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ABSTRACT

The ring infiltrometer nmethod was used to neasure infiltration
rate of a savanna soil on a 60mtransect, at 2mintervals. This was
done with the aimof evaluating the magnitude of spatial variation
of infiltration over a field considered uniform interns of soil
type. Philip and Kostiakov's equations were enployed for
predicting infiltration rate of the soils in the field. Curve
fitting by regression techniques showed that infiltration of the
soi |l s are adequatel y descri bed by both equations (R > 0.98). There
was relatively high variation in infiltration rate wwth a mean of
27.4mm hr and a standard deviation of 15.25mmi hr. These val ues
were also log-normally distributed.
Infiltration rate was poorly correlated with bulk density (r =
0.32) and porosity (r = 0.32) but it was significantly correl ated
with macroporosity (r = 0.38%) at 5% level of significance.
Further analysis using autocorrel ograns, showed that the steady-
state infiltration rates for the 30 points/locations were spatially
I ndependent at the sanpling intervals of 2m

The mean and standard devi ati on val ues of saturated hydraulic
conductivity were 44.78mi hr and 37.27nmmi hr respectively. These
val ues gave rise to wide variation in conductivity nmeasured between
points. The variation was spatially independent with a | og-nornal
frequency distribution. Thus, it can be unreliable to use single
determned infiltration or hydraulic conductivity value as
representative of the field.

Due to the spatial independence of the data for these
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paraneters, 10 and 58 sanples are required to estinmate the nean
steady-state infiltration rate and hydraulic conductivity for the
study area, respectively. These sanple nunbers are obtained within

+ 10% of the popul ation nean at the 95% confi dence |evel assum ng

nornmal di stribution.
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CHAPTER ONE
1.0 INTRODUCTION

Lack of adequate water supply is a principal constraint to
crop production in the Nigerian Savanna (Jones and Wild, 197%,
Virmani et al., 1980; Lal, 1991; Maduakor, 1991; Cluwasemire,
1997). ‘Therefore, there is the need to carefully manage scarce
water resources for sustainable agricultural productivity in this
region (Lal, 1994).

The rainfall in this region is aggressive and erratic, thereby
making drought a natural phenomenon (Lal, 1991; Hoogmoed =t al
1991; Owonubi et al., 1991). The impact ¢f the rainarops from the
intensive rainfall on the poorly structured soils (Wilkinson, 1975;
Adeoye, 1986), can be minimized through appropriate management of
soil, crop and water ({(Lal, 1991). 1If the scarce water is to be
optimally utilized, a sound kncwledge of the physical and hydraulic
properties of the soil becomes essential (Sivakumar and Wallace,
1991) ., One principal determinant property is its infiltration
capacity.

Infiltration is one of the most important processes
controlling the fate of water over large areas of land in the
field. It is regarded as the key input in the development of a
sound soil water management and conservaticn practices. Apart from
playing a vital role in the distribution of water, it determines
the amount of runoff that will occur over the soil, and hence soil
erosion hazards (Babalola, 1986}. Proper knowledge of the rate a:
which different soils will take in water under different
conditions, is therefore important for planning water management
activities.

Infiltration and hydraulic properties have been shown to vary
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widely over space and time (Nielsen et al., 1973; Babalola, 1978;
Folorunso and Olorunju, 1986; Umorou and Babalola, 1986). This has
been attributed to surface and profile heterogeneities in physical
properties of seemingly similar soils. The spatial differences in
infiltration, call for site specific measurements even in a quite
uniform field. Therefore, for a realistic planning and use of
water resources, the spatial variability of infiltration must be
taken into account.

There have been some earlier works done on infiltration and
related properties of Samaru soils (Wilkinson, 1975; Aremu, 1979;
Kowal, 1970a; Ahmed, 1982; Babaji, 1982; Adeoye, 1983; Kureve,
1991). Kureve (1991) was the only one that skeletally considered
spatial variability of infiltration, in his study on the water
intake characteristics of a Savanna soil.

Scil variability has been recognized to occur over distances
of only meters in West Africa (Folorunso and Olorunju, 1986; Umouru
and Babalola, 1986; Chase et al, 1987; Kureve, 1991). In order to
obtain accurate picture of local soil hydrology, many measurements
are required. This justifies the need for this stﬁdy.

The study which has the goal of providing information to
enable a farmer decide, on whether or not, his field can be given
uniform agronomic management such as irrigation, has the following
objective: -

To measure infiltration and evaluate the magnitude of its
spatial variation over a field considered to be uniform for

agricultural purposes.
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CHAPTER TWO
2.0 LITERATURE REVIEW
Z.1 WATER MOVEMENT IN SOILS AND RELATED EQUATIONS

Movement of water in soils can be divided into two categeries,
namely (a) non saturated system, where the three phases of matter
(soil - air - water) exist, and {(b) saturated system where only the
solid and the liquid (soil - water) states of matter exist.

Most of the water movement in soil occurs when both water anc
alr are present in the pores i.e. unsaturated flow. This is true
even where water moves into the soil from ponded water at the
surface. This flow is so - called {(unsaturated flow) because water
entering at the soil surface does not saturate the soil below and
so moves through unsaturated soil. Saturated flow could also b
important. Water movement during drainage and in the grcound wate
system are obvious cases of saturated flow.

The saturated flow 1is easier to deal with because the
hydraulic conductivity (K) is a constant in this system., But the
value of K is not a constant in unsaturated flow because it
decreases as the water content decreases or as the soll wate:
potential (negative) decreases (Yong and Warkentin, 194f). The
continuity equation and Darcy’s Law describe water movement in tne
soil for both saturated and unsaturated conditions.

Infiltration is an example of unsaturated flow in the field
and is described by three variables, namely (a) infiltration rate,
i, (same as Darcian flux through the soil surface), time, t anc

cumulative infiltration, I. The three are related via the equation
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2.1.1 Darcy’s law

The Darcy's law expresses movement of water on a macroscopic
dimensional perspective. This is so because cf the complication of
microscopic description due to variation, irregularity, tortuosity,
discontinuity and complexity of pores. For one dimensicnal flow,

Darcy's equation is
dH
.'—--000 ---------- o-a|2
J in* (2)

where J is the flux, cm’.cm’.s’; dH is the hydraulic head difference
causing flow; x is the directional coordinate along which flow
takes place; K is a proportionality constant known as hydraulic
conductivity, cm s’'.

From (2) above, we can substitute J = Q/At, so that Darcy’'s

equation in terms of discharge rate Q becomes,

The unit area A = wR® (cm’)

2:1:2 Richard’s equation

The magnitude or direction of unsteady flow processes vary
with time and can therefore not be sufficiently described by
Darcy‘s law, which takes care of steady flow processes. The law of
conservation of matter expressed in the continuity eguation when

employed, solve such flow prcblem. The continuity eguation in cne

dimensional form is:
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where © is volumetric wetness. Inserting Darcy’s eguation ‘2

the continuity equation {4), gives the general flow eguation.

66: ...6_!3’ 5
5t (Kbx) ......... i % ¥ e § ¢ Ve {5}

Equation {(5) is known as Richard’s equation.

But,

HeHp * Hooonvvn i ininnnnnsns . (6)
where H, is negative in an unsaturated soil and can be expressed as
a suction head ¥, and H; = - x (datum plane is at the soil surface,
zZ = 0).

Hence, H = ¥ - x and putting intec (5), gives

50 _ & 5( - ¢ - x) - L
Y 1;;(K' B 0 P (7)
go that,
86_8 ( _ x8y _
8L 6x( Kbx 5 L (8)

if we assume a unique relation between © and ¢, we can expand OY/ox

by the chain rule as follows

By _Bdy 80
FLa gl o vvenen e e s (9)

where dé/dx is wetness gradient.

But differential water capacity C (8), is given by

t-—ﬁ..g—-t—- -9.—8—
ct0) =55 B e (10)

therefore equation {(9) becomes,
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= C(e)(ﬁx).. i : {11)

putting equation (11) into (8), we cbtain

s._Q. K -9-9-“3‘ [ )
50 Gx(?ﬁﬁf’éx ¥ ¢ berieii a s REENES § EVBPS a

Setting D (8) = K (8)/C{(8) and substituting into (12),we get,

808 (1) 887
Xi 6x(D(6)6x Yoparpens & enceyis § TR 8 R

where D is soil water diffusivity.

2.2 INFILTRATION
Infiltration is the downward entry of water intoc the soil
(Sundara and Nagarajarao, 1976). It has also been defined as the

process of water entry into the soil through the surface followe:d

by vertical downward movement (Philip, 1957; Hillel, 1971;
Babalola, 1986). It is essentially a surface phenomenon (Hillel,
1971).

Infiltration rate is defined as the flux of water passing
through the surface into the soil profile. Infiltration capacity
on the other hand, is defined as the maximum rate at which a given
soil, when in a given condition, can absorb rain as it falls
(Horton, 1940; Hillel, 1980).

Falling drops of water from rain or irrigation may be
intercepted by vegetation or may fall directly on the soil surface,
The water that reaches the ground, may evaporate back to the
atmosphere, filters downward into the soil or runoff. Runof ¢

starts only when surface detention has been satisfied bur

infiltration commences immediately the first drop of water touches
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the ground surface and continues until all depressions containing
water after the cessation of rainfall are emptied.

The water that infiltrates into the scoil may percolate int:
the ground water system, or it is redistributed within the soil and
is held for plant use. Water entry intoc the soil is therefore much
affected by surface conditions, inherent scil properties and mode
of water supply (Hillel, 1980).

Infiltration of water into a soil 1is an unsaturated flcw
phenomenon. The two driving forces that cause water to move into
the soil are gravity and matric suction or matric potential. The
pull of gravity is constant but the matric potential weakens as the
moeisture content of the soil increases.

Equation (13) shows the contribution of the wetness gradient
and gravity to infiltration rates. The term that predominates
(whether suction gradient or gravity) depends on the initial and
boundary conditions and on the stage of the process considered.
For instance, the suction gradients can be much greater than the
gravitational gradient when infiltration takes place 1into an
initially dry soil. Infiltration rate decreases rapidly as
infiltration proceeds and then more slowly to a somewhat constant
rate known as the final or equilibrium infiltration capacity oi
steady state infiltrability (Hillel, 1980; Babalola, 1986; Ghilayal

and Tripathi, 1987).

2.3 SOIL PROPERTIES AFFECTING INFILTRATION
Infiltration of rain or irrigation water is largely contingent

on soil texture, soil structure and its stability, profile
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stratification and the antecedent moisture content (Bapalola,
1986). The first three factors, primarily influence porosity and
pore-size distribution or pore geometry and have overriding
influence on infiltration (Jones and Wild, 1975; Wilkinson, 1975;

Ojanuga, 1987; Owonubi et al., 1991).

2.3,1 Porosity

Pore space typically accounts for 40 to 60% of the total
volume of soil (Olson, 1985). The number, size, and continuity of
pores, control both the amount of the storage capacity of available
water and the rate of flow of water through the soil to the plant-
root-scil interface (Bouma, 1983; Olson, 1985; Grismer, !986).,

For water tc enter the scil profile, there must be pathways by
which it can be conveyed. These pathways called pores could be
channels created by structural arrangement of scil particles or
burrowing activities of soil fauna (e.g. earthworms and ants) or
cracks, fissures and root channels. The pathways contribute to
total porosity and affect infiltration and hydraulic conductivity
of a soil (Kureve, 1991).

Soil pores vary in size, but for convenience, they can be
grouped into 3 categories: (1) larger pores that are air-filled at
field capacity; (2) medium pores that are small enough to held
water against gravity, yet permit water to be withdrawn by roots;
and (3) small pores from which plants are unable to remove water
{Arkin and Taylor, 1981). Pores that are smaller than 60 to 30 um
have been found to be water-filled at matric potential of - 5 to
10 KPa i.e at field capacity (Russell, 1973); The large pores will

be air-filled. Pores small enough to hold water against gravity,
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yet able to make it available to the roots, had a diameter of 0.5
to 0.2 um and a potential of - 1500 KPa (Arkin and Taylor, 1981).

The large pores (Macropores) have been reported to increass
infiltration capacity, flux and conductivity by several orders of
magnitude (Dixon and Peterson, 1971; Ehlers, 1975; Wilkinson, 1975,
Wilkinson and Aina, 1976; German and Beven, 1981; Ahmed, 1982;
Watson and Luxmoore, 1986). Macropores also act as escape route of
entrapped air during infiltration under ponded condition (Dixon and
Peterson,1971; German and Beven, 1981; Watson and Luxmocore, 1986).

Pore-size distribution has been recognized to have profound
influence on infiltration (Kowal and knabe, 1972; Wilkinson, 1975;
Bauder et al., 1981; Morin et al., 1981; Olson, 1985; Parlange et
al., 1985; Adeoye, 1986; Babalola, 1986; Grismer, 1986). A change
in pore-size distribution that skewed toward larger pores results
in an increase in infiltration as much as five times for typically
fine-textured soils. Similarly, a corresponding decrease 1is
noticed in infiltration rate when pore-size distribution skewed
toward small pores (Grismer, 1986). The factors that have keen
held responsible for changing the pore-size toward successively
smaller pores are soil compaction and surface crusting (Mclntyre,
1958; Bateman, 1963; Ohu and Folorunso, 1989). Their resultant
effect is a net decrease in infiltration rate and capacity (Morin

et al., 1981).

2:3.2, Soil texture

Permeability was found to increase exponentially with an
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increase in particle size. The progressive decrease in infiltration
capacity as the soil gets finer confirms this assertion (Kohnke,
1968) .

Kohnke (1968) found infiltration rate on loamy sand to be 19
times higher than on clay loam, while it was 3 times higher in silt
lecam than in clay loam. This trend has been attributed to (i) the
abundance of large and continuous aeration poresg in coarse textured
soils, and (ii) the tendency of colloidal particles in fine-
textured soils to swell upon hydration there by reducing the cross-
sectional area available for flow (Babaji, 1982; Babalola, 198¢).

Except in well developed structures, the particles in fine-
textured soils tend to adhere and pack closely there by reducing
pore-sizes and restricting water movement and infiltration. But
infiltration is enhanced in coarse-textured soils because the soil

tend to be porous with more conducting pores (Babaji, 1982} .

2.3.,3 Soil structure

All things being equal, high infiltration is associated with
well aggregated soil’s while structurally weak scils are
characterized by low infiltration.

Lew infiltration leading to runcoff, erosion and insufficient
water use, is a critical problem in arid and semi-arid regions
{Adeoye, 1986; Babalola, 1986; Maduakor, 1991). A reducrion irn
the soil infiltration rate is caused mainly by slaking anc
subsequent crusting of the soil surface exposed to the beatinc

action of rain and sprinkler drops (Kowal and Kassam, 1978; Ad=zoye,
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1986; Babalola, 1986; ). In the Nigerian Savanna, this process is
strongly influenced by the fact that rainfall is intense (Kowal and
Knabe, 1972) and soils are generally poorly structured and unstable
(Jones and Wild, 1975; Wilkinson, 1975; Ojanuga, 1987). Hillel
(1968) reported that a scoil that is highly porous and of "Open"
structure, has initial infiltrability that exceeds that cof soil
whose surface is crusted.

Removal of layers suspected to be crusted, resulted 1in
significant increase in infiltration at Samaru (Babaji, 1982;
Adeoye, 1986). Higher aggregation which was confined to surfaces
protected from raindrop impact with mulch, leads to higher
infiltration as opposed to the bare surfaces (Adeoye, 1986).
Wilkinson (1975) submitted that since Samaru soils have little
structure in the surface layer, variation in infiltration of water
into these soils is principally a function of worm and termite

activity.

2.3.4 Soil profile characteristics

Impeded water movement during infiltration may be caused by
zones of low permeability like clay pan and hard pan in the
profile. The presence of layers which differ in texture or
structure from overlying soil (profile stratification) may also
present a bottleneck to water movement during infiltration.

A clay layer within the profile may impede flow because of its
low hydraulic conductivity. Sand layer retards the wetting front

where unsaturated conductivity prevail, owing tec the lower

187562 |

|
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unsaturated conductivity of the sand. Water will flow into a dry
sand layer only after the pressure head has build-up sufficiently

for water to move into sand and fill the large pores of sand.

2.3.5 Antecedent moisture content and infiltration

Infiltration rate tends to be higher in a soil which was
initially dry. Water moves slowly into the soil when moisture
conditions are high (Ghosh and Maity, 1976; Babaji, 1982; Babalola,
1986) . Ward (1967) attributed this to reduction of the soil
capacity to receive any additional moisture, reduction of the
hydraulic gradient across the wetting front and swelling of soil
particles.

Slaking and swelling was found to be influenced by initial
water potential (Lal and Greenland, 1978). The influence of
initial moisture content became less and ultimately negligible as
infiltration progresses. In other words, the initial moisture
content does not influence the equilibrium rate except that soils
which are already wet when rainfalls upon them, attain final

infiltration rate more gquickly (Philip, 1957).

2.4 INFILTRATION EQUATIONS

Infiltration of water into scils depends on so many factors.
These include physical properties of the soil, type of vegetal
cover, condition of surface crust, intensity of rainfall, size of
raindrops, and water quality (Esen, 1987; Owonubi et al., 1991).

Several equations (models) have been proposed and used to describe
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infiltration with time (Hjelmfelt and Cassidy, 1975; Viessman &t
al., 1977; Shaw, 1983; Garg, 1984).

Basically, an infiltration egquation expresses the total
quantity of water infiltrated into the soil (I) or the infiltration
rate (i) as a function of time (t) (Ghosh, 1985). The use of these
equations for different soils and conditions has been limited by
lack of adequate knowledge of the equation parameters (Sundara and
Nagarajarao, 1976). Infiltration equations have been extensively
used to characterize measured infiltration data. These
characterizations are used to form a picture of existing conditions
and to determine the criteria necessary for good water management.
Meaningful planning and execution of drainage and irrigation
projects can therefore be achieved by the use of appropriate
equations.

Also, in modelling the water balance of a field, the
infiltration compenent is a very crucial factor determining both
runoff and infiltration capacity. Infiltration equatiocns therefore
serve as a viable means of quantifying infiltration to fit into the
model. All the infiltration equations reflects the tendency ot
infiltration rate to decrease rapidly with time as infiltration

progresses.

2véd.3 Green-ampt equation
The Green-Ampt equation proposed by Green and Ampt (1911) was
the first attempt to model infiltration. The equation can be

written as follows:
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in which i = d1/dt, the infiltration rate in mm.hy'; t = time in
hr; K, = saturated hydraulic conductivity in mm.hr'; H, = pressure
head at the entry surface (depth of water in the infiltrometer in
mm) ; H, = pressure head at the wetting front; L; = length of the
wetted Zone; I = cumulative infiltration in mm.

From eguation (14) above, it is clear that as the L, increases
i decreases and at infinite time, L, becomes very large rendering
the term H, - H/L, insignificant. Therefore, i which is the same
as flux approximates K, (i = K|)
At large time, I = Kt + & -----conceun-- (15)
6 which is small at t = @ , i8 regarded as a constant.

The Green-Ampt equation has a theoretical basis (Esen, 1%87),
The parameters defining the equation can be determined
independently by field and laboratory tests (Bouwer, 1966).
Several semi-empirical equations together with available soils and
agronomic information can also be used (Rawls and Brakensiek, 1983,
Rawls et al., 1983). However, independent determination of the
parameters may inaccurately predict the cumulative infiltration as

a function of time (Brakensiek and Onstad, 1977; Esen, 19569).

2.4.2 Kostiakov’s equation
The Kostiakov’s infiltration equation suggested an exponential type
of equation relating cumulative infiltration (I) to time (r). He

used two matching coefficients M and n for each individual
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infiltration event. The form of the equation is:

1 = ME® =-=-c-cccammmmm=——= (16)

Where M and n are constants. The value of M depends on the
range of time considered. M 1is indicative of the average
infiltration rate at initial short time period of infiltration, and
n is related to structural stability of the soil (Swartzendrube:
and Huberty, 1958). The two parameters are used as measures of soil
properties influencing infiltration rate.

Kostikov’s equation has been shown by Dixon et al. (1978), to
satisfy the evaluation criteria used in predicting and controlling
rain water infiltration in crop and rangelands, better than othe:
equations. This has been attributed to its simplicity (Sundra ana
Nagarajarao, 1976) and its application under wide vrange of
conditions in the real world soils (Dixon, 1976; Ghosh, 1985). The
use of Kostiakov’s equation is practical and gives better result
than the theoretically founded equation of Philip (1957) and Greern
and Ampt (1911) (Canarache, 1974). To corroborate this fact, this
equation has been found by many reseachers to reascnably describe
field infiltration data (Sundara and Nagajarac, 1976; Aremu, 1973;
Ahmed, 1982; Babaji, 1982; Ghosh, 1983; Ghosh, 1985; Adeoye, 1986;

Babalola, 1986; Kureve, 1991).
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2.4.3 Horton equation

The Horton equation (Horton, 1940), is one of the most popula
empirical models simulating infiltration of water into soil. The
Horton equation is commonly expressed as:

i=4di, + (4, - 1) e® ~-cccmmmmmmreeee e (17)
where i is the infiltration rate at time t in mm.hr'; i, is the
initial infiltration rate in mm.hr'; i, the final infiltration rate
in mm.hr'; and K, a rate constant in mmhr’.

The performance of the Horton model was observed to be
excellent in estimating infiltration volume. And it shows definite
superiority over Kostiakov’s model. But it was still limited by
the unavailability of a direct method for determining i,, i_ and K,

since the conventional way of measuring infiltration rate is only

approximate (Esen, 1987).

2.4.4 Philip‘s equation

Philip’s (1957) solved equation (15) for a vertical flow
system by analytical methods subject to initial boundary
conditions. Mathematically, these conditions are stated as

t 0, 2 >0, 6 =8,

t 0, 2 =0, 8 = 6 (18)

where the soil is assumed to be infinitely deep with constant
initial wetness 6, throughout the system at time 2ero, which
subsequently has plane 2 = O maintained at moisture content 6. His

solution took the form of a power series of the square root of

time. The equation is thus:



I =8 t%+8t +8t7 -ccvcrmeeeo (19)
In which S is a soil parameter called "sorptivity" (i1e 3
measure of capillary uptake of water); and A is a paramete!

depending upon the ability of the scil to transmit water.
For very large times, the mathematical manipulation of
equation (19) becomes too cumbersome (Ghosh, 1985), but at small

times, the series can be reduced to the following 2 - term equation

From equation (20), the infiltration rate becomes
i =K% St" + A m-mmmmrm e ~-== (21)

At large times, infiltration rate tends to A. Sorptivity S
which is defined in relation to a fixed initial state 6, and an
imposed boundary condition (Hillel, 1980), is proportional to the
increase in soil water content during infiltration. Hence,
sorptivity gets less important with increase in time of
infiltration because matric potential gets less important as the
soil approaches saturation. Philip’s model has physical basis but
its theoretical nature has made it to give inferior results when
compared to practical Kostiakov’s equation (Canarache, 1974; Esen,

1987). The two are the most widely used.

2.5 SPATIAL VARIABILITY OF INFILTRATION
Infiltration is an important process controlling the fate of
water over large areas of land. Infiltration is influenced by so

many factors, which are themselves not constant due to inherent
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heterogeneities of field soils. Field soils are therefore likely
to vary greatly in properties both in time and space (Jury et al.,
1991) . Meaningful prediction of field phenomena is achieved by s0O
many in-situ measurements, even in a quite uniform field (Warrick
and Nielsen, 1980; Russo and Bressler, 1981; Vieira et al,, 1981).

Soil wvariability particularly in West Africa have been
observed to occur over distances of only meters (Folorunso and
Olorunju, 1986; Umouru and Babalola, 1986; Chase et al., 1987;
Kureve, 1991). This calls for the need toc understand the spatial
variability of infiltration in order to make planning and use o!
water resources meaningful.

The spatial variability of field - measured soil properties,
has been reported by many workers (Nielsen et al., 1973; Biggar and
Nielsen, 1976; Babalola, 1978; Sharma et al., 1980; Vieira et al.,
1981; Folorunso and Olorunju, 1986; Umouru and Babalola, 1986;
Kureve, 1991). Infiltration and other hydraulic properties have
been found to vary greatly spatially (Sharma et al., 1930; Warrick
and Nielsen, 1980; Russo and Bressler, 1981).

In a tropical soil of Western Nigeria, very high coefficient
of variability was obtained in hydraulic values estimated in the
field (Babalola, 1978). Samaru soils gave similar results with the
variation in conductivity of the order of 10 - 100 fold (Kureve,
1991). Coefficient of variability (CV) for hydraulic prcoperties
was reported to be high (> 100%) (Warrick and Nielsen, 1980).
While variability for other physical properties such as particle

size fractions and bulk density was intermediate (CV of 10 - 100%)
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and low (CV of < 10%), respectively. Kureve (1991) obtained less
variation in bulk density and porosity in Samaru scils.

Infiltration values for an alfisol in Ibadan and Samaru were
found to be normally distributed {(Umouru and Babalola, 1985;
Kureve, 1991). These values have been shown world wide to have a
log - normal frequency distribution (Sharma et al., 1980; Warrick
and Nielsen, 1980; Sisson and Wierenga, 1981). Therefore, tro
formulate reasonable and realistic management practices 1in
agroecosystems, we have to face squarely the inescapable problem of
spatial variability. Also, it is only when spatial variability is
taken into account that mathematical models to simulate water
movement in field soils can be made realistic (Hornsby et al.,
1983} .

Classical statistical methods, such as analysis of variance
(ANOVA) , have been used to measure the variability of soil acrcss
the field. They were also used to calculate the number of samples
necessary to estimate the mean within some specified confidence
interval, from the frequency distribution data (Biggar and Nielsen,
1976; Mulla, 1989). By this means, a complete descripticn of the
variability of soil properties is not achieved. This is because
the distance between observations is not accounted for by the
calculated variance which solely depends on the thecretical
frequency distribution (Saddiq et al., 1985).

Some degree of dependency between sample valueg especially of
scil physical properties have been shown to exist. This dependency

is a function of distance between sample values. It 1is therefore
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anticipated that closer measurements in the field will give simila:
magnitudes, while values differing by a greater order of magnitude
will ke obtained from measurements farther apart (Warrick and
Nielsen, 1980; Hajrasuliha et al., 1980; Vieira et al., 1981). For
soil variability to be statistically meaningful, therefore, it has
to take into account spatial dependency.

Geostatistical techniques have been developed to measure the
spatial dependency of many soil properties. Webster and Cuanalo
{1975) used a time series method to measure the spatial variability
of soil properties. They recorded these properties at egual
intervals along a transect and then computed correlcgrams to
express spatial dependence. The sampling interval at which the
spatial series is repetitive and the maximum sampling distance for
which the observation remain correlated, can be determined using
autocorrelograms. The autocorrelogram is a process of "self-
comparison" that expresses the linear correlation between a spatial
series and the same series at a further interval of space. The
autocorrelation function, r(h) of a spatial series at Lag h can be

calculated by the following (Davis, 1973):

P EBE . s s e i ssers TR
32
1 n-h
Gl e ?;(xj—s)txi_,,—.s')..............., ..... . (23)

where C(h) is autocovariance and $? is variance. n is the number of
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observations; x, is the value of the observation at i™ position; and
X;,1 1S the value of the observation at the (i+h)" position. The
lag h is defined as the amount of offset or relative distance
between the elements being compared. Autocorrelogram are producid
by plotting autocorrelation r{h) against lag h (intervals).

Autocorrelograms were used to study spatial depencency of
twelve soil properties measured along different transect. These
properties were observed to be correlated with each other over a
distance that varied from a few centimeters to several tens of
meters (Gajem, et al., 1981). The steady state infiltration rate
of a soil was found to be spatially dependent within a 50-m range
(Vieira et al., 1981). The latter authors suggested a reduction of
number of measurements from 1280 to 128 samples as no information
about infiltration rate was lost by the reduction across the field.

It is very glaring that autocorrelograms show the degree of
dependency of infiltration rate on the distance between pairs ol
measurements. Autocorrelograms can therefore help to deduce the

possibility of applying uniform agronomic management to a field.
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2.6 INFILTRATION MEASUREMENT

Measurement of the rate of water entry into the solil is bette:
done by the means of infiltrometers, which are basically of two
types: (i) Ring infiltrometers and (ii) Sprinkler infiltrometers.
2.6.1 Ponded water infiltration: ring infiltrometers

The conventionally used method for measuring surface
infiltration rates in the field is the ring infiltrometer. The
ring infiltrometer is a metal cylinder inserted a small distance
into the soil leaving some segment of the cylinder protruding above
the soil. Water is ponded to a fixed level in the portion of the
ring above the soil. As the water level falls in the ring, the
level is measured at specified time intervals. The reading of the
level of water in the inner ring, is facilitated by means of a
plastic ruler taped to the inside wall. The depth of water in the
ring can be maintained by adding measured volumes of water. The
average infiltration rate for each time can be calculated, and ar
infiltration capacity curve relating infiltration rate to elapnss
time can be drawn (Schultz, 1976). Infiltration rate at anyt:ims
can be read from this curve.

Of the various methods which use ponded water, the double ring
infiltration method, using concentrically placed rings to
facilitate "One dimensional" vertical infiltration into the soil

s 1

preferred. Measurements are made on the rate of fall of water
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the inner ring, while water infiltrating into the soil betwsen the

two rings ensures one-dimensional flow (FAO, 1979).

The double ring infiltrometer method of measuring infiltration
rate is inexpensive, simple, very easy tc learn, and rings can
easily be made locally, or even "On-the-spot" by ponding water .o
between small earthen dikes lined with plastic sheets. Despite
these merits, ring infiltrometers have the following draw backs
that can make the measured infiltration rate to be considerably
higher (Tricker, 1978) or lower (Clemens, 1981) than the actua!
rates.

i) The act of driving the ring into the ground tends to compact
the soil and cuts off natural paths for air and water flow
(Macropores), thus reducing infiltration (Dixon, 1975).

ii) The fine particles dislodge and suspended when water is poured
into the ring, settle out producing a layer of fine material
that tends to reduce infiltration and "seal” the ring
(Clemmens, 1981).

iii) The method is not suitable for soils with macropores, where
flow is not one-dimensional, or for soils with fragile surface
crusts which will break when the ring’s are pushed into the
ground (Hoogmoed et al., 1991).

iv) It is difficult to maintain accurate water head when manually

pouring in water. This will lead to over estimated results
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particularly when measuring scale is a float. A constant head
device such as marriote bottle will remove this problem.

v) In dry climates, infiltration rates especially in low
permeable soils, may be over estimated due to contribution
from evaporation losses.

vi) Air may become entrapped during ponding, c¢reating internal air
cushions which impedes infiltration. As a result,
infiltration rate may drop, appear stationary or s.een Lo
increase after the escape of the encapsulated air.

vii} The tendency to over estimate infiltration rate does exist
when the wetting front goes beyond the end of the ring
{Tricker,1978).

vili) Properly seated rings used with a buffer generally

measure infiltration rates less than the true

infiltration rates (Clammens, 1981} .

2;6.2 Infiltration of simulated rain: Sbrinkle; infiltrometer
T This method is meant to simulate rainfall and sprinkler
irrigation c¢onditions. Howevaer, each rainfall event has iteg
characteristics. Intensity can change swiftly while it is fairly
constant under simulated rainfall. The use of rainfall simulators

may not therefcre duplicate a true natural situation. The

aggressive nature of the rainfall in the semi-arid region with
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intensity of over 300 mmh' during 6 minutes as found by Hoogmoc«d
(1986), can be very difficult to simulate. Another limiting factor
to the use of rain simulator is that a lot of water and a Larqgs
power generator are required for a rainfall simulation covering
just an area of 10m’ or more (Hoogmoed et al., 1991).

Various types of rainfall simulators or sprinkling
infiltrometers have been reported (Brockman, 1975%; Zegalin and
White, 1982). There are basically two systems of sprinkle:
infiltrometer used to produce raindrops: the nozzle and the drop
former type. The nozzle is the most widely used.

In the savanna region, simulators have to be made to produce
realistically sized drops to hit the soil surface at a realistic
terminal velocity, if they are to duplicate the aggressive rain iu
this region. Surface seals are formed when soils-of the semi-arid
regicn are exposed to the impact of drops. On drying, these solils
form crusts. The sealing and subsequent crusting of these soils
are the main cause of decrease in infiltration rate in this region
(McIntyre, 1958; Morin and Benyamini, 1977; Agassi et al., 1985;
Ben-Hur et al., 1985).

2.6.3 Disc permeameter

The disc permeameter designed by Perrcux and Whites (1988) can

supply water to insitu soils at a readily selectable positive and

negative pressures. It is therefore developed to measure
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infiltration rate under positive or negative pressure heads.
The simplicity, versatility, rapidity and ease of
determination and sampling of infiltration: rates of subscils of
this eguipment, provides a gocd prospect for its future acceptance.

Other methods of measuring infiltration rate are Basin and Furrow

(Bondurant, 1957}.
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CHAPTER THREE
3.0 MATERIALS AND METHODS
3.1 SITE DESCRIPTION

The trials were conducted on the Institute for Agricultural
Research (IAR) farm at Samaru (Latitude 11"11N and Longitude
7°38'E). The soils are fairly representative of the loess plain
unit of most agriculturally important lands of Northern Nigeria
(Kowal, 1970b). The s0il has been classified in the U.S soil
Taxonomy as Typic-Haplustalf. The FAO-Unesco soil map of the
world, classified it as Nitosol/Luvisol (Awujoola, 1979). The
plains are undulating with gentle and broad slopes lying at an
altitude of between 610m - 931m above sea level. The rainy season
which normally begins from April and terminates in October has an
annual mean rainfall of 1,060 mm.

The surface soil is predominantly loamy sand in texture with
low structural stability (Wilkinson, 1975), and a high tendency to
form crusts with consequent reduction in infiltration rates (Lawes,
1966). The presence of a B, horizon in the prcfiles is thought tc
have a significant influence on the movement of water in the scil

(Wild, 1972; Jones, 1975; 1976).
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s B s | Physical and Chemical Properties

Disturbed soil samples from the experimental! site were
randomly collected from five different points with the help of an
auger. The samples were collected from the top 0-5 cm, 5-10 cm and
10-15 cm. The samples from these depths were air-dried and sievead
through a 2mm sieve for the determination of some physical and
chemical properties of the upper soil layers.

Particle size distribution of the scil was determined by the
hydrometer method (Day, 1965). The textural class determination
were carried out using the USDA textural triangle.

To determine aggregate sizes, field samples from 0-5, 5-10 and
10-15 cm layers were gently crushed to pass throcugh an 8 mm
opening sieve and then air-dried. Sub samples cf the air-dry
material were sieved using nest of sieves with mesh of 5, 2.36,
2,0.5 and 0.25 mm. The nest of sieves were shaken con a
horizontally, reciprocating mechanical shaker £for 15 min. The
result of each sieve analysis was expressed as the mean weight
diameter.

Soil P" was determined in water and in 0.01 M CaCl, (1: 2.%
soil/solution ratic), using a pH meter with a glass electrode,
after equilibrating for 30 minutes.

The organic carbon content of the soils was determined by the

Walkley-Black procedure (Allison, 1965). The soil carbon was
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oxidized with pctassium dichromate in the presence of H,80, which
supplied the heat for the reaction.
Cation exchange capacity was determined using ammonium acetate
(P" 7.0) saturation followed by displacement of the absorbed N,

by the acid-Nacl method described by Chapman (1965) .

3.2.2 Field infiltration measurements

A total of 30 infiltration runs were carried out alcong a 60 m
transect at 2 m intervals, between February and April, 1937. Tne
measurements were made by the means of a double ring infiltrometer,

The double ring infiltrometer, is a set consisting of a large
outer ring and a small inner ring. Three sets of different
diameters were used. The first set has an outer ring of €0 cm and
an inner ring of 35 cm diameter. The second set has an ocuter ring
and an inner ring of 58 ¢m and 33 cm diameter respectively, while

the third set has an outer ring and an inner ring of 5% cm and 3C

cm diameter, respectively (Eijeikamp Agrisearch Equipment No.
09.04). Generally, the set includes an adjustable measuring bridg-
and float with measuring rod. Other accessories include

withdrawel clamp, impact absorbing hammer, driving plate and stog
watch. The predetermined head of water in the inner ring was easy
to maintain because of the conspicuous mark left on the ring by

small pieces of crop residues, as the water in the ring recedes.
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At cach site, the cutting edges of both the inner and the
outer rings were well seated on the scill surface and then the
1-driving plate was attached by means of an adjustable screw. The
process was done with care to aveid soil disturbance in the inner
ring.

Infiltration was commenced by first applying water into the
".outer ring at a shallow depth. The water therein was allowed to
infiltrate into the soil for sometimes. This was done with the
view of providing a buffer to discourage lateral flow and encourag:
one - dimensional vertical flow (Clemmens, 1981). Immediately,
water was added to the depth of 10 c¢m in the inner ring to simulate
field heads usgsually encountered during irrigation. This was done
after wmounting the float and measuring rod over the inner ring
using the adjustable measuring bridge. The initial reading on tho
measuring rod was recorded against the refcrence time (¢t = 0O}.
Water was constantly allowed to recede to 7 cm in the inner ring
and swiftly added to maintain the predetermined head. ..

The infiltration rate which was high initially, was read av
one minute interval for the first S minutes, and at 5 minutes
interval for the next 55 minutes, and 10 minutes thereafter for 50

minutes.,
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3:31.3 Soil sampling

At each site, samples were taken from adjacent socil for the
determination of initial moisture content. The withdrawal clamp
was used to carefully remove the double rings on termination of
each infiltration run. Three undisturbed samples were taken from
each site using core rings of dimension 50 mm diameter and 20 mm
height (Eijelkamp Agrisearch Equipment No. 07.03.02.53). 1In taking
samples, the core ring was fixed into the holder and gently but
firmly pushed into the soil and dug cut. A sharp spatular was used
to trim the protruding soil on both ends of the ring, making sure
they are not smeared. The rings are immediately capped to prevent
desiccaticn.

Immediately, following ccre sampling, three scil samples were
taken in moisture cans for the determination of final moisture
content. Both the core samples and the samples in the moisture can
were immediately weighed in the laboratory. While the samples in
the moisture can were dried in the oven after weighing, the cor«
samples were used to determine pore size distribution, saturaced

hydraulic conductivity and bulk density.

3.1.4 Pore - gize distribution
Pore-size distribution is an important factor influencing

infiltration. The number, size and continuity cf pores have been
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found to control the rate of flow of water ﬁhrougﬁbgﬁe"ébil to the
plant-roct-soil interface (Olson, 1985).

Pore-gize distribution was measured on undisturbed samples
' collected from sites where infiltration run was carried out. Tha
sample rings were covered with a piece of a nylon cloth held in
‘place with rubber bands to prevent soil loss, The samples were
‘saturated over night, weighed and placed in the sand box apparatus.
They were pressed lightly and subjected to 0.1 bar suctilan, by
lowering the surface of the reservoir to 100 cm below the laevel of
" the center of the samplesg. The suction was imposed and left for 24
hours during which time all water held at this tension was sucked.

The samples were then weighed, After that, the sanmples werce

saturated over night and weighed. They were then subjected .

suctlions eqguivalent to 0.1, 0.3, and 1.0 bars in a low pressure
plate extractor, Firgt, a suction of 0.1 bar was imposed and
maintained until the cegsation of flow from the out flow tube [y
an equilibrium teo be established. The samples were Lhen Caken cut,
weighed to determine loss in weight and replaced in the chamber,
The procedure was repeated with suctions 0.3 and 1.0 bars. Finalv
the samples were oven dried at 105°C for 24 hours and weighed. Bulk

density (Db} was calcutated from the formula:

< ovendryweight B (24)
internalvolumeofthering '
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Total porosity (F) was calculated from the formula;

p- WV - Wd
Bulkvolumeofsoil

where W, is the weight of saturated soil and W, is the weight of
oven dry soil.

The volume of water extracted at a specified suction from a given
volume of soil represents the volume of pores of the size indicated
by that tension (Vomocil, 1965). Capillary rise equation 1in it's
simplified form was used for the calculaticon of pore size. The
equation is written as;

h = 3/d (Baver et al., 1972) ==-=veecccecccenn-=-- (26)
where h = suction level with which the water in the pore 15 in
equilibrium (cm)

d = pore diameter (mm)

The volume of pores effective in water retention is given by
the velume of water held between successively applied suctions, so
that the effective pore diameter at 0.1 and 0.3 bar are 9.03 mn
and 0.01 mm respectively (cbtained by substitution in the equation
given above). The difference between the weight of a sample at 0.
bar and at 0.3 bar gave the weight of water and hence its volume
(density of water is approximately = 1.0 g/cm') held between thes:-

suctions. This therefore, gives the volume of pores with diamete:

SW¥rygry o —
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of 0.01 to 0.03 mm.
This method is based on the assumption that capillary theory
is valid for soil pores. As such, it 1is useful in comparing
information about different soils rather than exact pore-size

distribution (Vomocil, 1965).

3.3.5 Saturated hydraulic conductivity

The hydraulic conductivity was measured by the constant head
method of Klute (1986), using the ICW laboratcry permeamete:
(Eijikelkamp Agrisearch No. 09.02). The equipment operates on the
principle that water is caused to flow through a saturated sol
column by the pressure difference created on beth sides of a wel!
saturated soil sample.

The caps from the ring were removed and the samples were
saturated over night in a basin of water. This was done by firs!
of all covering the blunt end of the ring with a piece of nylon
cloth (approximately 8 cm in diameter) which was held in place by
means of a rubber band, to disallcw soil loss. A specially meshed
container was used to hold the ring which was in turn placed inside
a plastic container. The container containing the sample was then
inserted into the permeameter after establishing a constant head.
A tube previously filled with water was used as a Jjuncticn

connecting the inside of the ring holder and the water in the
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permeameter. This ensured flow of water into a burette.
Depending on the ease with which water flows through the sanple,
the time at which a conveniently chosen volume is attained in the
burette is taken using a stop watch. The height of water inside
the ring holder and outside was measured and the saturated

hydraulic conductivity (K;) was calculated from the formula;

. V.L
Ks-—-———-—-—-—At(Am......... ..... PR (27)

where V is the volume of water collected (cm'); L is the length of
scil ceolumn (cm); A is the cross-sectional area of the sample
(equivalent to area of core ring) (cm?); t is the time in minutes;

aH is the hydraulic head difference (cm).

3,1:6 Curve fitting techniques

This technique employs the principle of finding an eguation
which best fits the data with minimum deviation. This is
achievable through regression analysis accomplished by the leas’
squares method. The least squares involves finding minimum sum o!
squares of deviation. The deviation implies the difference between
the experimental infiltration rate (f) at time t;, and estimated
infiltration rate f!| at time t, computed from a functional

relationship. Sum of least squares is given by:
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N
Sn;(fj_fi)altll'li’lltllll'...l..ll..lltfza}
-1
where S = sum of square deviations; N = total number of
observations. Regression analysis was used to estimate
infiltration rates from Philip’s and Kostiakov'’'s equations. The

equations are first of all linearized before fitting them into

equation (28) above.

3.1.7 Steady state infiltration rate
Steady state infiltration rate is reached when cumulative
infiltration (I) versus time (t) curve gives a linear relationship

or dl/dt = constant.

3.1.8 Spatial analysis

The sampling interval at which the spatial series 1is
repetitive and the maximum sampling distance for which the
ocbservations remain correlated, were determined by computing the
autocorrelation functien (r(h)) from egquation (22) wusing the

statgraphics software (STSC, 1986).

3.1.9 Sample numbers
The need for estimating sample numbers necessary to estimate the

mean within some specified confidence interval, has been justcified
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by the heterogenous nature of soil across the field. If it is
assumed that the samples are independent over distance, the numbq:

of samples necessary for the estimation (N) 1is given by

where 6 = standard deviation; x, = Normalized deviate at chosen
probability level (tabulated alone or as the twe tailed, student’'s
t value with infinite degrees of freedom); d= percentage of the
mean estimate.

Note that x, =(x - u)/é
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CHAPTER FOUR
4.0 RESULTS AND DISCUSSIONS
4.1 BSOIL PROPERTIES

The physical and chemical properties ofrthe upper scoil layers
are presented in Table 1. Values of percent sand, silt, and clay
. for each depth are given in Table 1. The texture of the soil at
.the three depths is loam.

The sand content decreases with depth from 36% at the surface
(0 - 5 cm) to 30% at the 10 - 15 cm., Clay content on the other
hand increases with depth from 16% at the 0 -5 cm to 22% at the 10
- 15 cm depth. The silt content which was high in all the depths
:ranging from 46 to 48%, showed no regular pattocrn within cthe
depths.

The higher sand fraction at the surface could be due to low
clay content at that layexr as a result of clay éluviation. Tho
hiéh gilt content of the soil could indicate the influence of
aeolian deposition on the area (Kowal, 1968).

Aggregation which was expressed as mean weight diameter,
increse with increase in depth. This c¢ould be attributed to
increase in c¢lay content with depth.

The pH of the scoil is presented in Table 1. The pH of both
IFS 5; and 10 -1% cm ig 6.1, indicating that these layers are
slightly acidi¢ in reaction. The 5-10 cm layer is moderately acidic
with a pH of 5.8. | ) N
All the layers exahihed contained low organie carhon <}5b10

1) . The organic carbon content ranges Erom 4.79 gkg' at the 10 -15
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cm layer to 5.98 gkg! at the surface 0 - 5 cm layer indicating
decrease in organic carbon content with depth. This trend was also
observed by Babaji (1982), Esu (1982} and Kparmwang (1987),
although they reported higher values than the ones obtained
here.

Cation exchange capacity (CEC) of savanna soils are influenced
by organic matter contents rather than clay contents{Jones and
Wild, 1975). This is because clay content is low and the clay is
mainly kaolinitic and its contribution to CEC is frequently very
small (Jones and Wild, 1975). Cation exchange capacity values for
the depths are presented in Table 1. The CEC was generally low and
it decreases with depth. This is expected because organic matter
decreases with depth. The uppermost 0 - 5 cm layer has the highest

CEC (4.39 cmol kg'), while the 10 - 15 cm layer has the lowest

(3.28 cmol kg').
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Table 1: Scome physical and chemical properties of the upper soil

layers at the experimental site

Soil property - Soil depth {cm)

g - 5 _ 5 - 10 10 - 15

Particle size

Analysis (%)

Sand | 36 o 34 | 30

Silc | 48 46 | 48

Clay o 16 20. _ 22
Textural Class Loam Loam | Loam
Mean weight 2.38 - 2.7%6 . 2.58

diameter (mm) of

aggregates &
pH (watér)'.. ::_ 6.10 5.80 ) 6.io
pH (CaCl,) - 40 4,70 510
Organic Carbon 5.98 5.39 4.79
e | | |

CEC (cmol kgh) : 4.39 3.69 3.28
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4.2 PORE SIZE DISTRIBUTION

The pore size distribution and the mean pore volumes drained
at the various suctions at all sites are presented in Table 2. The
cocefficient of variability which increases with decreasing soil
water potential, could be attributed to a high variability in
capillary pores with desaturation (Babalola, 1978; Hamblin, 1985).

At the 10 KPa suction equivalent to pore diameter of 30 um,
the volume of pores effective in water retention gave low variation
(CV = 22.19%) between measured points (Table 2). The higher
suctions (30 KPa and 100 KPa) equivalent to pore diameters of 10 um
and 3 um, indicated wider variations (CV = 46.57% and 49.67%,
respectively) in volume of pores drained between measured points.
This may be attributed to reduction in pore volume as a result of
soil shrinkage as water is removed (Kowal, 1970b). These values
conform with the findings reported by Babalola ({1978), Babaj.

1982), and Kureve (1991)
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Table 2: Summary table for selected soil physical properties for

30 sites
% 6 cv

Bulk density (Mg/m’) . 1.39 0.66 4,03
Total porosity (%) 48.40 2.19 . 4.583
Macroporosity (%) 20.20 4.48 22,19
vVolume (%) of pores at 3
different suctions with
equivalent pore diameter
of 30 um, 10 and 3um

10 KPa (Q0.1bar) 30um 20.20 4.48 ) 22.19

30 KPa {0.3bar} 1l0um 6.54 3.0% 46,57

100 KPa (lbar) Jum 5.562 2.°14 ' 49.67

= Mean '
= Standard deviation
V = Coefficient of variability
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4.3 BULK DENSITY, POROSITY AND MACROPOROSITY

The mean bulk density of all the 30 sites 1is presented .n
Table 2. The mean bulk density is 1.39 Mg m' and the standard
deviation is 0.06 g cm’. The coefficient of variability betweer
measured points was 4.03%, which is on the lowerside. The
frequency distribution of the soil bulk density for the entire
sampled area is given in figure 1. The graph shows a histogram
plot of the data with the best - fitting normal distribution
superimposed on it. The values are normally distributed. The data
for each site are shown in Appendix 2.

The normal frequency distribution function which describes the

bulk density values is

£=_1 expl-(x - X)3/28%) ] --m--mccmmmmm o (30)
& 2n

where f is the frequency, x the mean, & the standard deviation of
the mean, and x the random variable.

When the bulk density data was subjected to spatial analysis
and autocorrelograms plotted (Appendix 1), it was clear that there
was no separation distance at which the autocorrelation coefficient
exceeded the 95% confidence 1limit. This shows that the bulk
density result for the 30 sites were spatially independent. It is
therefore not possible to estimate the value of an observaticn from
its nearest neighbour.

Total porosity is high with a mean of 48.40%, (Table 2). It
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exibits a poor correlation with bulk density with a coefficient of
correlation, r = -1.00 (Table 4). Total porosity like bulk density,

has low coefficient of variability (4.53%) (Table 2) between

measured points.
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Figure 2 depicts the total porosity histegram and the norma!l
frequency curve for 30 sites. Frequency distribution for total
porosity which is adequately described by equation (5.0), shows a
normal distribution. Total porosity values for each site are shown
in Appendix 2. The autocorrelegram plot (Appendix 1) showed
spatial independence of observations,

The result of macroporosity determination is presented in
Table 2 and it shows a medium coefficient of variability (22.19%,
between measured points. These are pores with diameter > 30 um
which are drained at suction lower than 10KPa. Therefore, the
trend is still maintained because it is showing lower CV than those
drained at higher suctions (Table 2).

Subjecting this result to spatial analysis revealed nc
degree of dependency as shown in Appendix 1. In other words, it 1is
not possible to estimate from one neighbour the expected value of

another neighbour in a pair of observations.

4.4 SATURATED HYDRAULIC CONDUCTIVITY (K)

Saturated hydraulic conductivity showed very high variability
{CV = 83.23%) between measured points (Table 3) but properties such
as bulk density and porosity generally had CVs of less than 10%
(Table 2). Less precise metheds for measuring K, and more
importantly the inherent heterogeneity in the pore geometry botn
vertically in the profile and spatially in the land scape, are tae

ones accounting for most of these variations (Hamblin, 1985).
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Similar findings were documented in literature (Nielsen et al.,
1985;Kureve, 1991). Mean saturated conductivity for all the 30 sites
was 44.78 mm/hr with a standard deviation of 37.27 mm/hr {(Table 3).
These figures are higher than Kowal (1570b), Ahmed (1982), and Kureve

(3991} .

The frequency function of a log - normal distribution is

f = 1 exp {-[1n(x-8)-x]7/28%} ~---ccmmcmono-- - (31)
b (x-R/2II)

for x > f and £ = 0 for x < 8, where B8 is any constant to allow In
(x-8) to be normally distributed. Figure 3 depicts the distributliorn
of hydraulic conductivity values measured for 30 sites at 2 meters
interval which is described by equation (5.10). Apparently, values
of the hydraulic conductivity are log-normally distributed.

A plot of autocorrelation functicen against lag indicated that
the observations are spatially independent because the
autocorrelograms (Appendix 1) were all close to zero. To estimate
the population mean and be within &+ 10% of its estimated value at the
95% confidence level, 58 average samples must be obtained.

Bulk density which is thought to be an important index in
predicting saturated conductivity (Hamblin, 1985; Puckett et al.,
1985) was found to be poorly and negatively correlated (r = -0.11)
with saturated conductivity as shown in Table 4. The umpredictablc
nature of pore-size distribution which differ even at few centimeters

of separation (Dixon and Peterson, 1971; German and Beven, 1981;

Hamblin, 1985; Grismer, 1986; Watson and Luxmore,
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Table 3: Steady State Infiltration Rate, Saturated Hydraulic
Conductivity and Estimated Soil Parameters for Infiltracion
Equations from Curve Fitting.

x o cv
Steady infiltration (mm/hr 27.40 15.25 55.66
Saturated conductivity (mm/hr) 44.78 3,27 83,213
Estimated soil parameters for
infiltration equations from
curve fitting
Kostiakov M 62.69 24 .27 38.71
n 0.48 0.07 13.51
R? 0.997
Philip A 0.82 14.18 1736.12
s 60.89 22 .48 36191

R? 0.999
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1986) may be responsible for this poor relationship. There was
also a poor correlation (r = 0.32) between hydraulic conductivity
and macroporosity and between hydraulic conductivity and mecisture
content (r = 0.14) as given in Table 4. This is not surprisinq

inview of the high variability of the soil hydraulic properties.
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Table 4: Correlation Table

Correlation Correlated parameters
coefficient
(r)
0.11 Steady-state infiltration and saturated
conductivity
0.32 Steady-state infiltration and Total porosity
0.33* " " " and Macroporcsity
-0.32 " " " and Bulk density
0.94++ . » e and Sorptivity M
0.81%% " . " and Parameter n
C.73%% . . r and Parameter A
0.58*%* " " . and Sorptivity S
0.02 " » " and Initial moisture
content
-0.04 " » » and Final moisture
content
0.11 Saturated conductivity and Total porosity
0.32 " " and Macroporosity
-0.11 " ’ and Bulk density
0.04 " " and Sorptivity M
0.07 » " and Parameter n
0.03 8 L and Sorptivity S
0.07 " o and Parameter A
0.31 Total porosity and M
-1.00 " " and bulk density
0.03 " . and n
0.11 " . and A
0.26 " » and 8
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4.5 INFILTRATION RATE

The infiltration rate at all 30 sites assumed a general trern’
of very high initial values which reduce very sharp’'y w."lLin
first 10 minutes. Intake rates decreased only slightly af.a:
hour thus the rate between 1¥ and 2 hours was ra<=2n as !h
equilibrium infiltration rate. Ahmed (1982), Adeoy= (1986), and
Kureve (1991) reported 3% hours, 4 hcurs and 40 wminutes
respectively for the attainment of steady-state infiltraticn rat.
in Samaru soils.

The steady-state in all the runs was not attained rhrouah o
steady reduction in infiltration rate but there was an eviden:
rising and falling in a run. Entrapped air, slaking (Xowal, 1970a;
Dixon and Linden, 1972; Beven and German, 1982; Babalola, 1986;
Kureve, 1991), inherited heterogeneities of field soils (Hillel,
1980), water level in the infiltrometer and errors in re=ading an:
timing are the likely causes of the observations.

To compare the performance of kostiakov’s and Philip’'s models
in describing infiltration data of Samaru soils, curve fitting bv

regression (Table 3) was carried out and in both casas, X -sguared

value was > 0.98. This is an indication that both Kn=stiaxnv’'s and
Philip’s equations adequately describe the data. Therafora, #ithe
of the equation can suitably predict infiltration rates into Samar.
soils.

The estimated parameters (M and n for Kostiakov's eguation ana
A and S for Philip’s equation) are given in Table 3. An attemp:

was made to determine which of the models gives the best fi°
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standard deviation was calculated for the parameters in the two
equations. The Kostiakov’s parameters gave a standard deviation
value of 17.16 while Philip’s parameters gave a standard deviatils
value of 18.70. This clearly indicate the superior performance of
the Kostiakov’s model. Also when the two models were used
compute cumulative infiltration after 120 minutes of infiltration
and compared with the measured cumulative infiltration, Philip’s
model gave the highest coefficient of variability (46.25%) betwee:n
measured points (Table 5).

The steady-state infiltration rate of the 30 sites measured
gave a mean of 27.4 mm/hr and a standard deviation of 15.2% mm/h:
resulting in a relatively high coefficient of variability (55.€6%]
between measured points (Table 3). These values were too irregular
to fit into a normal distribution and to be described by =squation
{5.0)- Figure 4 depicts the distribution of steady-state
infiltration rate which appear log-normally distributec ana
described by equation (5.10). The high variability of steady-stat~
infiltration rate is at variance with the low CV reported by Umouru
and Babalola (1986) and Kureve (1991) but similar to Folorunsc and
Olorunju’s (1986) findings.

The high variability led to the subjection of the data to
autocorrelation analysis as a means of expressing changes over
distance and whether or not there is dependency among neighbouring
observations. The autocorrelogram(Appendix 1) indicated that there
was no separation distance at which the autocorrelation coefficient

exceeded the 95% confidence limit, An obviocus conclusion is that
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observation of steady-state infiltration rates for the 30 sitec:

were spatially independent at the sampling intervals of 2 meters

from its nearest neighbour. This shows that, interpolation of
infiltration to unsampled sites in the field will not be reliable.
This agrees with the findings of Babalola (1986) and Kureve (1991).
To obtain a reliable estimate of the mean infiltration rate for the
field studied and be within % 10% of the population mean at 9$5%
probability, 10 samples are required.

From curve fitting results (Table 3), variation was cbserved

in the parameters of the two models between measured points. This
is expected because of soil heterogeneity and variations in surfac
conditions. The Kostiakov’s time exponent n, gave the least
variation in the field (CV = 13.51%) for all the parameters.
The closeness of the mean value of the Kostiakov’s time exponent
(0.48) and the time exponent of Philip‘’s equation (0.5) may be
responsible for their similarity in describing the infiltration
data.

A very striking cbservation is the one on the constant A, in
Philip’'s equation. Negative values were obtained in 19 sites ou.
of the 30 sites sampled (Appendix 2). This could be explairned from
the fact that the rates started from high values (about 360 to 240
mm/hr and reduced rapidly to about 66 to 12 mm/hr within 2 hours
infiltration run. This rapid decrease resulted in a steep slope n:
the regression line to the extent that it’s extension cuts the y-

axis below zero giving a negative intercept. This indicates tha
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R

Philip’s equation must have restriction on structurally poor soils,

since negative values are obtained at longer periods when the first

term 1is insignificant. Prediction of infiltration rate using
Philip’s equation therefore, 1is possible within a limited time
range. .

Deductions made on infiltration parameters énd their.physica]
meaning on Samaru soils, indicated that the time coefficient in
both equation’s reflect the same soil parameter; soil sorprivity.

The Kostiakov time exponent n, was poorly correlated with
porosity (r = 0.27} but highly correlated with M {(r = 0,75+%+«) an
S (r = 0.45+%} (Table 4}, The time coefficient of Kostiakov
equation M, was found to be strongly correlated with sorptivity (v
= (0.80**) indicating that it is also related to water intake.
Steady-state infiltration rates and conductivity gave a poor
correlation {r = 0.11) (Table 4). This was unusual because from
the Richard’'s _equaticn, at steady-state =ituations, matric
potential becomes negligible and gravitational potential is the
only one that 1s operational, If this potential is one for
vertical flow, then infiltration at steady-state will solely b=
determined by the conductivity of the soil. Which is not so in
this case. Experimental technigque used here may be responsible for
this poor relationship. The saturated hydraulic conductivity whose
regsult is presented in Table 3, was determined on core samples of
limited area ( 20 cm’) compared to the ring infiltrometer area
{706.5 c¢m') 1i.e about 2.8% of surface area through which

infiltration rates were determined. The resultant effect is that
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a single pore in the core samples could account significantly for
the wvalues of conductivity obtained (Dixon and Petersan, 1%71;
Watson and Luxmoore, 1986). Whereas infiltration measurements were
an average of such limited areas enclosed by the ring
infiltrometer. To get a more realistic relationship belween these

properties, sample size will have to be readdressed.

Table 5: Measured and Computed Values of Cumulative Infiltraticn
Rate {I) after 120 minutes

x 5 Cv
_ I {mm) |
j, Measured 88.93 39.48 44 .40
7 Computed by Kostiakov’ equation 88.49 ~38.08 43,03

Computed by Philip’s egquation 87.75 40.58 46.25
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Both initial and final moisture content presented in Tarle
were poorly correlated with infiltration rate (r = 0.23 and C.04
respectively) (Table 4). This is true because initial moistur«
content has been found not to influence the equilibrium rate bu:
only makes soil to attain final rate slowly or quickly depending
the moisture content (Lal and Greenland, 1978).

Macroporosity showed significant correlation (r = 0.38+) with
infiltration rate (Table 4). This is expected because a change in
pore-size distribution toward a narrow range of larger pores has
been reported toc increase infiltration rate of as much as five
times for typical fine-textured soils (Grismer, 1986).

The autocorrelograms of Kostiakov’s parameters M and n, and

Philip’s parameters A and S, are presented in Appendix 1. These

autocorrelograms indicated spatial independence for all the

parameters.
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Table 6: Volumetic Moisture Content and Moisture Percentage (at 10
KPa, 30 KPa and 100 KPa)

% 6 oV

Volumetric moisture (06V) content
{em'/cm")
Initial (6V,) 0.018 0.014 77.74
Final  (0V,) 0.352 0.039 10.97
Moisture percentage

10 KPa 28.24 3.39 Y2.02

30 KPa 21.87 4.65 21.26

100 KPa 16.39 4.15 2533
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CHAPTER FIVE
5.0 CONCLUSION

The study was aimed at evaluating the magnitude of spatial
variation of infiltration rate over a field considered to be
uniform for agricultural purposes. It was carried out with the
ultimate aim of providing information to enable the farmer decids
on whether or not, his field can receive uniform agronomic
management, such as irrigation, without the risk of runoff o
ponding.

The study involved the use of double ring infiltrometer to
measure infiltration rates along 60m transect at 2m intervals. The
experiment was sited at Samaru in the Northern guinea Savanna.

Surface crusting and soil compaction are factors that
generally influence infiltration rate. The non correlation between
porosity and infiltration in this study, suggests that the crus!
rather than the transmission zone controlled infiltration. Ther:
was relatively high variation in infiltration with the mean of
27.4mm/hr and a standard deviation of 15.25mm/hr. These values wor
also log-normally distributed. To obtain a reliable aestimate
mean infiltration rate and be within + 10% of the population mear
at 95% probability, 10 samples are reguired.

The infiltration data was satisfactorily described by
Kostiakov and Philip’'s equations (R? > 0.98), although Kostiakcv's
equation showed some superior performance over Philip’s equatiorn
This was evident from the standard deviation value of Kosrtiakov’

parameters (17.16) which was lower than that of Philip's parame!
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(18.70) .

The time cocefficient of Kostiakov's equation M, was strongly
correlated (r = 0.80**) with sorptivity parameter s, of Philip’
equation. The s parameter was related to initial intake rates
while A associated with infiltration rates at higher times. ‘ne
Kostiakov’s time exponent n, was poorly correlated with porosity [(:
= 0.03) and with hydraulic conductivity (r = 0.07). It is a
capacity index with mean 0.48 for the field. The decay of both
Kostiakov and Philip's equation at a comparable rate, may not be
unconnected with the fact that n value is close to Philip’s time
exponent (0.5).

Prediction of saturated hydraulic conductivity was difficulc
because of its large coefficient of variability. The mean ana
standard deviation values of hydraulic conductivity were 44.78mm/hr
and 37.27mm/hr giving a CV of 82.23% and a frequency distribution
that is log-normal. The variation was spatially independent.
Fifty-eight (58) average samples are therefcore required to estimate
the mean saturated conductivity within + 10% of the population
mean at 95% confidence interval. Porosity and bulk density thought
to be good indications of conductivity, gave poor correlation with
conductivity., Heterogeneity of the scil is the factor responsible
for this poor relationship.

As a consequence of this study it can be concluded:

s 15 Variations in bulk density and porosity are normally
distributed over space, while values of hydraulic conductivity

and infiltration rates were log-normally distributed.
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The high variation and spatial independence in infiltration
rate indicate that one single farmer’s field can exhibit wide
variations in its ability to take water either from natural
rainfall or from irrigation.
Even seemingly uniform fields manifest large variations in
hydraulic conductivity values. Variations in bulk density,
porosity and water content are much less. Thus, it can be
very unreliable to use measurement of hydraulic conductivity
from a single plot as a representative of a large area.
In the Northern Guinea Savanna where substantial irrigation is
practiced, effective management packages should be designed to
improve infiltration and reduced runoff. Such management
packages should aim at improving the soil structure anc
preventing surface sealing through the use organic matter

and mulches.
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