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Abstract- Infiltration rates, cumulative infiltration and hydraulic conductivity were investigated for soils under the cocoa plantation and predic-
tive functions were formulated. Infiltration rate and hydraulic conductivity were measured using double-ring infiltrometer and single auger-hole
method respectively, and data processed with SPSS version 17 software. The constant infiltration rate was 55.2 cm/hr. (13.248 m/day) for the
poorly drained clay, which was higher than typical value of its texture, hence, indicating the influence of bioturbation by cocoa roots and other
soil ecosystem engineers on regulation of water balance under cocoa plantation. Predictive empirical infiltration rate equation was formulated
and conformed to Kostiakov predictive model with significant coefficient of association (R2 = 0.901, p <0.1). The drainage characteristics en-
gendered adequate drainage to sustain cocoa tree growth with least flood submergence. The cumulative infiltration equation followed the pat-
tern of Philips infiltration model. Subsequent re-evaluation, periodically (say every decade), to link plantation soil water balance with plantation

age is recommended.
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Introduction

Infiltration rate is a characteristics of the surface soil and varies
greatly with the soil texture and cover being greatly influenced by
depth and type of vegetative cover over the soil surface which
dampen the kinetic energy impact of large raindrops from dislodging
surface soil particles, and producing surface sealing and crusting. In
forested land sand plantation, infiltration, water storage capacity
and drainage are affected by the interception of storey trees, cano-
pies, the litter layers on forest floors, and the bioturbation influence
of soil ecosystem engineers (roots, earthworms, termites, ants and
other macro-fauna) [1].

The hydrological dynamics in forest plantations are also observed
to change after plantation establishment [2]. A tropical secondary
forest (as represented by cocoa plantation) may affect climate, soil
and hydrology differently from primary forests or agricultural areas
[3]. Comparing three land uses the primary forest, a former banana-
mixed cocoa plantation and an abandoned pasture re-growth
showed that the forest type or vegetation showed significant differ-
ence in lateral subsurface flow (drainage) response to intense rain-
fall in soil under them with respect to soil depth [3]. The infiltration
rate in forested area has been shown to vary with understory vege-
tation and foliar cover age. For instance, the basal area of regrowth
affects water yield [3]. The vegetation influences the distribution of
rainfall, which is the source of infiltration water [4] although research
are sparse on this area. Most plantation establishments do actively

modify the soil to reduce runoff and improve infiltration [5] but these
effects are age-dependent water use trend occurring under vegeta-
tion, even though not many publications are examining this condi-
tion [6]. Thus, surface intake by infiltration rate and subsurface
drainage by hydraulic conductivity characteristics are affected by
the forested vegetation type.

Cocoa tree, a drought sensitive crop, can only withstand water-
logging for a short period, although it needs constant rain (1500-
2000 mm) [7]. Therefore, soils under cocoa plantations must retain
adequate moisture as well as offer good drainage properties, be-
cause cocoa plant with deep-rooted tap root system requires deep
and well drained soils [8], which are contingent on high infiltration
rate and saturated hydraulic conductivity [9]. Hence, both soil infil-
tration and hydraulic conductivity are implicated in soil sustenance
of productive cocoa plantation. The unavailability of which infor-
mation makes it necessary to investigate the physical properties
and hydrological characteristics of the supporting soil under the
cocoa plantation.

Also spatial variability of litter layers or surface soil properties on
forest floor can be major factors determining the infiltration rate [10];
however, no infilration rate relationship with these properties are
sufficiently documented for the soil ; these would need specific field
or basin-scale determination of infiltration rate under the plantation
condition and age. In the cocoa plantation at Nkari in Enyong creek
catchment, Nigeria, the infiltration and its relationship with soil prop-
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erties were yet to be studied and documented with the 4-5 years
cocoa plants in the plantation and the varied soil series of the sub
catchment area [11]. Therefore, 1) the infiltration rate, cumulative
infiltration and characteristics of the supporting soil under young
cocoa plantation are to be investigated, both for baseline infor-
mation and management to sustain the plantation under no flood
condition; and 2) the empirical predictive models for infiltration rate
and cumulative infiltration capacity of the cocoa plantation soil are
to be established.

Materials and Methods
Nkari Swamp Description

Nkari Swamp is located in the north-eastern border of Enyong
Creek wetland in northern Akwa Ibom State, and lies within longi-
tude 7° 39" E - 7° 50" E, and latitudes 5° 03' N - 5° 27N in the
present Ini Local Government Area, with a swamp area of 1900 ha
as part of Itu River swamp (3170 ha) (AKADEP, 1995). It has a
1.5km wide flood plain bordering the ltu River with several large
swamp arm extending into the dissected river terraces. The swamp
profile is generally flat with slopes less than 1% but with gentle un-
dulations of river terrace up to 2 m forming small islands of dry land.
The area falls within 1:50,000 map sheet kot Ekpene 322 NW.

Soils

The predominant soils are the poorly drained clays of series EN 51
in central and eastern areas and EN 52 in western and north central
parts. The imperfectly drained clays of series EN 31 and medium
textured soils of EN 32 occur mainly as narrow strips along the
edges of the uplands and as levee soils along the Itu River. A few
small patches of the poorly drained medium textured series EN 53
and EN 54 occur in the eastern half of the swamp. Small areas of
very poorly drained soils are found.

Vegetation and Land Use

The dominant vegetation and land use pattern is mixed forest and
cocoa plantation which occupy the northern side along the Itu River
spanning about 50% of the swamp. The cocoa plantations are in
most cases not continuous pure stands as they contain oil palms
and various trees and woody shrubs. The swamp grass and rice
farms occupy the lower flood plains.

The Soil Group EN 51 in the Cocoa Plantation

Soil series or group are groups of soils having the same parent
materials, with development by the same pedological processes so
that they have similar profile characteristics. The universal parent
material in the swamp soils is riverine Alluvium which is divided into
different types according to its texture and the nature of textural
changes with depth [11,12]. The material is predominantly clay
marked by minor amounts of sand and rare occurrence of gravel as
contaminant [11]. Therefore, the soil series are distinguished ac-
cording to the soil texture, and down-the-profile texture sequence
and by soil wetness indicated by the degree of gleying. The textural
groups are the broad groups of coarse, medium and fine with sub-
groups of comprising clay and silty clay, as primary group, and
sandy clay and gravelly clay as second group. The degree of gley-
ing combines the intensity of the gleying and the depth at which it
occurs [11,12]. The EN 51 soil group is the poorly drain clays classi-
fication or eutric glyceric fluvisol [13,14]. It covers about 50% of the
wetland soils in Enyong catchment. The topsoil varies between
10cm and 20cm in thickness and their textures range from sandy
clay loam, silty clay and even silt loam. The colour varies from dark

yellowish brown to grayish brown and dark reddish brown. The
mottling ranges from none to strong brown mottles. The structure is
commonly moderately and weakly developed medium subangular
blocky, and sometimes is strongly developed coarse blocky [11].

Infiltration, Hydraulic Conductivity and Particle Size Measure-
ment

The infiltration rates of surface soil under the cover of cocoa planta-
tion were measured in 2010 in January and February when any
high water levels in the swamp edges or levees and even in the
flood plain had been lowered. Infiltration rates were measured by
double ring methods [15]. The cocoa plantation covered varied
toposegence and soil series as observed in Nkari study area [11]. In
addition to EN 51 soil group, cocoa plantations were distributed to
imperfectly drained clays (EN 31 series) and to medium textured
soils existing as a narrow strips along the edges of the uplands and
as levees soils along the Itu River. Therefore, at least one infiltration
measurement was made at each of these locations, to obtain differ-
ent infiltration rate measurements. Due to transport limitation, pre-
wetting was prevented. The saturated hydraulic conductivity, Ksat,
of the soil profile that supports the soil surface infiltration character-
istics was also investigated by field measurement using standard in-
situ single-auger hole method at the grid centres along the tran-
sects across the plantation.

The particle size was determined by hydrometer method [16] for
particles at specific grid points cut-out transects in the cocoa planta-
tions. Then the USDA soil classification triangle was used to find
the texture.

Statistical Analysis

Data and regression models were statistically analyzed using SPSS
version 17 (Words) software. Infiltration charts were plotted with
computer. Regression equations were compared to Kostialov and
Philips infiltration models. Correlations between the observed and
predicted models were extracted.

Results

Field data were used to plot the graphs of infiltration rate and cumu-
lative infiltration [infiltration capacity] under cocoa plantation. The
curves for infiltration rate, | (cm/hr) on secondary axis and cumula-
tive infiltration F (cm) for eutric gleyic fluvisol or poorly drained clays
are shown in [Fig-1].
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Fig. 1- Plot of measured cumulative infiltration and infiltration rate
with time for Cocoa plantation soil (Eutric gleyic fluvisol)

[Table-1] shows the infiltration rates for different soil characteristics
of the EN 51soil groups and silt/clay ratios for two depths of cocoa
plantation floor at Nkari wetland.
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Table 1- Soil group, particles sizes, silt/clay ratio, infiltration rates,
permeability of soil under cocoa plantation, Nkari

. Depth, cm
Soil group 0-19 1939
EN 51 Poorly drained clays
pH 477 4.69
Sand % 326 216
Silt % 32 22
Clay % 354 56.4
Silt/Clay ratio 0.904 0.39
SOM 2.87 1.02
Texture CL C
Infiltration rate, cm/hr. 55.2
(m/day) (0.552)
Ksat, m/day 6.8
N/B: CL = Clay loam; C = Clay *The soil is a texture contrast duplex

Discussion
Physical soil Properties

The supporting soil is required to contain significant percentage of
sand in some areas and high proportions of silt and clay dominating
in other areas [17]. [Table-1] shows that the cocoa plantation soil,
the eutric gleyic fluvisol of the Allluvial deposits contains significant-
ly high percentage of silt and clay with high proportion of sand. It is
adequate for sustained growth of cocoa [17,18]. Rainfall is required
to constantly maintain the soil, as the crop is drought or heat sensi-
tive [7,19]. The distribution of rainfall [Table-2] shows adequacy.

Table 2- Monthly and annual rainfall in the cocoa plantation catch-
ment (1972-1999)

Months Mean Rainfall, mm

Jan 10.7
Feb 30.7
Mar 131.9
Apr 188
May 252.2
Jun 275.4
Jul 292.3
Aug 304.9
Sep 339.5
Oct 2249
Nov 54.6
Dec 10.7
Total 2113.9

November, December and January, February and March (i.e. 5
months) in the catchment are the months when irrigation, especially
sprinklers or the drip type, may be supplied. However, because of
the forest-like nature of the cocoa plantation [9], intercepting solar
radiation and reducing soil temperature, mitigation of the negative
warming effects of the climate change (dry season) may be ex-
pected. This s one aspect that more research is needed to avert
restricted production [9,19].

Infiltration Rate and Cumulative Capacity
From the graphical plot [Fig-1], the constant infiltration rate was
0.92 ¢cm/mm or 60.5 cm/hr. or 60 x 10-2 m/hr. The cumulative infil-
tration capacity, from [Fig-1] also was read as 61.9cm in 1hr or 95
cm in 1% hrs. constant infiltrating. The equation for model infiltration
rate was (from [Fig-1]) obtained as a power function given as:

| =90.073t0-1133 R2 = 9056. (1

where | = infiltration rate, cm/hr, and t is time, min, elapsed since

infiltration started. Also, the cumulative infiltration capacity, from
[Fig-1], was obtained as a linear function given by:

F =0.9916t + 2.2536, R2 = 0.9951 (2)

Comparative Models

Two model forms were compared to the empirical regression equa-
tions models obtained above. These were the earliest infiltration
model or Kostiakov’s (1932) model given as:

f=at (3)
where f is infiltration rate in time (mm/hr) and t is time since infiltra-

tion started (hrs), a and b are soil parameters depending on ante-
cedent soil water content and soil structural stability [20].

Patenting the cocoa plantation infiltration rate empirical equation in
the form of Kostiakov's model gave the Kostiakov form of the cocoa
plantation infiltration rate equation as a power function given by:

| =90.073 01133 (@)

Thus, Kostiakov parameter a = 90.073, and b soil dependent pa-
rameter = 0.1133.

The second model form was the Philips (1957) two-term quadratic
equation for cumulative infiltration given as:

F =St % tct (5)
Equation [Eg-2], the cumulative infiltration equation for the cocoa
plantation soil, can be made to confirm with this model [Eqg-5] by
taking similar terms between the decomposed components of the
Philips equation, [Eg-5], and the decomposed components of the
empirical cumulating infiltration of the cocoa plantation soil, [Eq-2].
Thus:

St*%=0.9916t=5=0.9916 t (6)
Ct=2.2536 = C = 2.2536t - (M
Substituting t into these partial functions showed the variation of S

and C with elapsed time. In the alternative, therefore [Eq-5] is
equated to empirical [Eg-2]. Thus:
F=St%+Ct=0.9916t + 2.2536 (8)

By inserting the values of t and F into [Eq-8], a series of equation
with S and C as unknown variables are obtained, which can solved
simultaneously using determinant matrix to obtain minimum values
of silt and clay with relatively high percentage of sand. It is therefore
adequate for cocoa plantation.

Basic Infiltration Rate

The empirical constant infiltration rate in the cocoa plantation’s eu-
tric gleyic fluvisol soil, by field measurement was 0.92 cm/min or
55.2cm/hr while the model basic form using the kostiakov model
was 53.7676 or 54 cm/hr. or 54 x 10-2 m/hr. The difference between
the empirical (field data based) infiltration rate and the Kostiakov
model form was not significant (at P <0.01; r = 0.995), [Fig-2]. Thus,
the Kostiakou model was efficient predictive function of the cocoa
plantation infiltration rate under eutric gleyic fluvisol soil group.

Prediction of cumulative infiltration performance on the eutric gleyic
fluvisol soil type also conformed to the two-term Philip’s equation.
The difference between the field data-based cumulative infiltration
function was not significantly different from profile by Philip’s equa-
tion, [Fig-3]. Already the dominant soil group (EN 51) was eutric
gleyic fluvisol, which is gleyed poorly drained wetland. It is not nec-
essary to encourage flooding on such a gleyed land. As such, infil-
tration rate should be aligned for proper management of the area.
Thus, irrigation by flooding is not recommended.
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Fig. 2- Comparison of measured and predicted (Kostiokov's model)
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Fig. 3- Comparison of measured and predicted (Philip’s model)
cumulative infiltration

Conclusion

Investigation of the soil under cocoa plantation showed that the soil
group, eutric gleyic fluvisol supported the sustenance of cocoa plan-
tation with good soil drainage properties. The infiltration rate, cumu-
lative infiltration and saturated hydraulic conductivity of the soil were
determined, and data processed, using SPSS software version 17.
The constant infiltration rate was 55.2 cm/hr and was efficiently
correlated with the Kostiakov infiltration model with R2 = 0.901 and
no significant difference (p <0.01) between the empirical and
Kostiakov models. The model parameters were in consonance with
the Kostiakov. However, the high value of infiltration rate under the
cocoa plantation was indicative of the bioturbation and growth influ-
ence of plantation and soil ecosystem engineers.

Re-evaluation in 10 year’s interval is needed to re-assess goodness
of fit of predictive model with empirical infiltration equation for all soil
groups under the canopy.
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