit
(UL) of the LLWR can be determined by the lower value
of either g, or 0o The lower limit (LL) of the LLWR
can be found by the higher value of either g_ or Oy The
LLWR is caculated as LLWR = UL — LL and as nega-
tive values have no physical meaning in this case, it is
necessary to set negative values to zero. This can be eas-
ily achieved in Excel® using the built-in function “IF”.
Figure 5 illustrates the columns with the predicted
valuesof g, O Oty and q_, along with the results for
the UL, LL and LLWR values calculated using “IF”
blocks.

The calculation of soil critical bulk density value
(D, from LLWR is the last and sometimes the most im-
portant step (from soil management point of view) in the
evauation of the LLWR. To caculate the D, it is neces-
sary to know the equations for the variables g, Oyt Doty
and g, (Equations 6, 7, 8 and 9) and then determine when
UL and LL converge so that the LLWR equals zero. This
can be achieved by analyzing which variables in data set
defines the first point in which the LLWR equals zero,
or by a previous graphic analysis, plotting the variables
O Gy gy and g as a function of D,. Once the equa-
tions of the variables that intercept at the point where the

[1] (2 [i] ] ] T 1] ) W

1 DWEA (oo Critical Limitn

1

1 | Prwder of it Paian WEH BEC GWE RAEP Lower Limr Ui Lisie (SRR
I RE 124 [ak ] (LB, - = 1 b u 1l

5 | Fiald Capacing, MPa T o®E LE | 0% 07 0% nm

i jom 0@ | GF | bM | 0% oW Y] am

1. {Wilvng Poive, MPa 03 0¥ | hp D@ 0™ LE] am
Bi15 TE] [T E 1 u

4 |Limivng 5ol Beslmncs, M i [T el (R nm
iz 1 o e 13 03 o

11 Lieviiing A Fived Froesaiy, 1 o o= 1354 o om
4210 12 D= 13 oot
13 Maricls Danaby, g cor ? 0% 0¥ | 0% 0% 00X ] [iRE]
14]255 TR 4 n® | 03 £ oo

15 : ] -
1| I |

7

Figure 5 - Fixed values of critica limits for field capacity, wilting
point, soil penetration resistance, air filled porosity and
particle density (left); and estimated values for the least
limiting water range (right).

LLWR equals zero are identified, two more cells with
these equations need to be established. However, the
equations are drawn as a function of a dummy D, value
that will be optimized to find the D__ value. Another cell
with a dummy value of the UL ion = L L equation also need
to be created (Figure 6).

At this point, the “solver” command is used again.
The “target cell” will be the dummy value of UL_ . -
LL ation The option “min” is checked and the “ aqmg-
ing cell” will be the cell containing the dummy D, value
(Figure 6). It is necessary to add a constraint pertaining
to the dummy value cell (ULequa[ion -LL_ ... that can not
be less than zero in the optimization. After the optimiza-
tion procedure, the D, will be equal to the dummy D,
as shown in Figure 6.

The characteristic LLWR graphics resulting from
the procedures described above are illustrated in Figures
7 and 8. Despite the use of simplified statistical proce-
dures, similar results were found in comparison to those
of Silva et a. (1994). The critical bulk density found by
Excel® Solver (D,) was 1.55 g cm®, while Silva et al.
(1994) found 1.56 g cm®. This dight difference in the val-
ues could be attributed to the statistical approaches em-
ployed in each case. Silva et al. (1994) used linear re-
gression while we choose to use nonlinear regression, for
the simplicity of use in this specific case, and to avoid
the necessity of linearization of the models, as discussed
earlier. In the Excel® worksheet presented here, Figures
7 and 8 are automatically plotted using the adjusted co-
efficients for the models, avoiding the necessity of plot-
ting procedures after the statistical analysis. Figure 7 pre-
sents the LLWR critical limits by aeration (qafp), field ca
pacity (q,), wilting point (qu) and soil penetration resis-
tance (q,) plotted as a function of soil bulk density (D,).
An estimate of the dummy D, value and the equations that

Critical Bulk Density Calculation
@ SR Dummy Value Db dummy
D.3163| D.DDDD! 1.5469

Critical Bulk Density, g cm™
155

8 AFP
0.3163

Solver Parameters 7]

Solve I

Close I

tangd Tk
& Min

Sek Target Cell:

© Yalue of; IU

j‘_] GUEss |

= add |
Change |
i Delete |

Equal Ta: © Max

B Changing Cells;
|$E$e
~Subject to the Constraints:

$A854 =0

Options |

Reset Al |
Help |
3

Figure 6 - Optimizer menu for calculation of the least limiting water
range critical bulk density.
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LLWR critical limits
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E 0.20
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010

1 12 14 16 18
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Figure 7 - Water content variation with bulk density at critical levels
of field capacity (fc) at 0.01 MPa, at wilting point (wp)
at 1.5 MPa, at air filled porosity (afp) of 10%, and soil
penetration resistance (sr) of 2 MPa

LLWR
0.15
°R

0.10 -

0.05 -

Volumetric Water Content
cmicm

0.00 \ ‘ :
1 1.2 14 1.6 1.8
Bulk Density gcm

Figure 8 - Variation of the least limiting water range (LLWR) with
soil bulk density.

intercept when the LLWR becomes zero are easily visu-
alized in Figure 7. This information can be used to fa
cilitate the critical bulk density estimation procedure de-
scribed earlier.

Although not estimated in the worksheet pre-
sented here, other relevant D, values for the LLWR
evaluation can be easily quantified using the procedures
described above. These values are: (i) the D, at which
Ot replaces the g, as the LLWR upper limit, and (ii)
the D, at which q_ replaces Op asthe LLWR lower limit
(Silva & Kay, 1997). Other relevant combinations can
be found according to the characteristics of the user’s
data.

Another graph that has been widely used in the
characterization and interpretation of the LLWR is illus-
trated on Figure 8. The variation of the LLWR is pre-
sented as a function of soil D,. From similar graphs,

Tormena et al. (1999) were able to identify important
trends in LLWR data, like ranges of D, vaues for which
the LLWR is positively correlated, and the D, value at
which LLWR starts to decrease steeply.

CONCLUSIONS

The simplified algorithm presented in this work
is an dternative for the time consuming statistical analy-
sis and plotting procedures used in the quantification and
evaluation of the least limiting water range as an index
of soil physical quality. Despite the smplicity of the pro-
cedures and numerical techniques of optimization used
here, the nonlinear regression produced reliable results
when compared to those found in the literature. The criti-
cal bulk density value and graphs of LLWR data are aso
produced by the algorithm, enhancing the interpretation
of the results. The Excel® worksheet is available through
contact with the first author: tpleao@hotmail.com.
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