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Abstract

Direct determination of soil hydraulic properties is often costly and laborious hence the use of indirect methods such as pedotransfer functions
(PTFs). Despite progress made in PTF development in general, little evaluation of PTFs has been done for the sandy soils of Niger. We tested the
ability of three PTFs, (Campbell, van Genuchten, and Vauclin) to determine soil water retention and unsaturated hydraulic conductivity (K) for
sandy soils at two villages (Banizoumbou and Bagoua) in Niger. Modeled K was compared to K estimated from neutron probe readings at 1.4 m;
and modeled moisture retention was compared to lab measurements derived from the hanging water column method and pressure plate apparatus
for the following depth intervals: 0–30, 30–60, and N60 cm at Banizoumbou; and 0–30, 30–120, and N120 cm at Bagoua. The Campbell PTF
resulted in lower root mean square error (RMSE) (0.05–0.06 m3 m−3) for soil moisture retention for the three depth intervals at the two sites and
performed better than the van Genuchten function (RMSE 0.06–0.07 m3 m− 3) for Bagoua soils which had higher sand content. The van
Genuchten PTF consistently overestimated dry regime moisture retention for the three depth intervals especially at Bagoua but performed well for
the wet regime. The Campbell and Vauclin PTFs underestimated K (RMSE 0.61–1.01 mm d− 1) at both sites whereas the van Genuchten model
was close to field measurements (RMSE 0.26–0.47 mm d−1). These results show that the Campbell model is a cheaper alternative to direct
measurement of moisture retention and the van Genuchten function can be used to estimate K for Niger's sandy soils with modest accuracy.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Soil hydraulic properties such as the moisture retention curve
and hydraulic conductivity (K) control storage and flux of water
in soil making them crucial input parameters in water and solute
transport modeling. Knowledge of these properties is needed in
many field studies dealing with irrigation and drainage
management. Field determination of K and moisture retention
curves is often laborious and costly (van Genuchten and Leij,
Abbreviations: K, hydraulic conductivity; Ks, saturated hydraulic conduc-
tivity; PTF, pedotransfer function; RMSE, root mean square error.
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1992) while the K values so determined do not capture the
spatial variability under field conditions (Warrick and Nielsen,
1980; Wilding, 1984). This has led to the development and
widespread use of indirect methods (Campbell, 1974; van
Genuchten, 1980; Rawls et al., 1982; Haverkamp and Parlange,
1986; Vereecken et al., 1989; van Genuchten and Leij, 1992;
Rawls et al., 1998; Elsenbeer, 2001; Sobieraj et al., 2001;
Suleiman and Ritchie, 2001; Wösten et al., 2001) which are
classified as pedotransfer functions (PTFs), which were
intended to translate easily measured soil properties, like bulk
density, particle size distribution, and organic matter content,
into soil hydraulic properties.

PTFs can be categorized into three main groups namely class
PTFs, continuous PTFs and neural networks (Schaap, 1999).
Class PTFs calculate hydraulic properties for a textural class
(e.g. sand) by assuming that similar soils have similar hydraulic

https://core.ac.uk/display/219473061?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:vamanyame@yahoo.com
http://dx.doi.org/10.1016/j.geoderma.2007.07.006


408 C. Manyame et al. / Geoderma 141 (2007) 407–415
properties; continuous PTFs on the other hand, use measured
percentages of clay, silt, sand and organic matter content to
provide continuously varying hydraulic properties across the
textural triangle (Wösten et al., 1995). Neural networks are an
“attempt to build a mathematical model that supposedly works
in an analogous way to the human brain” (Minasny and
McBratney, 2002) and were developed to improve the
predictions of empirical PTFs (Schaap and Bouten, 1996;
Sobieraj et al., 2001; Minasny and McBratney, 2002). In brief, a
neural network consists of an input, a hidden, and an output
layer all containing “nodes”. The number of nodes in input (soil
bulk density, soil particle size data) and output (soil hydraulic
properties) layers corresponds to the number of input and output
variables of the model (Schaap and Bouten, 1996). The major
advantage of neural networks over the two groups of PTFs
described earlier is that they do not require an a-priori concept
of the relations between input and output data (Schaap and Leij,
1998). The optimal relations that link input data to output data
are obtained and implemented in an iterative calibration
procedure (Schaap et al., 2001).

An apparent limitation with the first group of PTFs is the fact
that they provide an average value of a hydraulic characteristic
for each textural class when, in fact, there may be a considerable
range of values within a single textural class (Hodnett and
Tomasella, 2002).

Some PTFs have been incorporated into standalone computer
programs like ROSETTA (Schaap et al., 2001) and SOILPAR
(Acutis and Donatelli, 2003). ROSETTA uses a neural network
and bootstrap approach for parameter prediction and uncertainty
analysis respectively while SOILPAR provides 15 PTF
procedures, classified as point and function PTFs, for parameter
estimation. In SOILPAR, point PTFs estimate specific points of
interest on the moisture retention curve and or Ks whereas
function PTFs estimate the parameters of retention functions.
Function PTFs implement the following four methods: (1)
Rawls and Brakensiek (1989), to estimate Brooks and Corey
(1964) function parameters; (2) Vereecken et al. (1989), to
estimate van Genuchten (1980) function parameters; (3) Camp-
bell (1985) to estimate Campbell function parameters (Camp-
bell, 1974) and; (4) Mayr and Jarvis (1999), to estimate
parameters of the Hutson and Cass (1987) modification of the
Campbell function. These four methods require PSD and bulk
density as input. The Mayr and Jarvis (1999), and Vereecken
et al. (1989) methods also require organic carbon content as
input. Unlike ROSETTA, SOILPAR does not perform uncer-
tainty analysis for parameter estimation and hence we used it
only to estimate the Campbell parameters which ROSETTA, on
the other hand, does not estimate.

In general, the performance of PTFs has been shown to be
largely dependant on the data used for their calibration (Schaap and
Leij, 1998), and caution should always be exercised when using
them. This is especially true if predictions are being made for soils
that are outside the range of soils used in deriving the PTFs. This
has been shown to lead to poor or even inaccurate predictions
(Cornelis et al., 2001; Wagner et al., 2001; Wösten et al., 2001;
Hodnett and Tomasella, 2002). Spatial variability in soil properties
may also decrease the accuracy of predictionsmade by PTFs as has
been shown for saturated hydraulic conductivity, Ks (Tietje and
Hennings, 1996; Sobieraj et al., 2001).

Although progress has been made in the development and
use of PTFs to estimate soil hydraulic properties in general, to
our knowledge there has been very little evaluation of PTFs on
the sandy soils of the West African Sahel. Substantial studies of
soil hydraulic properties of these soils are available, however,
(Vachaud et al., 1978; Hartmann and Gandah, 1982; Vauclin
et al., 1983a; Payne et al., 1991) such that evaluation of PTFs
for this region should be possible.

This study was carried out to evaluate the performance and
suitability of some published PTF models for estimating the
moisture retention and K–theta curves of sandy soils in the
Fakara region of southwestern Niger. For moisture retention
curves, we used the van Genuchten and Campbell models and
for K–theta curves we used the van Genuchten, Campbell, and
Vauclin models. We then compared both the moisture retention
and K–theta curves estimated by the models to those previously
published for sandy soils from Niger and or from the same
region. The functional hydraulic properties so determined,
would then be an important resource for modeling and
understanding the water balance of farmers' fields in the Fakara.

The van Genuchten and Campbell PTF models were selected
for this study because they have been widely used and evaluated
for a wide range of soil types (Khaleel et al., 1995; Rockström et
al., 1998; Schaap and Leij, 2000; Cornelis et al., 2001; Wagner
et al., 2001; Amayreh et al., 2003). The Vauclin PTF model was
originally developed for sandy soils of Senegal (Vauclin et al.,
1983a) and later successfully used for Niger sandy soils with
similar properties (Klaij and Vachaud, 1992). The direct method
of estimating K from neutron probe measurements (Green et al.,
1986), as modified by Klaij and Vachaud (1992), was used as a
reference to evaluate the reliability of the Vauclin, van
Genuchten and Campbell PTFs in estimating K.

2. Materials and methods

2.1. Pedotransfer models for soil moisture retention and
hydraulic conductivity

2.1.1. The van Genuchten functions
The van Genuchten (1980) moisture retention curve function

can be represented by

h wð Þ ¼ hr þ hs � hrð Þ= 1þ awð Þn½ �1�1=n
; ð1Þ

where θ(ψ) is the measured volumetric water content (cm3

cm− 3) at suction ψ (cm); θr and θs are residual and saturation
moisture content respectively; α (cm− 1) is related to the inverse
of air entry suction. In Eq. (1), large values of α indicate
conditions typical of sands, where very small negative heads
empty pores creating a relatively large change in water content.
The dimensionless n controls the steepness of the S-shaped
retention curve (Wösten et al., 1995). The van Genuchten
moisture retention parameters, θr, θs, α, and n were estimated
from field measured particle size and bulk density using
ROSETTA software (Schaap et al., 2001).
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Combining Eq. (1) and Mualem's (1976) pore-size model
results in the following expression for K as a function of
effective saturation (Se) (van Genuchten, 1980)

K Seð Þ ¼ KoS
L
e 1� 1� Sn= n�1ð Þ

e

h i1�1=n
� �2

; ð2Þ

and Se, is

Se ¼ h wð Þ � hr= hs � hrð Þ: ð3Þ
In Eq. (2), Ko (cm d− 1) is a fitted matching point at saturation
which is similar but not necessarily equal to saturated hydraulic
conductivity Ks, while L is an empirical parameter. The
parameters Ko and L were also estimated from field measure-
ments of bulk density and soil particle size using ROSETTA
(Schaap and Leij, 1998; Schaap et al., 2001).

2.1.2. The Vauclin model
The Vauclin model (Vauclin et al., 1983a) was derived from a

study on Senegalese sandy soils with clay plus fine silt contents
ranging from 3.5 to 12.0%. Hydraulic conductivity values
obtained from the instantaneous profile method (Watson, 1966)
were used to model K using the following function,

K hð Þ ¼ Ko h=hoð Þb; ð4Þ
where K(θ) (cm h− 1) is the hydraulic conductivity at moisture
content θ (m3 m− 3), Ko (cm h−1) is the hydraulic conductivity
at final infiltration, β is a dimensionless shape parameter and θo
(m3 m−3) is the apparent saturated soil moisture content at final
infiltration. The θo value was taken as the lab measured
moisture content at saturation, θs. The Vauclin Ko and β
parameters were calculated using the following functions,

Ko ¼ 28:42� 1:5:34 Clayþ FineSiltð Þ ð5Þ
and

b ¼ 3:67þ 0:437 Clayþ FineSiltð Þ ð6Þ
where Ko is in cm h−1, Clay is the clay content (b2.0 μm
fraction, %) and FineSilt is the fine silt content (2.0 to 20.0 μm
fraction, %). The Vauclin model has been used in water balance
studies on sandy soils in Nigeria (Grema and Hess, 1994), and
Table 1
Particle size and bulk density data at Banizoumbou

Depth 2000–200 μm SE 200–50 μm SE 50–20 μm

cm g kg−1

0–10 449.3 9.7 490.5 9.4 19.3
10–20 429.6 9.7 497.2 7.8 14.7
20–30 425.9 11.8 482.4 12.7 15.7
30–60 429.4 6.4 467.5 8.9 13.7
60–90 424.5 9.6 469.6 10.8 13.2
90–120 425.2 10.0 470.4 12.5 10.0
120–150 420.9 15.2 475.4 15.8 11.7
150–180 402.8 8.6 489.8 11.2 14.1
180–210 400.2 7.0 494.9 5.7 11.5

Particle size data represents a mean of five cores.
SE, Standard error.
in Niger (Klaij and Vachaud, 1992) yielding K values very close
to measured values.

2.1.3. The Campbell models
The Campbell equation for moisture retention is represented by

wm ¼ we h=hsð Þ�b; ð7Þ
where θ is volumetric water content (m3 m− 3), and θs is the
saturation water content (m3 m− 3). The parameters ψm and
ψe (-j kg

− 1) are soil matric potential and air entry water potential
respectively and b is the slope of loge ψm vs. loge h. Campbell and
Norman (1998) also proposed a function for determining K as

K hð Þ ¼ Ks h=hsð Þ2bþ3; ð8Þ

where K(θ)and Ks are unsaturated and saturated hydraulic
conductivities respectively, and b is the same as in Eq. (7). Using
field measured PSD and bulk density data, we estimated the
Campbell model parameter values (ψe, Ks, and b) using the
Campbell PTF in SOILPAR (Acutis and Donatelli, 2003), while θs
was measured in the lab.

2.2. Site description and soil sampling strategy

The two study sites were Banizoumbou and Bagoua in the
Fakara region of southwestern Niger. Banizoumbou is a village
located at coordinates 13°31′N and 2°39′E, 65 km east of
Niger's capital city, Niamey. The second village, Bagoua, is
located at 2°46′E and 13°29′N, 12 km south east of
Banizoumbou. The climate of the Fakara is hot and semi-arid
with a unimodal rainfall distribution. Most of the rain falls
between June and September, with an average of 500 mm (Le
Barbe and Lebel, 1997). Soils in the study sites are classified as
Psammentic Kandiustalfs (Soil Survey Staff, 1975; Heil et al.,
1997) and pearl millet [Pennisetum glaucum (L.) Br.] is the
major crop grown in the two villages. Soil sampling was done
using a stratified random sampling method where a 90×30 m
plot was subdivided into three 30×30 m subplots. For particle
size distribution, soils were sampled randomly from each of
these subplots using a push auger with 5 cm diameter, at the
following depths: 0–30 cm at 10 cm intervals; and 30–210 cm
SE 20–2 μm SE b2 μm SE Bulk density SE

g cm−3

2.3 9.7 1.1 31.6 3.5 1.40 0.00
2.8 15.7 2.7 42.6 2.4 1.43 0.01
1.8 12.6 1.9 63.4 2.7 1.49 0.00
2.9 12.0 1.0 77.4 3.2 1.41 0.02
2.4 10.7 2.5 82.0 4.6 1.50 0.01
1.3 7.6 0.9 86.9 5.8 1.48 0.00
1.5 10.6 1.4 81.6 6.2 1.48 0.03
1.2 7.8 1.2 85.6 5.3 1.50 0.02
1.3 9.9 1.3 83.6 4.8 1.53 0.00



Table 2
Particle size and bulk density data at Bagoua

Depth 2000–200 μm SE 200–50 μm SE 50–20 μm SE 20–2 μm SE b2 μm SE Bulk density SE

cm g kg−1 g cm−3

0–10 488.3 16.1 463.3 14.1 14.3 1.4 9.5 1.0 25.4 1.6 1.54 0.00
10–20 471.8 6.9 469.2 6.4 14.0 0.8 9.3 0.8 35.9 1.8 1.64 0.01
20–30 450.5 10.3 481.3 9.3 12.5 0.9 8.9 0.5 47.2 2.2 1.55 0.00
30–60 456.2 4.4 469.0 5.9 12.8 0.6 7.7 0.6 55.0 1.9 1.55 0.03
60–90 446.2 6.4 479.7 5.2 12.3 1.7 7.3 0.6 55.0 2.0 1.49 0.03
90–120 455.1 10.8 474.5 11.6 12.1 1.6 6.0 0.5 52.6 1.7 1.54 0.01
120–150 435.2 11.3 497.2 10.0 12.4 0.8 6.0 0.3 50.1 2.0 1.44 0.02
150–180 416.6 9.5 517.4 8.8 13.7 1.3 6.2 0.2 47.3 2.0 1.52 0.04
180–210 401.1 12.9 535.4 13.0 13.5 1.7 5.8 0.5 44.9 2.5 1.43 0.02

Particle size data represents a mean of five cores.
SE, Standard error.
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at 30 cm intervals. The samples were then bulked according to
depth resulting in nine samples per plot. Soil bulk density
samples were collected in duplicate using a 100 cm3 core from
profile pits dug at the two sites and from the same depths as for
particle size analysis. Because clay content increased with
depth, especially at Banizoumbou, soil profiles at the two sites
were divided into three horizons based on clay content resulting
in the following depth intervals; 0–30; 30–120; and N120 cm at
Bagoua; 0–30; 30–60; and N60 cm at Banizoumbou.
Composite samples for moisture retention were then collected
from the three depth intervals at each site.

Particle size distribution was measured on the following
fractions, 2000–200, 200–50, 50–20, 20–2, and b2 μm using
the pipette method (Gee and Bauder, 1986).Measured soil bulk
density and particle size data were used as input for ROSETTA,
SOILPAR, and the Vauclin PTF to estimate the van Genuchten
(Mualem, 1976; van Genuchten, 1980), Campbell (Campbell,
1974; Campbell and Norman, 1998), and Vauclin (Vauclin et
al., 1983a) parameters respectively. The derived model para-
Table 3
Input parameters for moisture retention curves for Banizoumbou

Depth (cm) 0–30 30–60 N60

Soil property Sand (g kg−1) 925.0 896.9 894.7
Silt (g kg−1) 29.1 25.7 21.4
Clay (g kg−1) 45.9 77.4 83.9
Bulk density (g cm−3) 1.41 1.41 1.50

van
Genuchten

θr (cm
3 cm−3) 0.05

(0.0049)
0.06
(0.0066)

0.06
(0.0061)

θs (cm
3 cm−3) 0.42

(0.0062)
0.42
(0.0079)

0.40
(0.0065)

α (cm−1) 0.03
(0.0487)

0.03
(0.0650)

0.03
(0.0581)

L 0.84
(0.4741)

0.80
(0.5031)

0.84
(0.5004)

n 2.85
(0.0177)

2.39
(0.0218)

2.37
(0.0196)

Ko (cm d−1) 23.74
(0.2294)

21.14
(0.2358)

17.22
(0.2364)

Campbell ψe (-j kg
−1) 0.69 0.78 0.90

b 2.17 2.71 2.83
Ks (mm h−1) 73.43 56.65 42.94

Estimation uncertainty for van Genuchten model parameter values in parentheses.
meters were then used to model moisture retention curves using
the van Genuchten and Campbell models, and K–theta curves
using the van Genuchten, Campbell and Vauclin models. We
then compared the modeled moisture retention curves with
those determined on repacked soil cores in the lab using the
hanging water column method (Klute, 1986) for low suction
ranges (0–6 kPa) and published pressure plate data for high
suction ranges (33, 300 and 1500 kPa) for Niger sandy soils
with similar properties (Payne, 1987). We also compared K–
theta curves modeled by the van Genuchten, Campbell, and
Vauclin functions to those derived using Klaij and Vachaud's
method (Klaij and Vachaud, 1992) from neutron probe
measurements in farmers' fields. Additionally, the root mean
square error (RMSE) was computed between the modeled and
field determined moisture retention and K–theta curves.

To measure the soil volumetric moisture content, aluminum
access tubes were installed in the centers of 10×10 m plots
sown to pearl millet at both sites. Each plot had one access tube.
Soil profile volumetric moisture content was then measured to a
Table 4
Input parameters for moisture retention curves for Bagoua

Depth (cm) 0–30 30–120 N120

Soil property Sand (g kg−1) 941.5 926.7 934.0
Silt (g kg−1) 22.4 19.1 19.0
Clay (g kg−1) 36.1 54.2 47.0
Bulk density (g cm−3) 1.58 1.53 1.46

van
Genuchten

θr (cm
3 cm−3) 0.05

(0.0040)
0.06
(0.0043)

0.06
(0.0052)

θs (cm
3 cm−3) 0.36

(0.0048)
0.38
(0.0048)

0.40
(0.0055)

α (cm−1) 0.03
(0.0347)

0.03
(0.0384)

0.03
(0.0451)

L 0.91
(0.4945)

0.90
(0.4664)

0.88
(0.4613)

n 3.19
(0.0131)

2.91
(0.0134)

3.05
(0.0181)

Ko (cm d−1) 19.91
(1.7624)

17.95
(1.7140)

20.35
(1.6869)

Campbell ψe (-j kg
−1) 0.75 0.79 0.71

b 1.97 2.25 2.13
Ks (mm h−1) 61.39 56.27 68.98

Estimation uncertainty for van Genuchten model parameter values in parentheses.



Table 5
Input parameters for unsaturated hydraulic conductivity at 1.4 m soil depth for
Banizoumbou and Bagoua

Model Parameter Banizoumbou Bagoua

van Genuchten L 0.84 (0.5128) 0.87 (0.4642)
N 2.40 (1.0481) 2.98 (1.0418)
Ko (cm d−1) 17.76 (1.1768) 20.70 (1.6873)

Campbell ψe (-j kg
−1) 0.87 0.70

b 2.78 2.18
Ks (mm h−1) 46.28 70.03

Vauclin b 7.50 5.90
Ko (cm h−1) 15.10 20.40

Estimation uncertainty for van Genuchten model parameter values in
parentheses.

Fig. 1. Estimation of moisture retention curves by van Genuchten and Campbell
models compared with measured values of the soil profile at Banizoumbou.
Suction units are kPa.
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depth, Zm, of 1.8 m in each of the plots using a field calibrated
neutron probe (IH II Probe, Didcot Instrument Co., UK). A
calibration curve was developed for each of the following
depths; 0–15 cm; 15–30 cm and N30 cm. Although neutron
probes are known to lose resolution near the surface because of
escaping neutrons (Holmes, 1956), satisfactory curves were
obtained near the surface (r2 =0.99 for 15 cm; 0.98 for both the
15–30 cm and N30 cm depth). Soil volumetric moisture content
(%) was calculated by

hv ¼ aþ b C=Csð Þ; ð10Þ

where θv is volumetric moisture content (%); a is the intercept
of the calibration curve; b is the slope of the curve; C is the
neutron count read by the neutron probe; and Cs is the standard
count. The standard count was obtained at the beginning of each
measurement date by taking a neutron probe reading in a drum
full of pure water. The amount of water stored in the profile was
calculated by the trapezoidal integration of the soil moisture
content values over the depth of the profile. The accuracy of the
trapezoidal estimates mainly depends on uncertainties associ-
ated with calibration (Vauclin et al., 1983b) and according to
Klaij and Vachaud (1992) is typically ±4 mm for 260 mm
storage (profile at field capacity).

We directly estimated K at the maximum rooting depth, Zr
(1.4 m) using the two stage method proposed by Klaij and
Vachaud (1992). Knowledge of K for this depth is needed to
calculate root zone drainage and other soil water balance terms
(Payne, 1997). In Klaij and Vachaud (1992), stage one
represents the beginning of the season when the soil is wetting
and the wetting front has not yet passed the bottom of the soil
profile (1.8 m). Stage two is the period when the wetting front
has reached the bottom of the profile. During stage one, if the
moisture content between the maximum rooting depth (1.4 m)
and the bottom of the profile (1.8 m), Srm, increases by▵S, then
it is assumed that the same amount of water must have drained
through that plane. A single K vs θ value of the soil hydraulic
function can be estimated using the following equation:

K hð Þa¼ �DrjHDt ð11Þ

where θa is the arithmetic mean of the soil water content at the
beginning (t= t1) and end of the time interval (t= t1+Δt)
measured at Z=Zr; Dr is the same as Srm; ▿H is the hydraulic
head gradient, which was assumed to be (−1) at both sites based
on results from earlier work in the region (Hartmann and
Gandah, 1982; Klaij and Vachaud, 1992). Vachaud et al. (1991)
found excellent correlation between K(θ) functions obtained
with and without the unit gradient assumption (i.e., with and
without tensiometric data) for coarse soils of Côte d'Ivoire,
Mali, and Senegal. We used Eq. (11) and repeated the
calculation for several time intervals per neutron probe during
stage one. The result was a set of K values at different θ,
creating a linear regression line.



Fig. 3. Unsaturated hydraulic conductivity curves estimated by the van Genuchten,
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The root mean square error was calculated as:

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

Xn
i¼1

ni � nVið Þ2
s

; ð12Þ

where ξi is the measured value, ξi′ is the predicted value and N
is the number of data points.

3. Results

3.1. Soil physical properties

Tables 1 and 2 summarize the soil particle size distribution
and bulk density data at the two sites. Generally, soil profile clay
Fig. 2. Estimation of moisture retention curves by van Genuchten and Campbell
models compared with measured values of the soil profile at Bagoua. Suction
units are kPa.

Campbell, and Vauclin models and compared with the Klaij and Vachaud field
method for the 1.4 m soil depth at Banizoumbou. Unsaturated hydraulic
conductivity units are mm d−1.
content at the two sites was low, and did not reach 90 g kg− 1

with Banizoumbou having higher clay content than Bagoua. At
Banizoumbou bulk density was lower, possibly for two reasons,
1) higher clay content and 2) termite activity.

3.2. Moisture retention curves

The van Genuchten and Campbell model parameter values
for moisture retention are presented in Tables 3 and 4 while
those for K are presented in Table 5. The moisture retention
curves for the three depth intervals at the two sites (Figs. 1
and 2) are typical of the sandy soils which dominate most of
southwestern Niger (Hoogmoed and Klaij, 1990; Payne et al.,
1991). Field capacity of these soils ranges from anywhere
between 0.12 and 0.16 m3 m−3 depending on clay content
(Payne, 1987; Payne et al., 1990; Rockström et al., 1998). In
this experiment, field capacity was reached at suctions (ψ)
below 10 kPa similar to what Rockström et al. (1998) measured
on similar soils in Niger and what Khaleel et al. (1995) reported
for coarse sands in the Columbia Basin; as suction was
increased to 50 kPa the soils rapidly drained to θb0.05 m3 m−3.
For the sandy soils in this study, the moisture retention curves
modeled by the van Genuchten model show a rapid decrease in
moisture with little increase in suction and hence a low water
holding capacity.

The Campbell model performed well for the 0–30 cm soil
depth at Banizoumbou (Fig. 1), with a RMSE of 0.05m3m−3. For
depths below 30 cm, the Campbell model tended to overestimate
ψ for θ between 0.05 and 0.20 m3 m−3 and had a RMSE of 0.05
and 0.04 m3 m−3 for 30–60 cm and N60 cm soil depth,
respectively. The overestimation of ψ at lower θ by the Campbell
model was also reported for a Walla Walla silt loam soil under
semi-arid conditions byChen and Payne (2001). At the dry region
of the moisture retention curve, the Campbell model predicted a
more gradual change in θ with change in ψ, which is actually not
typical of these sandy soils which have been shown to rapidly
drain with small changes inψ (Hoogmoed and Klaij, 1990; Payne
et al., 1991; Rockström et al., 1998). The van Genuchten model
overestimated moisture retention in the dry region for the three
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depth intervals (Figs. 1 and 2) but performed well for the wet
range especially for the 0–30 and 30–60 cm depth intervals. The
RMSE for the van Genuchten model for the 0–30 and 30–60 cm
depth intervals at Banizoumbou was 0.07 m3 m−3, and for the
N60 cm depth interval it was 0.06 m3 m−3.

At Bagoua (Fig. 2), the Campbell model gave a good
approximation of the moisture retention curve for the 0–30 cm
soil depth interval, with an overall RMSE of 0.04 m3 m−3. The
van Genuchten model also had an overall RMSE of 0.04 m3

m−3 for the 0–30 cm depth interval but it overestimated
moisture content for the dry region of the curve. For the 30–120
and N120 cm depth intervals, the Campbell model had an
RMSE of 0.06 m3 m−3 and overestimated ψ for θ between 0.05
and 0.15 m3 m−3. The van Genuchten model had an RMSE of
0.08 and 0.09 m3 m−3 for the 30–120 and N120 cm depth
intervals, respectively. As at Banizoumbou, the van Genuchten
model tended to overestimate dry end θ while performing better
for the wet end. Although the two models gave slightly different
moisture retention curves, they both expose the low water
holding capacity of the soils in the study sites, which is one of
the challenges subsistence farmers in the region have to contend
with for pearl millet production.

3.3. Unsaturated hydraulic conductivity

At Banizoumbou (Fig. 3), the van Genuchten model for K
was in excellent agreement with Klaij and Vachaud's field
method (RMSE 0.26 mm d−1). The van Genuchten K values
ranged from 0 to 5.3 mm d−1 for θ values of 0.04 to 0.10 m3

m−3. For the same range in moisture, the Campbell and Vauclin
models estimated negligible K (RMSE 1.01 and 0.88 mm d−1

respectively). For K, we calculated RMSE only for moisture
content values between 0.04 and 0.1 m3 m−3 to facilitate
comparison of the three models (see Figs. 3 and 4) since
moisture contents below 0.04 m3 m−3 would have greatly
distorted the RMSE for the van Genuchten model.

At Bagoua (Fig. 4), the van Genuchten model underestimated
K (RMSE 0.47 mm d−1) for the drier soil range but was still
Fig. 4. Unsaturated hydraulic conductivity curves estimated by the van Genuchten,
Campbell, and Vauclin models and compared with the Klaij and Vachaud field
method for the 1.4 m soil depth at Bagoua. Unsaturated hydraulic conductivity
units are mm d−1.
close to Klaij and Vachaud's field method. Payne (1987) also
showed that at moisture contents below 0.05 m3 m−3, K for these
sandy soils is negligible. While underestimating K, and subse-
quently root zone drainage, for dry soils (e.g. when θb0.05 m3

m−3) at our study sites may not be problematic, evapotranspiration
(ET) can be overestimated in water balance calculations whenK is
underestimated for wet soils or if the soils are at field capacity. At
this site, the Klaij and Vachaud field method estimated K ranging
from 0.2 to 2.5 mm d−1 for soil moisture ranging from 0.04 to
0.10 m3 m−3. The Vauclin model estimated K values from 0 to
1.3mmd−1 (RMSE0.61mmd−1). Estimates ofK by theKlaij and
Vachaud fieldmethod and the vanGenuchtenmodel at this site fall
within the range of what has been previously reported for other
sandy soils in the Sahelwith similar properties (Klaij andVachaud,
1992; Grema and Hess, 1994) whereas the Campbell model
resulted in consistently lower K (RMSE 0.91 mm d−1). From a
management point of view, results from the threemodels generally
show a rapidly decreasing K with decreasing moisture content,
which translates to low root zone drainage at lowmoisture content.

4. Discussion and conclusion

By using measured PSD and bulk density data to estimate PTF
parameter values, we managed to estimate functional hydraulic
properties for the study soils (moisture retention curve by the
Campbell model and K by the van Genuchten model) with
reasonable accuracy. The Campbell model appeared to be better
suited for estimatingmoisture retention for surface soils with high
sand content at both locations. Meissner (2004) studied the
relationship between soil properties of 294 soil samples in
Australia and parameters of the Campbell and van Genuchten
models. His soil samples had sand content ranging from 38.0 to
97.5%, clay content ranging from 2.0 to 46.5%, and silt content
ranging from 0.5 to 18.0%. He found that all the Campbell
parameters were strongly related to soil properties especially the
sand content and fine earth carbonate whereas only the n
parameter for the van Genuchten model showed any strong
relationship to sand content. The author concluded that although
both models were excellent in describing the functional
relationship between the soil moisture content and matric suction,
the Campbell model was more useful since its parameters were
more strongly correlated with easily measured soil parameters. In
this study, although the van Genuchten model consistently
overestimated moisture retention at the dry regime, it resulted in
better predictions for the wet regime at both sites and for all depth
intervals (Figs. 1 and 2). The general disagreement between the
van Genuchten and Campbell models was also reported for a
Walla Walla silt loam soil under semi-arid conditions (Chen and
Payne, 2001). The authors found that the Campbell model tended
to estimate higher suction as moisture content decreased below
0.30 m3 m−3. The large difference in Ks values used by the two
models (e.g. 23.74 cm d−1 for the van Genuchten model vs.
176.23 cm d−1 for the Campbell model at Banizoumbou) may
have caused the discrepancy in the water retention curves. Given
the labor, time and cost requirements for field measurements, the
Campbell model can be a faster and cheaper alternative for
estimating the moisture retention data.
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The K–theta curves derived from Klaij and Vachaud's direct
method at both sites were similar to those derived from neutron
probe readings and internal drainage experiments on similar
soils in Niger (Hartmann and Gandah, 1982; Hoogmoed and
Klaij, 1990; Payne et al., 1991) and in Senegal (Vachaud et al.,
1978; Vauclin et al., 1983a). The van Genuchten model
consistently estimated K values similar to Klaij and Vachaud's
direct method for the 1.4 m soil depth at both sites. The Campbell
model on the other hand, underestimatedK, making it a less likely
candidate for modeling K at the study sites or for similar soils
because this may lead to underestimation of root zone drainage in
water balance calculations.Wagner et al (2001) found that the
performance of the Campbell model could be greatly improved
when the particle size distribution data used in determining the
Campbell parameters are as detailed as possible and not just the
clay, silt and sand contents as used in this study. The Vauclin
model underestimated K especially for Banizoumbou which had
higher clay content. On the contrary, the Vauclin model gave
better results for the Bagoua soil which had higher sand content.

Although it has been generally accepted that the accuracy of
PTFs tends to increasewith an increase in the number ofmeasured
input parameters, this is not necessarily true. For example, in the
study by Schaap et al. (2004) comparing a total of 11 water
retention PTFs varying in amount of required input, the authors
did not show an overall superior model. In their study, models
with many calibration parameters were not necessarily better than
the more simple models. In this study we only used measured soil
texture and bulk density as PTF input and the resulting modeled
soil hydraulic properties were comparable to the measured
properties. Based on the results from this study, we can conclude
that the van Genuchten, Campbell, and Vauclin PTFs can be used
with minimum field measured input to model the hydraulic
properties of sandy soils in Niger with reasonable accuracy.
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