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In the original paper, the authors deal with the quite interesting
topic related to the evaluation of available water capacity (AWC)
of vertisols, also exploring the possibility of using pedotransfer
functions (PTFs). The high water-holding capacity of vertisols
due to the high clay content makes these soils suitable for dry-land
crop production. Evaluation of the maximum amount of water
stored in the soil and available for growing crops has practical
relevance to estimate crop water requirements and to manage
irrigation scheduling (Bittelli and Flury 2009). The problem is
significant not only in India, where approximately 70 million ha
are vertisols, but also in other tropical, subtropical, and warm
temperate zones of the world, where vertisols and associated soils
cover approximately 257 million ha of the Earth’s surface (Dudal
and Bramao 1965).

In the original paper, AWC was evaluated according to the
volumetric water contents, θ, at matric potentials of −33 and
−1,500 kPa obtained on the basis of soil water retention curves’
parameters. Such parameters were estimated either on measured
data or on PTFs built using two different techniques, i.e., the
artificial neural networks (ANNs)—based regression (Shaap et al.
1998; Minasny et al. 1999) and the k-nearest neighbor (k-NN)
approach (Nemes et al. 2006).

Initially the authors, considering the unpublished database
developed by Pal et al. (2003), identified the four best parametric
functions able to describe the soil water retention curves (SWRCs)
of vertisols. The considered database contains a detailed physical
characterization of 26 different Indian soil profiles collected in dif-
ferent regions, including soil particle size distribution determined
with the pipette method, and seven points of SWRC obtained on
sieved soil samples with pressure plate apparatus in the range of
soil matric potential variable between −33 and −1,500 kPa.

Agreeing with the authors’ conclusions, the discussers believe
that the parameters of the different functions expressing the SWRC
and the consequent evaluation of the models’ performance are
affected by the lack of experimental data on soil water contents
close to saturation and also by the neglected variation of soil bulk
density (BD) with water content. Furthermore, the technique used
to determine soil water content at matric potentials of −33 and

−100 kPa could also have affected the final results. For those
values of matric potential, in fact, soil water retention characteris-
tics must be determined on undisturbed soil samples for which
the original pore geometry is maintained, while the use of pressure
plate apparatus on disturbed soil samples is appropriate for
values of soil matric potential lower than −100 kPa (Dirksen 1999;
Cresswell et al. 2008).

Moreover, according to the information provided in the original
paper, soil bulk density should have been determined on thin
undisturbed soil blocks 8-cm long, 6-cm wide, and 5-cm thick;
even if it is not indicated in the original paper, the discussers sup-
pose that those values were considered to evaluate volumetric soil
water contents from measured gravimetric water contents.

Actually, the physical properties of vertisols are strongly influ-
enced by the soil water content. In fact, changes in soil volume
occur as a consequence of change in soil water content and, after
long dry periods, deep and wide cracks can be visible in the soil.
These volumetric changes determine variation in soil pores’ geom-
etry during drying or wetting processes, affecting the soil bulk
density–water content relationship (Allbrook 1993), and conse-
quently the water stored in the soil profile. According to Mitchell
(1992), the volume changes can be expressed through the so-called
“soil shrinkage characteristic curve” (SSCC), representing the
relationship between specific volume of soil (ν) and gravimetric
water content (U). Since Haines (1923), numerous researches have
been focusing on experimental methodologies to measure the
SSCC, on evaluation of its parameters using simplified procedures
(Crescimanno and Provenzano 1999), and on errors on estima-
tion of volumetric soil water contents when SSCC is neglected
(Crescimanno and Provenzano 1995).

Ignoring increasing soil bulk density at decreasing soil moisture
can cause an overestimation of AWC, with differences rising at
increasing percentages of swelling clays in the soil.

In order to assess the errors in AWC obtained when neglecting
the soil bulk density variations, the discussers will present some
experimental data obtained on 25 swelling soils, most of which
were vertisols, extracted from a bigger unpublished database
collected in the Delia River catchment (southwest of Sicily, Italy),
where vineyards and olive orchards are the main crops. The soils
are characterized by clay contents ranging from 18 to 65% and soil
BD ranging between a minimum of 1.07 g=cm3 at saturation and a
maximum of 1.89 g=cm3 obtained after oven-drying the samples.

For each site, two undisturbed cylindrical cores, 8-cm diameter
and 5-cm high, were collected in order to measure SWRCs and
SSCCs. Soil particle distributions were initially determined by
sieving and sedimentation with the ASTM 152H hydrometer.
The hanging water column apparatus was used to determine on
undisturbed samples gravimetric water contents (U) corresponding
to pressure heads (h) equal to −0.1, −0.5, −1.0, −4.0, −7.0, and
−12.0 kPa. Pressure plate apparatus with sieved soil samples (5-cm
diameter and 1-cm height) allowed evaluation of U for h values
equal to −33, −100, −300, and −1,500 kPa. On the same undis-
turbed samples, SSCCs were determined during a drying period
from saturation to oven dry. Immediately after weighting the
samples, vertical shrinkage was measured on nine marked surface
positions with a dial vernier caliper bolted to a fixed bar, allowing
a precision of 0.1 mm. When the samples were approaching air-
dryness condition, the samplers were removed and the circumfer-
ence of the cores measured with a flexible tape. The soil samples
were finally oven dried and the vertical shrinkage remeasured.
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For each soil water content, the value of soil-specific volume was
determined according to a geometry factor, accounting for the
relative amount of vertical shrinkage caused by the changes in total
volume (Bronswijk 1990).

Table 1 shows the summary of physical properties of the inves-
tigated soils, including the values of soil BD (g cm−3), and gravi-
metric water content, U (g g−1), obtained at −33 and −1,500 kPa.
For the considered soil properties the corresponding standard error
(SE), coefficient of variation (CV) minimums and maximums are
also indicated.

Crescimanno and Provenzano (1999), to avoid the time-
consuming experimental measurements necessary to determine
the SSCC, proposed a simple linear regression model to calculate
the specific volume in the range of water contents between satu-
ration and air dry. The slope of the line can be predicted on the
basis of the soil clay content, C (%) according to the following
relationship obtained on soil cores:

n ¼ 0.0494þ 0.116C ð1Þ

characterized by a correlation coefficient equal to 0.90 and a stan-
dard error of estimate of 0.093. Moreover, the knowledge of the
specific volume, νsat, at saturation (U ¼ Us), is equal to

νsat ¼ Us þ
1

D
ð2Þ

whereD = soil particles’ density, which allows the prediction of the
entire νðUÞ relationship as

Table 1. Summary of Physical Properties of the Investigated Soils

Soil property Mean SE CV Minimum Maximum

Sand (%) 24.2 11.7 0.48 2.0 42.8
Silt (%) 32.7 6.5 0.20 22.7 44.9
Clay (%) 43.0 12.5 0.29 18.0 65.3
Organic matter (%) 1.60 0.4 0.28 0.48 2.31
BD at −0.1 kPa (g cm−3) 1.20 0.08 0.06 1.09 1.43
BD at −33 kPa (g cm−3) 1.32 0.07 0.05 1.21 1.52
BD at −1,500 kPa (g cm−3) 1.45 0.09 0.06 1.26 1.62
U at −33 kPa (g g−1) 0.31 0.06 0.21 0.18 0.42
U at −1,500 kPa (g g−1) 0.13 0.00 0.02 0.18 0.42
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Fig. 1. SSCCs experimentally obtained and linear predictive model
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Fig. 2. Measured and predicted slope, n, of the soil shrinkage charac-
teristic curve; standard error of estimate is equal to 0.093
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ν ¼ Us þ
1

D
− nðUs − UÞ ð3Þ

Fig. 1 shows the SSCCs experimentally obtained for four of the
considered samples characterized by different clay content and the
linear model represented by Eq. (3), being the slope n predicted
with Eq. (1), on the basis of the clay content. In order to confirm
the predictive regression model on an independent data set for all

the soils considered in this discussion, Fig. 2 shows the measured
and predicted slope of the shrinkage curve, whereas Fig. 3 illus-
trates the comparison between measured specific volume at satu-
ration and the corresponding values predicted by Eq. (2).

Despite the slight overestimation observed in the estimates of n
and νsat, in absence of measured SSCCs, Eqs. (1)–(3) can be con-
sidered a quite simple tool to estimate the specific volume as a
function of the soil water content once the soil clay content is
known. This approach allows consideration of the shrinkage behav-
ior in laboratory-determined SWRCs.

For the examined soil samples, Fig. 4 shows the comparison
between the SWRCs obtained, taking into account the variations
of the soil bulk density (BDvar), with those determined under
the hypotheses of a constant value of bulk density (BDconst),
measured on saturated soil. The van Genuchten model was used
to fit the available data pairs. As can be observed in Fig. 4, for each
sample and for a fixed soil matric potential, the volumetric water
content calculated considering the soil shrinkage (BDvar) is higher
than the corresponding value obtained supposing the soil bulk
density is constant (BDconst). These differences in volumetric water
contents are equal to zero for θ ¼ θsat and increase at decreasing θ
due to the increasing bulk density. Moreover, the higher the clay
content for a fixed matric potential, the more evident is the differ-
ence between volumetric water contents calculated under variable
and constant bulk density. Considering all the investigated soils,
Fig. 5 shows the comparison between AWC values obtained as
the difference between θ−33 kPa and θ−1,500 kPa calculated with
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Fig. 3. Comparison between measured specific volume at saturation,
νsat, with the corresponding values predicted by Eq. (2)
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Fig. 4. SWRCs obtained accounting for and neglecting the variations of the soil bulk volume; van Genuchten model was used to fit the data
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BDvar and BDconst. As can be observed, neglecting the variation of
the soil bulk density can produce an overestimation of AWC.

Fig. 6 shows the errors in AWC as a function of the clay content
of the sample. Errors were calculated as the difference between
AWC obtained considering constant and variable bulk density
and expressed as percentage of the latter value. As can be observed
in the figure, for clay content higher than approximately 40%, the
errors on AWC tend to increase with the clay percentage, reaching a
maximum value of approximately 30% when the clay content
results are slightly higher than 65%.

For the examined reasons, despite the limits associated with the
fitting of SWRC in absence of measurements close to saturation,
the suggested procedure should be considered by the authors in
order to improve the quality of the database used to evaluate AWC.
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Soil water retention characteristics (SWRCs) must be determined
on undisturbed soil samples, for which the original pore geometry
is maintained. However, pressure plate analysis to obtain SWRCs
as reported in the original paper was done long before the authors’
work on SWRC functions and pedotransfer functions (PTFs).
The authors realized this lacunae much later. A partial correction
was done when the lead author analyzed SWRCs of waterlogged
vertisols (Patil et al. 2010).

Because soils of the study area were of a shrink–swell type
(smectitic clay), measurements on water retention at various
suction points were corrected for overburden caused by soil swell-
ing. Coefficient of linear extensibility (COLE) was calculated as
suggested by Schafer and Singer (1976) as follows:

COLE ¼ ðLm × LdÞ ¼ Ld ð1Þ
where Lm = moist soil-cylinder length (mm); and Ld = dry
soil-cylinder length (mm). Soil porosity was assumed at 0.5 for
calculating overburden caused by swelling. At each suction point,
water-retaining pores were calculated using a standard capillary
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Fig. 5. Comparison between AWC values obtained considering con-
stant and variable soil bulk density
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equation. Positive potential created by the overburden of water
retained in the swelled portion was calculated as a product of
the mass of water in pores (g) and linear swelling (mm=mm). These
values were converted to pascals and added to the applied equilib-
rium pressure. Soil water characteristics curves were thus obtained
using the corrected nine-point data applying varied suction. Soil
bulk density was determined from undisturbed soil samples (core
samples).

Because the study soils exhibited shrink–swell characteristics, it
would be pertinent to estimate a soil shrinkage characteristics curve
(SSCC) and calibrate PTFs with and without consideration to
shrinkage. Such analysis will provide an insight to the hydraulic
behavior of these soils in general and functions describing SWRC.
Crescimanno and Provenzano (1999) have proposed a simple
linear-regression model to calculate the specific volume in the
range of water contents between saturation and air dry. The slope
of the line can be predicted on the basis of the soil clay content,
Cð%Þ, according to the following relationship obtained on soil
cores:

n ¼ 0.0494þ 0.116 C ð2Þ
characterized by a correlation coefficient equal to 0.90 and a stan-
dard error of estimate of 0.093. Moreover, the knowledge of the
specific volume, νs, at saturation (U ¼ Us), equal to

νs ¼ Us þ 1=D ð3Þ
where D = soil particles’ density, allows the prediction of the entire
νðUÞ relationship as

ν ¼ Us þ 1=D − nðUs −UÞ ð4Þ
SSCC analysis was not performed or reported in the original

paper, but because the soils are high in clay content the use of
the previous equation will definitely alter the original available
water capacity (AWC) database, leading to changes in the PTFs
and estimates obtained. It would be interesting to see qualitative
changes in the database.
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The author is complimented for attempting to develop a general
formulation for all types of weirs including rectangular sharp-
crested and broad-crested weirs, oblique weirs, labyrinth weirs,
triangular sharp-crested (Thomson) weirs, and sharp-crested weirs
with parabolic profiles, using dimensional considerations and the
incomplete self-similarity theory. In his formulation, as presented
in Eqs. (3)–(5) of the paper under discussion, for rectangular
weirs, ks could be seen to be equal to the critical depth. Then
Eq. (5) becomes simply h ¼ byc, where b depends on h=p for
sharp-crested weirs. For rectangular weirs of finite crest length,
from the recent work of Azimi and Rajaratnam (2009), it appears
that b will depend upon h=L in addition to h=p where L is the
length of the weir in the direction of flow.

For a sharp-crested weir, according to the Rehbock correlation
(Kandaswamy and Rouse 1957)

CD ¼ 0.605þ 0.08
h
P

ð1Þ

This formulation does not work for relatively smaller weir
heights. Swamee (1988) developed the following correlation for
the whole range of weir heights as
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Fig. 1. Comparison of the head-critical depth ratio for sharp-crested
weirs
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