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ABSTRACT 

 Recently, the importance of the infiltration process in agriculture and the environ-
ment has resulted in an upsurge of interest by soil and water scientists to model the 
process for quantitative application. A study was conducted on the University of Cal-
abar Teaching and Research Farm, Calabar to evaluate the effect of oil palm (OP) and 
arable farm (AF) land use systems on the Green-Ampt (GA), Philip (P), Kostiakov 
(K), Horton (H) and Mezencev (MZ) infiltration models, as well as the applicability 
or efficiency of the models to predict infiltration into the soils. Infiltration data were 
obtained with double ring infiltrometer, and  the parameters of the models were ob-
tained through curve-fitting. Model accuracy was evaluated with the Willmott’s index 
of agreement (W), chi-square (X2), coefficient of determination (R2), root mean 
square error (RMSE) and mean error (ME) test statistics. The results showed that soil 
under oil palm had measured cumulative infiltration and infiltration rate of 72.81 cm 
and 14.10cm/hr while arable farm had 74.76 cm and 12.92 cm/hr, respectively. The 
cumulative infiltration predicted by Philip and Kostiakov models were very close to 
the field data for OP and AF. Horton and Mezencev models underestimated the infil-
tration process because their ME values were negative while Green–Ampt, Kostia-
kov, and Philip  overestimated the infiltration process as they had positive ME values. 
In terms of accuracy and applicability, the order of performance was 
P>K>MZ>GA>H. Therefore, the Philip and Kostiakov models could be used to pre-
dict infiltration into the soils, but that the Philip model was superior to the Kostiakov 
model for the University of Calabar Teaching and Research Farm and similar soils in 
other ecologies.  
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1. Introduction 
 
Soils of the humid tropics are fragile, i.e., extremely sensitive 
to degradative processes (structural decline) and low resili-
ence, i.e., ability to recover after an agricultural perturbation 
(Lal, 1997), and are prone to flooding and erosion due to the 
torrential and high intensity rains (Udosen, 2017), and inap-
propriate land use and soil mismanagement. However, the 
prediction of flooding, pollutant transport, and ero-
sion  depend on the runoff rate which is directly affected by 
the infiltration rate (Ogban et al., 2012). Infiltration is a ma-
jor component of the hydrological cycle, i.e., the dynamics of 
water between the earth and the atmosphere, because it deter-
mines the fraction of the irrigation or rainwater that enters the 
soil and is stored, and the amount that runs off and responsi-
ble for soil erosion (Pla, 2007; Oku and Aiyelari, 2011).  
 
Infiltration is the entry of water into the soil (Hillel, 1971) 
under a downward hydraulic gradient influenced by capillary 
and gravitational forces, with capillary forces predominating 
at the initial stages of the infiltration process and gravitation-
al forces at large times (Hillel, 1998), as well as provide in-
formation about relevant hydraulic and structural soil proper-
ties. However, the limiting factor in soil’s water uptake, and 
thus control of flooding and erosion, is soil infiltrability or  
infiltration capacity, the maximum rate at which it can accept 

the flux of water entering through its surface (Hillel, 1998). 
Quantifying soil infiltrability in relation to soil properties 
and land use is necessary for efficient irrigation planning, 
hydrologic analysis and modelling, and soil and watershed 
management (Hillel, 1971; Azuka et al., 2013).  
 
Infiltration is affected by the inherent properties of the soil 
such as soil texture and soil structure, which in turn affect 
the pore space and matric and gravitational forces, and ini-
tial moisture condition, the rainfall pattern, and land use 
and soil management practices (Hillel, 1998). Water infil-
tration into soils is highly sensitive to land use and soil 
management, which can alter the nature and properties of 
the soil surface resulting in the alteration of the hydrologi-
cal balance and the infiltration characteristics of the soil. 
Also, soil hydraulic properties such as water retention ca-
pacity, saturated hydraulic conductivity, infiltration rate, 
sorptivity, and transmissivity are affected differently by 
land use practices, due to the accompanying changes in 
soil's intrinsic properties.  Selby (1972), reported that the 
conversion of land from forest to pasture resulted in signifi-
cant changes in the infiltration characteristics of the soil 
surface layer in central North Island, New Zealand because 
the open structure of the forest soil had been destroyed by 
grazing. In Angra, India, Agnihotri, and Yadav (2002 ), 
reported infiltration rates that were greater in the forested 
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land than in farmland. Moreover,  in Ndola, Tanzania, Saiko, 
and Zonn (2003), obtained higher infiltration rates in the 
fallowed land than in cultivated land.  
 
In South-western Nigeria, Wilkinson and Aina (1976), re-
ported higher infiltration rates into two tropical-forest soils 
under bush fallow (natural regrowth) compared to arable 
cropland where soil structural integrity had been compro-
mised. Also, Amusan et al. (2005), found that soil texture 
and infiltration rate declined due to changes in vegetation 
and soil structural characteristics in South-western, Nigeria. 
Similar research results have been reported in South-eastern 
Nigeria. For instance, Antigha and Essien (2007) and Osuji 
et al. (2010), reported highly significant (p = 0.01) infiltra-
tion rates in the bush fallow land than in arable 
cropland.  Eze et al. (2011), observed that the infiltration rate 
of a sandy soil under forest was higher than under sparse 
vegetation and bare cultivation. Ogban (2017), reported sig-
nificantly (p≤0.05) high infiltration rates in soil under oil 
palm compared to fallow and cultivated soil, and in the 
trend: OP>FL>CC. Differences between FL and CC were 
not significant. Generally, low infiltration characteristics 
were recorded in CC than in FL and OP and indicated the 
degradative effect that cultivation may have on soil proper-
ties. Osuji et al. (2010), reported significant relationships 
between steady infiltration rates and soil organic matter, bulk 
density, and total porosity. Shukla et al. (2003), Bormann 
and Klassen (2008) and Haghighi et al. (2010) attributed 
changes in infiltration rates to soil hydraulic properties, po-
rosity, soil organic matter, and bulk density and different 
land use practices.   
 
Infiltration characteristics can mostly be evaluated under 
either ponded or rainfall conditions or predicted using infil-
tration models (Haverkamp et al., 1988; Majaliwa and Teny-
wa, 1998). Several studies have been conducted to quantify 
the infiltration process (Green and Ampt, 1911; Kostiakov, 
1932; Horton, 1940; Philip, 1957a; Talsma and Parlange, 
1972; Rao et al., 2006), as well as evaluate infiltration mod-
els either for the purpose of validation to establish the model 
parameters or comparison of model efficiencies and applica-
bility for different soil conditions (Ahmed, 1982; Bach et al., 
1986; Davidoff and Salim, 1986; Obiechefu, 1991; Topal-
oglu, 1999; Wudduvira et al., 2001; Igbadun and Idris, 2007; 
Egbai et al., 2011) because the models are strongly subjected 
to soil spatial variability (Dashtaki et al., 2009). Al-Azawi 
(1985), reported  that a lack of knowledge of the model pa-
rameters for different soils and locations makes the use of 
these models difficult. Infiltration model parameters could be 
determined when field infiltration data are fitted mathemati-
cally to infiltration models. 
 
The University of Calabar Teaching and Research Farm is 
located on the tertiary coastal plain sands parent material in 
Southern, Nigeria. The area receives rainfall in excess of 
3000 mm annually, occurring during the rainy season, but 
much of the rainwater is lost through Hortonian flows, with 
the attendant risk of frequent extensive flooding and severe 
soil erosion. In the dry season, the crop growing area is fal-
lowed because of water deficit, making it the single most 
important and critical factor of crop production on the farm 
and the entire southern ecology, where inappropriate land 
use and soil mismanagement are common features of agri-
culture. Consequently, large-scale increases in crop produc-
tion require an irrigation scheme whose critical factor is soil 
water status and which is a function of the infiltration capaci-
ty of the soil. While infiltration models have been well dis-

cussed in the literature (Hopmans et al., 2007), and some 
studies conducted on the test site (Amalu and Antigha, 1999; 
Ukata et al., 2015), their practical application to the Universi-
ty of Calabar Teaching and Research Farm has not been stud-
ied. This study was carried out to evaluate some of the com-
monly used infiltration models to select an appropriate mod-
el/s as a basis to improve the management of the soil and its 
productive capacity for increases in crop yield.  
 
1.1 Infiltration Models  
Five infiltration models were examined to evaluate their pa-
rameters (Table 1). Rawls et al. (1993) and Mishra et al. 
(1999), classified the infiltration models as empirical, semi-
empirical and physically based models. Mishra et al. (1999), 
outlined the basis of the infiltration models and stated that (i) 
the physically based models rely on the law of conservation 
of mass and the Darcy law, (ii) the semi-empirical models 
employ simple forms of the continuity equation, and (iii) the 
empirical models do not directly use any of the above equa-
tions because they are based on data derived from either field 
or laboratory experiments. Moreover, in the physically based 
or mechanistic models, a solution is found for the water flow 
equation to derive an expression for the infiltration rate, 
which is then interpreted physically. In contrast, the empirical 
approach consists of first finding a mathematical function 
whose shape as a function of time marches the observed fea-
tures of the infiltration rate and then attempting a physical 
explanation of the process. However, the physically based 
models are often used as empirical models, i.e., applied to 
field-measured data and their parameters determined by 
curve-fitting. Consequently, they lose the physical signifi-
cance of the parameters because their basic assumptions are 
violated (Haverkamp et al., 1988)  
 
1.1.1 Empirical Models 
 

Kostiakov (1932), found a functional relationship between 
cumulative infiltration, I, and time, t, thus:  

                                                      (1) 
                                                                                                             
where, I = cumulative infiltration (cm), t = elapsed time 
(min), c and α are constants (fitting parameters) that depend 
on soil and initial conditions, with c > 0 and 0 < α < 1. That 
is, the parameters in Equation (1), though not theoretically-
based, however, vary with the soil physical properties. Equa-
tion (1) tends to be the most preferred infiltration model in 
surface irrigation application because of its simplicity, capa-
bility of fitting most infiltration data, and probably because it 
is less restrictive as to the mode of water application. How-
ever, to use Equation (1), a logarithmic transformation is 
necessary to obtain the expression: 

                      (2) 
                                                                                                                                
A plot of log I versus log t produces a straight line with the 

slope as  while the intercept on the logI axis gives the 
value of logc. The value of c can be obtained from the anti-
logc. i.e. 

                                                  (3)                                                                                                                   
 

Mezencev (1948), also called the modified Kostiakov (1932) 
model to overcome the limitation of infinite infiltration rate 
at relatively large times. Mezencev’s cumulative infiltration 
and infiltration rate are expressed as: 

I ct

LogI Logc Logt 



log10 cc 
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                                         (4) 

                                      (5)                                                                                                                                                                                 

where, ( >0) and  (0< < 1) are constants, ic = 
final infiltration rate (cm/hr), i = infiltration rate (cm/hr). 
Either plotting β can obtain the value of α 

and      β with logt or through linear regression 
analysis. The slope of the reg ression analysis corresponds to 
β, and the intercept represent s α.   
           
1.1.2 Semi-empirical Models  

Horton (1940), proposed a three-parameter semi-empirical 
infiltration equation derived from work and energy principles 
as:    

                                                                               (6)                   

where, i = infiltration rate at time, t, (cm/hr), io = initial infil-
tration rate (cm/hr) at t = 0, ic = final infiltration rate (cm/hr), 
k = infiltration decay coefficient in dimension of time, t, (t-1). 
Equation (6) is derived from the simple assumption that the 
reduction in the infiltration capacity during rain is directly 
proportional to the rate of infiltration and is applicable only 
when the effective rainfall intensity is greater than ic (Linsley 
et al., 1975). The parameters in the Horton model can be 
determined by plotting ln(i-ic) against time, t, to get the best 
fit line through the plotted points. The intercept on the ordi-
nate represents ln(io-ic) while the Horton decay coefficient 
represents the slope. The rate of decrease of infiltration rate, 
i, to steady-state infiltration , ic, is determined by k. Equation 
(6) indicates that if the rainfall intensity, for instance, ex-
ceeds the infiltration capacity of the soil, infiltration tends to 
decrease exponentially. Horton infiltration model has an ad-
vantage over Kostiakov by having finite infiltration rate 
when the time is zero.  
 

1.1.3 Physically-based Models  

Green–Ampt (1911), developed an infiltration model by 
applying Darcy's law to the wetted zone in the soil based on 
the existence of a distinct wetting front, with infiltration rate 
as:  

                                  (7) 
 
and the cumulative infiltration as: 
 

                          (8) 
 
Where,  St = storage suction factor, Ks = saturated hydraulic 
conductivity. Other parameters are as defined above. The 

parameters and  were calculated using linear regres-

sion analysis of i against . The slope and intercept are 

represented by and  respectively. 

cI i t t  

1

ci i t   

   

log(I t)ci

1 t
s

S
i K

I

 
  

 

ln(1 )s t

t

I
I K t S

S
  

SK
tS

1/ I

S fK S
SK

Philip (1957a, 1969) developed a time-series to solve the 
Richards equation for vertical and horizontal infiltration. He 
proposed a simple equation for the cumulative infiltration 
and showed that horizontal infiltration is given as: 

                                                              (9) 
                                                                              
where, I = cumulative infiltration (cm), S = sorptivity (cm/
t1/2). For vertical infiltration, Philip (1957a) solution of the 
Richards equation was of the form of physically-based con-
verging infinite series in powers of t1/2, which described cu-
mulative infiltration, I, as a function of time, t, as:  
 

          (10) 
where, A1, A2 A3 … are transmissivity parameters. 
 
Philip (1957b) further showed that a truncated form of Equa-
tion 10 with just two fitting parameters is sufficient for all 
practical purposes to describe the time dependence of cumu-
lative infiltration thus: 
 

                                                    (11)                                                                            
and the infiltration rate as: 
  

                                      (12) 
 
i = infiltration rate (cm/hr), A = transmissivity (cm/hr), t = 
time (hr), while I and S are as defined in Equation (9). 
 
Philip model parameters were determined by least square 
regression analysis method following the procedure outlined 
in Minasny and MacBrtney (2000) and  Isong et al. (2017). 
 
2. Materials and Methods 
 

2.1 Study area: The study was conducted in the 16-ha oil 
palm plantation (Latitudes 40 56ʹ and 40 59ʹ N and Longi-
tudes 80 20ʹ and 80 21ʹ E) and in the 4-ha arable farm 
(Latitude 40 27ʹ and 50 32ʹ N and Longitude 70 15ʹ and 90 28ʹ 

E), both in the University of Calabar Teaching and Research 
Farm.  
This area has a hot, humid  tropical climate with two distinct 
seasons; the rainy season which lasts from April to October 
and dry season which spans from November to March. Total 
annual rainfall in the area far exceeds 2600 mm. The mean 
annual temperature ranges from 23°C and 31°C, while rela-
tive humidity averaged 84 %. 
The farm is located on an undulating topography, underlain 
by the tertiary coastal plain sands parent material, usually 
referred to as the acid sands. The soils are coarse-textured, 
relatively homogenous and profoundly permeable and are 
classified as Kandiudults or Acrisols (Akpan-Idiok et al., 
2012). Some physical properties of the soils are shown in 
Table 2. The arable land is seasonally cultivated to maize, 
watermelon, fluted pumpkin, cassava yam, etc. 
 

2.2 Infiltration measurement 
 

Water infiltration was measured at eight points on each land 
use systems with the double ring infiltrometer (Reynolds et 
al., 2002). The infiltrometer consisted of outer and inner 
rings measuring 50 and 30 cm in diameter, respectively, and 

1/2I St

1/2 2/2 3/2 4/2

1 2 3 ...I St A t A t A t    

1/2

1I St A t 

1/2

11 2
dI

i St A
dt

  

(i ) kt

c o ci i i e  
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Field observed data were fitted to the exponential decay 
curve and the power function curves by a dynamic curve 
fitting tool using non-linear regression with the aid of the 
SigmaPlot 12.5 statistical package, to obtain their respective 
model parameters. The parameters in Philip and Green-
Ampt models were estimated from least square regression 
analysis following the procedure outlined in Al-Azawi 
(1985), Minasny and MacBrtney (2000), Vandervarere  et 
al. (2000) and Isong et al. (2017).  
 
2.3.2 Evaluation of infiltration model performance: The 
statistical goodness of fit indices in Table 2 alongside with t
-test were used in evaluating the performance of models in 
this study. 

a height of 30 cm. A metal bar was placed on the rings and 
driven concentrically with a hammer into the soil to a depth of 
10 cm. Each infiltration run was allowed a time duration of 
180 minutes (3 hours). The average of the measurements was 
taken and subsequently used in the computation of the infiltra-
tion parameters. 
 
2.3 Statistical analysis 
2.3.1 Estimation of infiltration model parameters: In the 
field study, the parameters of each model (Table 1) were un-
known. Also, Horton model represented an exponential decay 
curve while Kostiakov and Mezencev were power functions. 

Nam
e of 
equa-
tion 

                         Expression Parame-
ters 
to esti-
mate 

Meaning of symbols References 

Cumulative infiltration         Infiltration rate 

 
Green-Ampt* 
(GA) 

 

ln 1s t

t

I
I K t S

S

 
   

       

1 t
s

S
i K

I

 
  

 

  

 
,Ss tK

 
Ks= saturated hydraulic  
conductivity (cm/min) 
St = storage suction factor 
  

 
Green-
Ampt 
(1911) 

    

Kostiakov*** 
(K)      

I ct
      
  

1i c t 
c, α t = time (min) 

α = an index of structural  
stability 
c = a measure of the initial 
rate of infiltration 

Kostiakov 
(1932) 

  
  

  
  
  

Horton** 
(H) 

 

 
(i )

1 kto c
c

i
I i t e

k


  

     

 
(i ) kt

c o ci i i e  

k, io, ic io = initial infiltration rate, 
cm/min 
ic = final infiltration rate, cm/
min 
k = rate constant in dimension 
of time (min-1) 
  

Horton 
(1940) 

   
  

Mezencev*** 
(MZ) 

 
cI i t t  

       
  

1

ci i t   
α, β ic = final infiltration rate (cm/

min) 
β = constant 
α = constant 

Mezencev 
(1948) 

   

Philip* 
(PH)  

1/2I St At 

      

1/2

2

S
i t A 

S, A S = sorptivity (cmmin-0.5) 
A = transmissivity (cm/min) 

Philip 
(1957) 

        
   

   Table 1: Infiltration Models evaluated  

Note: i = Infiltration rate (cm/min); I = Cumulative infiltration (cm); t = Time from beginning of infiltration (min); * = physically 
based model; ** = semi-empirical model; *** = empirical model  
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3. Results and Discussion 
 

3.1 Effect of OP and AF on infiltration rate and cumulative 
infiltration 
 

Infiltration rate, the flux passing through the surface and flow-
ing into the soil profile (Hillel, 1971), was orders of magni-
tude initially higher than the saturated hydraulic conductivity, 
Ks, but  consistently declined gradually with increase in time 
of infiltration to a constant value after about 120 min in OP 
and AF (Figure 1). The observed trend of decreasing infiltra-
tion rate within the time-scale of this study agrees with theory 
(Reynolds et al., 2002) that the flux-density of water per unit 
area decreases monotonically to approach the equilibrium or 

final soil infiltrability or Ks (Hillel, 1971; Kutilek and Niel-
sen, 2015). Soil infiltrability and its variation with time are 
known to be dependent on the initial wetness and suction, as 
well as the texture, structure, and uniformity of the profile 
(Hillel, 1971).     
 
The high initial infiltration rate (OP = 78.6 cm/h; AF = 
79.82 cm/h) was attributed to the generally low soil mois-
ture content (Table 3) and therefore large suction head and 
the coarseness of soil texture which favoured gravity-driven 
infiltration (Baver et al., 1972; Reynolds et al., 2002).  
The gradual decrease in infiltrability in OP and AF with 
time was attributed to changes in soil surface conditions, 

Land use Sand Silt Clay Texture MC (cm3/cm3) Ks (cm/h) 

   g kg-1         

OP 839 147 14 Loamy Sand 
   

0.15 51.06 

AF 832 148 20 Loamy Sand 
   

0.19 38.01 

  Table 2: Physical Properties of the Soil of the Study sites 

OP = oil palm; AF = arable farm; MC = moisture content; Ks = saturated hydraulic conductivity  

 

The goodness of fit 
indices 

   

Abbrev. Expression Range of 
Variabil-
ity 

Opti-
mal 
Value 

References 

Willmott’s index of 
agreement 

W 

 

2

1

2

1

1

n

p o

i

n

p o o o

i

I I

W

I I I I





  
 

   
 





0 to 1 1  
Willmott (1981);  
Willmott et al. (1985) 

Coefficient of deter-
mination 

R2 

 

 

 

2

2 1

2

1

1

n

o p

i

n

o o

I

I I

R

I I







 







0 to 1 1  Van Liew et al. 
(2003) 

Chi-square goodness 

of the fit test statistic 

  

X2 

 

2

2
( )o p

cal

p

I I
X

I




- -  Oku and Aiyelari 
(2011) 

Mean error ME 

 

 
1

1 n

p o

i

ME I I
n 

 
−∞ to +∞ 0 Duan et al. (2010) 

Root mean square 

Error 

RMSE 

 

1/2
2(I )p oI

RMSE
n

 
   
 


0 to +∞ 0 Duan et al. (2010) 

 Table 3: Statistical Goodness of fit 

= mean of the predicted data; = observed cumulative infiltration; = predicted cumulative infiltration;  = mean of 
the predicted data; n = number of cumulative infiltration measurement  

pI
oI pI pI
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i.e., compaction of the soil surface by raindrop action, aggre-
gate breakdown, slaking and sealing of pores, and to a decreas-
ing matric potential gradient as the wetting front penetrated 
deeper into the soil profile. Radcliffe and Rasmussen (2000), 
reported that entrapped air also contributes to a decreasing 
initially high infiltration rate. Linsley et al. (1975), stated that 
the decreasing rate of infiltration with the time of water appli-
cation was due to the continuous  diversion of gravity water 
into capillary-pore spaces by capillary forces, thus, diminish-
ing the quantity of gravity water passing successively lower 
horizons leading to increased resistance to gravity flow in the 
surface horizons.   
 
The initial infiltration rate, io, was significantly different 
(p<0.05) between OP and AF (Table 3), which was similar to 
reports by Wilkinson and Aina (1976), Osuji et al. (2010) and 
Eze et al. (2011), that soils under oil palm forest maintained 
open soil structure associated with increased biological activi-
ties, e.g., surface cover of plant materials, dead roots that cre-
ate pores in addition to textural pores, etc with high infiltration 
rate, compared to the arable land where cultivation results pri-
marily in a change in soil structure through aggregate break-
down, colloidal dispersion and clogging of the soil pores and 
lower infiltration rate. Thus, the effect of soil use on infiltra-
tion rate masked the homogeneity in the soil as demonstrated 
by a similarity in  soil texture and agrees with reports by Lal 
and van Doren (1990) that water infiltration is highly sensitive 
to soil use and management. 
 
The final infiltration rate, if, was similar between OP and AL 
(Table 4) but higher in the former than in the latter. The if is at 
a maximum io at the onset and approaches a low, constant rate 
if as the soil profile becomes saturated, controlled by subsoil 
permeability. The slightly higher if in OP than AL points to the 
fact that cultivated soils usually experience degradation of soil 
structure and structure-moderated soil properties, e.g., bulk 
density, total porosity, and pore-size distribution, and hydrau-
lic conductivity in the soil surface zone , which can be accen-
tuated where bare cultivation is the rule. Such degradation is 
generally typical in low resilient soils; soils with low ability to 
recover after a perturbation (Lal, 1993), and under traditional 
soil use systems in the humid tropics with weak or non-

existent soil surface management , affecting water intake. 
Burch et al. (1987), reported that agricultural soils, particularly 
seasonally bare soils, exhibit lower infiltration capacities, and 
less macroporosity than do forest soils.  The similarity in if 
indicated that soil texture and other unidentified factors were 
probably more important than the land use systems (Lal and 
van Doren, 1990). Generally, soil texture exerts the most re-
markable effect on the infiltration rate when the water supply is 
not limiting, and it determines the duration of time to if wheth-
er infiltration is gravity-driven (common in coarse-textured 
soil) or capillarity-driven (common in fine-textured soil). In-
deed, the time to if of about 120 min in OP and AF (Figure 1) 
may probably be of no effect since the rainfall rate will always 
exceed the if on the farm.     
 
The entry of water into the soil vadose zone is controlled by 
capillarity and gravity forces and soil properties, governed by 
the Richards equation (Richards, 1931), whose solution re-
quires that the soil moisture content and hydraulic conductivity 
be defined as functions of pressure head . Generally, however, 
during a high intensity rainfall event as is common in the study 
area, the infiltration capacity or if, decreases over time as the 
soil moisture content increases, and in the limiting case if the 
soil becomes saturated, the infiltration capacity becomes con-
stant and monotonically approaches the Ks (Rawls et al., 
1992). The if was 14.10±3.01 cm/h in OP and 12.92±3.94 cm/h 
in AF. These results were orders of magnitude lower than the 
laboratory measured Ks (Table 2); the high Ks could be at-
tributed to field and laboratory errors and, therefore, the as-
sumption that at significant times if  is equal to Ks could not 
hold. For a given soil, the effects of the inherent characteristics 
such as profile heterogeneity in texture and pore-size distribu-
tion are reflected in the Ks, the resistance that the soil matrix 
offers to the flow of fluids. Thus, the comparison of Ks and if 
indicated that the latter is limiting under the usually high 
amount and intensity rains in the area. The data of if and Ks 
also demonstrated that infiltration excess or Hortonian over-
land flow may readily occur in the area but may be delayed in 
OP with high if than in AF with low if, provided that rainfall 
rate not exceed the infiltration rate. However, the effect of the 
difference in if between OP and AL may be short-lived under 
the rainstorms common in the area.    

       Table 4: t-test of cumulative infiltration, initial and final infiltration rates  

                   Mean ± sd 

     OP       AF 
Mean  
difference 

t- test Sig.(2-tail) 

CI 35.23±21.25 36.70±22.35 
-1.47 

-
4.09 

0.001*** 

io 34.27±16.19 35.59±16.39 
-1.33 

-
2.62 

0.02* 

ic 14.10±3.01 12.92±3.94 
1.18 

0.5
56 

0.596 

* = significant level at 5%; *** = significant level at 0.01%; sd = standard deviation; CI = cumulative infiltration; OP = oil palm; 
AF = arable farm  
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  Cumulative infiltration, the time integral of the flux of wa-
ter into the soil, was not significantly different between OP 
and AF (Figure 2). The figure shows that the cumulative 
depths of water were close at the early stages of the infiltra-
tion process but diverged slightly after 40 minutes and main-
tained the non-significant difference and curvilinear trend to 
the end of the three-hour infiltration duration in both OP and 
AF. The average cumulative infiltration was 72.81 cm in OP 
and 74.76 cm in AF. The curvilinear pattern exhibited by the 
cumulative depth of water infiltrated was thus in agreement 
with the theory of infiltration (Reynolds et al., 2002). The 
high cumulative infiltration recorded in this study might be 
due to an infinitely deep, homogeneous and permeable soil 
profile (high Ks) and therefore, water storage depth (Table 2) 
which ordinarily is advantageous against runoff generation if 
only the water application rate (rainfall or irrigation) would 
not exceed the soil infiltrability. 
 
3.2 Effect of OP and AF on Model Predicted Parameters  
 

Green-Ampt parameters: The parameters Ks (saturated hy-
draulic conductivity) and St (suction storage factor or capil-
larity), respectively averaged 0.342 cm/min and 0.377 cm/
min, and 15.56 and 12.56 in OP and AF (Table 5). The high 
values of St depict the high initial infiltration rate in both land 
use systems. However, the highly significant (p<0.01) St in 
OP than in AF pointed to the effect of forest cover on soil 
structure, in particular, soil pore-space and water intake.  
 

Philip parameters: The sorptivity, S, in Philip model aver-
aged 3.82 cm/min0.5 in OP and 4.03 cm/min0.5 in AF, indicat-
ing that sorptivity forces associated with capillarity were 
initially high. Sorptivity is a measure of the soil’s ability to 
absorb water (Philip, 1957a) and is dependent on initial water 
content (Philip, 1957b; Chong and Green, 1979).  Transmis-
sivity, A, a gravity factor that governs the final infiltration 
rate, was similar in both OP and AF, averaging 0.133 cm/min 
and 0.136 cm/min, respectively. The estimated values were 
generally low and orders of magnitude less than if, and sever-
al orders of magnitude less than Ks, indicating that Philip's 
parameter probably underestimated the if and Ks of the soil. 
Duan et al. (2011), reported that the estimated value of the 
Philip A should be close to the measured final infiltration 
rate; however, the values were not identical, and Dashtaki et 
al. (2009), attributed the discrepancy to the fact that these 

parameters are inherently empirical. Similarly, Philip (1957a), 
noted that the equality between A and Ks did not exist; rather, 
parameter A varies from one-third to two-third Ks. It could also 
be because the cumulative time of three hours was not suffi-
ciently long enough for  A to equal Ks in the study area.  
 

Horton parameters: The parameters in the infiltration model 
showed that io was 1.310 cm/min in OP and 1.330 cm/min in 
AF, while ic averaged 0.190 cm/min in OP and 0.156 cm/min in 
AF. Similar to Philip’s A, Horton’s ic was also orders of magni-
tude less than measured ic. Similarly, k averaged -0.0549 in OP 
and -0.0490 in AF. In the Horton’s model, k, as a decaying fac-
tor, reflects the changes in the slope of the infiltration curve; 
large k indicates that the infiltration rate decreases faster (Zhao 
and Wu, 2004). Except for the steepness in the initial portion of 
the infiltration curve (Figure 1) (Al-Azawi, 1985), the k pre-
dicted showed that the decrease in the infiltration rate was slow 
in both land use systems. The infiltration equations obtained for 

OP and AF were and

 respectively.  
 
Kostiakov parameters: The Kostiakov model parameter c aver-
aged 1.959 in OP and 1.913 in AF, while the parameter α had a 
mean of 0.712 in OP and 0.713 in AF. The infiltration equa-

tions obtained for OP and AF are  and I = 
1.913t0.735 respectively. The average values of the time expo-
nent of Kostiakov’s model, α, the index of sorptivity reflecting 
the rate of declining infiltration capacity, and that the steeper it 
is, the steeper the slope and the greater the rate of decline of 
infiltration. Results indicated that α was positive and consist-
ently less than one (0<α< 1), indicating reasonably high sorp-
tivity which was in accordance with the theory of infiltration 
(0<α< 1) (Kostiakov, 1932). Hartly (1992), observed that in 
homogeneous soils the α is mostly higher than 0.5. In a similar 
study, Al-Azawi (1985) and Oku and Aiyelari (2011), reported 
α values that were larger than 0.5. Similarly, c, Kostiakov’s 
initial infiltration rate, was confident and consistently higher 
than zero. Large values of c indicate large initial infiltration 
(Naeth et al., 1991) rate as well as differences between the ini-
tial and steady infiltration rates (Liu and Kang, 1997).  Hence, 
both values of α and c were high in the two land use systems.   

0.054911.4 67.2 ti e 

0.0499.36 70.46 ti e 

0.7211.959I t
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Fig. 1:  Average infiltration rate for soil under oil palm and  
             arable farm  
Note: OP = Oil palm soil; AF = Arable farm soil 

Fig. 2: Average cumulative infiltration for soil under oil palm  
             and arable farm  
Note: OP = oil palm soil; AF = Arable farm  
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Models Green-Ampt        Philip               Horton       Kostiakov               Mezencev 

ks 
(cm/
min) 

    St        S 
(cm/
min0.5) 

    A 
(cm/
min) 

      ic 
(cm/
min) 

   io 
(cm/
min) 

k    c      α        ic 
(cm/
min) 

α β 

OP-1 0.084 16.738 1.122 0.108 0.175 1.020 -0.139 0.992 0.672 0.160 1.832 0.253 

OP-2 0.613 14.279 6.630 0.134 0.117 1.679 -
0.0150 

2.823 0.740 0.287 3.062 0.628 

OP-3 0.451 13.243 5.181 0.0941 0.161 1.392 -
0.0194 

2.387 0.719 0.233 2.685 0.591 

OP-4 0.275 10.898 2.201 0.212 0.320 0.977 -
0.0523 

1.389 0.751 0.260 1.659 0.515 

OP-5 0.206 16.111 2.081 0.185 0.298 1.230 -
0.0858 

1.533 0.706 0.253 2.213 0.400 

OP-6 0.321 15.859 3.450 0.170 0.250 1.523 -
0.0761 

1.907 0.728 0.250 2.193 0.558 

OP-7 0.134 22.888 2.620 0.050 0.151 0.888 -
0.0382 

1.661 0.646 0.157 2.312 0.421 

OP-8 0.655 14.516 7.256 0.114 0.049 1.770 -
0.0138 

2.976 0.741 0.280 3.198 0.640 

Mean 0.342 15.566 3.82 0.133 0.190 1.310 -
0.0549 

1.959 0.721 0.235 2.394 0.501 

sd± 0.212 3.491 0.802 0.018 0.0925 0.334 0.0436 0.707 0.037 0.050 0.549  0.134 

AF-1 0.458 15.087 5.653 0.076 0.116 1.439 -
0.0175 

2.576 0.712 0.210 2.831 0.607 

AF-2 0.104 7.894 1.377 0.049 0.102 0.501 -
0.0396 

0.845 0.682 0.103 1.167 0.439 

AF-3 0.386 7.699 2.464 0.276 0.270 1.409 -0.091 1.340 0.801 0.277 1.331 0.640 

AF-4 0.101 9.830 1.197 0.083 0.142 0.613 -
0.0678 

0.868 0.688 0.133 1.358 0.358 

AF-5 0.544 11.798 5.839 0.115 0.0425 1.436 -
0.0133 

2.405 0.747 0.230 2.553 0.650 

AF-6 0.582 15.420 6.774 0.102 0.0601 1.646 -
0.0144 

2.866 0.733 0.256 3.097 0.631 

AF-7 0.373 18.016 3.896 0.218 0.280 1.850 -0.082 2.138 0.734 0.280 2.388 0.579 

AF-8 0.464 14.710 5.018 0.166 0.230 1.749 -0.071 2.265 0.747 0.230 2.388 0.646 

Mean 0.377 12.557 4.027 0.136 0.156 1.330 -0.049 1.913 0.731 0.215 2.139 0.569 

sd± 0.183 3.824 2.136 0.078 0.0931 0.504 0.032 0.786 0.037
8 

0.0649 0.746 0.109 

Overall 
Max 

0.655 22.888 7.56 0.276 0.320 1.850 -
0.0133 

2.976 0.801 0.287 3.198 0.646 

Overall 
Min 

0.084 7.699 1.122 0.049 0.0425 0.501 -0.139 0.845 0.646 0.103 1.167 0.253 

Overall 
mean 

0.359 14.062 3.922 0.134 0.173 1.320 -
0.0523 

1.936 0.722 0.225 2.267 0.535 

Overall 
sd± 

0.193 3.864 2.132 0.064 0.0914 0.413 0.0371 0.722 0.037
2 

0.057 0.647 0.123 

t-test -
0.305
NS 

3.340*
* 

-0.167NS -
0.053N

S 

0.6NS -
0.094N

S 

-
0.216N

S 

0.107
NS 

-
0.876
NS 

0.572NS 0.693
NS 

6.534**
* 

      Table 5: The Estimated Fitting Parameters of the Models 

 

OP = oil palm farm; AF = arable farm; sd = standard deviation; model parameters are as defined in Table 1.  

** = Significant level at 5%; *** = Significant level at 1%; NS = Non-significant; OPS = Soil under oil palm farm; AFS = Soil under 
arable farm; SD = standard deviation; model parameters are as defined in Table 1. 
Note: t-test compare between OP and AF on each fitting parameters 
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Mezencev parameters: The Mezencev model constant ic, the 
basic infiltration rate after 3 hours, had a mean value of 
0.235 in OP and 0.215 cm/min in AF. The α averaged 2.394 
in OP and 2.139 in AF, while the β averaged 0.501 in OP 
and 0.569 in AF. The average values of the time exponent 
of Mezencev model were positive and consistently less than 
one, which  agreed with the theory of infiltration (Mishra et 
al., 2003). Rawls (1993), reported that at theoretically large 
times, laboratory measured Ks should be equal to the ob-
served ic. However, the results of this study defied this as-
sumption, because Ks was higher than ic.   
 
3.3 Effect of OP and AF on Model Validation  
Paired t-test analysis (Table 6) of the predictive ability of 
the models showed significant (p<0.05) differences between 
the measured and Green-Ampt (GA), Horton (H), and Me-
zencev (MZ) modelled cumulative infiltration in OP; the 
Philip (P) and Kostiakov (K) estimated I was not different 
from the observed value. The analysis indicated that GA, P, 
and K, however, underestimated   I, while H and MZ over-
estimated the I. Similarly, paired t-test analysis showed that 
H and MZ predicted I was significantly (p<0.05) different 
from the measured I, while that estimated by GA, P, and K 
was similar to the observed I in AF (Table 7). Also, GA and 
P under-estimated I, H and MZ over-estimated I, while K 
accurately estimated it. 
In Figure 3, all models initially accurately predicted I, that 
is, there was a negligible difference between the predicted, 
and the observed  I within the first 40 minutes of infiltration 
in OP, but thereafter, GA, H, and MZ deviated significant-
ly, and either underestimated or overestimated I. The results 
indicate that P and K models could be relied upon to predict 
I in OP. Similar to OP in Figure 3, Figure 4 showed that all 
models initially, accurately predicted I up to the 50th mi-
nute, beyond which H and MZ deviated significantly (p> 
0.05) from the field-measured I, indicating that P, K, and 
GA could be used to estimate I in both OP and AF.   
 
3.4 Selection of best-fit infiltration model 
The infiltration models were subjected to the goodness of fit 
criteria in Table 3, which resulted in the best-fit indices in 
Table 7. Generally, the models’ W and R2 indices were 
>0.90 in both OP, and AF land uses. However, the P and K 
were closer to unity and accounted for almost all the varia-
bility in the data as well as provided a very good fit for the 
data than GA, H, and MZ in OP and AF.  

Wuddivira and Abdulkadir (2000) have obtained similar re-
sults in the northern Guinea savanna of Nigeria. The X 2 good-
ness of fit, used to express the amount of disparity between the 
predicted and observed values, showed that K model had the 
least value followed by P at the 0.05 level of significance in 
soils of OP and AF; there was a wide disparity between meas-
ured and predicted I by GA, H, and MZ at the same level of 
significance. Thus, K and P could be used to predict I in soils 
under the land use systems. The RMSE, the index of the corre-
spondence between measured and predicted I, was least under 
P followed by K, and thus corresponded better to measured I 
than GA, H, and MZ which overestimated I in OP and AF. The 
ME index, to indicate whether a model under- or over-
estimates measured values, was similar in pattern to RSME for 
all tested models. In this study, P and K models systematically 
under-estimated I, the cumulative infiltration, while GA, H, 
and  MZ over-estimated cumulative infiltration. In terms of the 
best fit model, the order of performance was 
P>K>MZ>GA>H.   
 
3.5 Model ranking according to the goodness of fit 
The ranking of models (Tables 8 & 9) based on the goodness 
of fit criteria, W, R2, RMSE, ME and X2 showed that for W 
and R2, the overall model rank for both OP and AF was 
P>K>MZ>GA>H. Similarly, the ranking for RMSE, ME and 
X2 goodness of fit criteria was K>P>MZ>GA>H. The sum-
mary of the model rankings (Table 10) indicated that P, 
Philip’s model had the lowest final ranking, closely followed 
by K, Kostiakov’s model while H, Horton’s model ranked the 
highest. This implied that Philip and Kostiakov models were 
more efficient in predicting the cumulative infiltration, fol-
lowed by Mezencev and Green–Ampt, and Horton model with 
the least predictive power for estimating cumulative infiltra-
tion in OP and AF. The results showed that P was superior to 
K and the other models in predicting cumulative infiltration in 
the study area. Although Azuka et al. (2013) and Arab et al. 
(2011) reported that Kostiakov’s model was superior to 
Philip's equation in predicting infiltration into soils of differing 
land uses, other studies conducted in various locations in Nige-
ria (Oshunsanya, 2010; Oku and Aiyelari, 2011; Ogban et al., 
2012) have reported the superiority of the Philip model over 
the Kostiakov’s model in predicting infiltration into soils un-
der different land use systems.    
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Figure 3: Measured and model predicted cumulative 
                 infiltration in OP.  
Note: M = Field measured curve; GA = Green–Ampt;        

P = Philip curve; H = Horton; K = Kostiakov curve;       

MZ = Mezencev 
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                   (OP)                            (AF) 

     M                Model predicted   M                 Model predicted 

Time 
(min) 

 GA  P  H  K  MZ GA P H K MZ 

5 5.28 6.26 9.21 5.85 6.25 6.54 5.28 6.24 9.68 5.99 6.20 6.42 

10 9.79 11.02 13.41 10.52 10.30 9.94 9.81 10.94 14.09 10.84 10.30 10.08 

15 13.93 15.08 16.79 14.29 13.80 12.82 14.06 14.98 17.64 14.81 13.85 13.21 

20 17.86 18.74 19.74 17.39 16.99 15.44 18.14 18.65 20.73 18.09 17.09 16.06 

25 21.66 22.12 22.43 19.98 19.95 17.88 22.68 22.03 23.54 20.82 20.12 18.73 

30 25.33 25.30 24.91 22.17 22.75 20.21 25.13 25.21 26.14 23.13 22.99 21.26 

40 30.39 30.53 29.48 25.73 28.00 24.60 31.15 30.81 30.91 26.82 28.37 26.05 

50 35.25 35.52 33.66 28.58 32.88 28.74 37.03 36.12 35.28 29.69 33.39 30.56 

60 39.95 40.31 37.57 31.04 37.50 32.72 42.40 41.23 39.35 32.05 38.15 34.88 

75 45.58 46.95 43.06 34.31 44.05 38.45 48.73 48.28 45.07 35.05 44.19 41.08 

90 51.10 53.42 48.21 37.35 50.24 45.96 54.75 55.14 50.44 37.74 51.32 47.03 

120 58.53 65.33 57.81 43.17 61.82 54.55 61.61 67.68 60.43 42.61 63.33 58.04 

150 65.76 77.04 66.74 48.89 72.61 64.72 68.27 80.17 69.72 47.34 74.55 69.27 

180 72.81 88.59 75.19 54.59 82.81 74.59 74.76 92.35 78.51 52.04 85.18 79.76 

t-test   -2.38* -0.57NS 3.84** -0.48NS 3.99**   -1.73NS -0.69NS 3.55** 0.3
NS

 2.85* 

Table 6: Effect of OP and AF on measured and predicted cumulative infiltration (cm) depth  

Note: M = field measured cumulative infiltration; GA= Green-Ampt; P = Philip; H = Horton; K = Kostiakov; MZ = Mezencev.                
A negative t-test value indicates a higher cumulative infiltration was recorded for model predicted data than field data and positive value is 
otherwise; ** = significant at 1%; * = significant at 5%  
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Location Model  Cumulative infiltration  
equation 

W R2 X2 RMSE ME 

OPS GA 
 

0.342 15.566ln(1 I/15.566)I t   0.985 0.926 5.746 5.572 3.071 

  P 
 

0.53.82 0.133I t 
0.997 0.988 4.025 2.267 0.355 

  H 

 
 0.05490.190 20.40 1 tI t e  

0.943 0.830 31.809 8.435 -7.097 

  K 
 

0.7211.959I t
0.993 0.968 3.292 3.681 0.480 

  MZ 
 

0.5410.235 2.394I t t 
0.988 0.953 9.498 4.430 -3.290 

AFS GA 

 
 0.377 12.557 ln 1 /12.557I t I   0.984 0.924 6.082 5.942 2.574 

  P 
 

0.54.027 0.136I t 
0.995 0.981 5.645 2.938 0.552 

  H 

 
 0.0490.156 23.96 1 tI t e  

0.890 0.695 47.066 11.896 -8.341 

  K 
 

0.7311.913I t
0.992 0.964 4.441 4.104 -0.341 

  MZ 
 

0.5690.215 2.139I t 
0.988 0.951 9.300 4.768 -2.955 

Average GA 
 

0.359 14.062ln(1 I/14.062)I t   0.985 0.925 5.914 5.757 3.088 

  P 
 

0.54.514 0.147I t 
0.996 0.985 4.835 2.603 0.454 

  H 

 
 0.05230.173 21.93 1 tI t e  

0.916 0.763 39.437 10.165 -7.719 

  K 
 

0.7221.936I t
0.993 0.966 3.866 3.893 0.07 

  MZ 
 

0.5350.225 2.267I t 
0.988 0.952 9.399 4.599 -3.122 

          Table 7: Infiltration Models and Goodness of fit indices 

      GA       P      H       K     MZ 

Models Rank W R2 W R2 W R2 W R2 W R2 

OP 4 4 1 1 5 5 2 2 3 3 

AF 4 4 1 1 5 5 2 2 3 3 

Overall 
model rank 

4 4 1 1 5 5 2 2 3 3 

                            Table 8: The W and R2 ranking for the infiltration models 

R2 = coefficient of determination; W = Willmott’s index of agreement; OP = oil palm; AF = arable farm 

               GA                 P                H               K               M 

Models Rank RM
SE 

X2 ME RM
SE 

X2 ME RM
SE 

X2 ME RM
SE 

X2 ME RM
SE 

X2 ME 

OP 4 3 3 1 2 1 5 5 5 2 1 2 3 4 4 

AF 4 3 3 1 2 2 5 5 5 2 1 1 3 4 4 

Overall model rank 4 3 3 1 2 2 5 5 5 2 1 1 3 4 4 

                             Table 9: The RMSE, X2 and MS ranking for the infiltration models 

RMSE = root mean square error; ME = the mean error; X2 = chi-square; OPS = Soil under oil palm farm; AFS = Soil under arable farm  
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4. Conclusion 
 

A study was conducted to evaluate the effect of oil palm and 
arable land uses on the Green-Ampt (GA), Philip (P), 
Kostiakov (K), Horton (H) and Mezencev (MZ) infiltration 
models, as well as the applicability or efficiency of the mod-
els to predict infiltration into the soils on the University of 
Calabar Teaching and Research Farm. The results showed a 
consistent trend in the performance of the Philip’s and 
Kostiakov’s models in estimating the cumulative infiltration 
under the two land use system, compared to the other mod-
els. Also, Philip's model was superior to the Kostiakov's 
model in predicting infiltration in this study and is therefore 
recommended for the soils of the farm and similar soils else-
where. It is also recommended that the rate of water applica-
tion to the oil palm and arable farm soils should be less than 
or equal to the infiltration capacities of 14.1 cm/hr and 
12.92 cm/hr, respectively, in other to avoid ponding and 
runoff or erosion on the farm.   
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