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Abstract
In the humid tropics, well-drained soils with abundant loose iron concretions, soils with very little

weatherable minerals left and of poor chemical status due to the abundance of low activity clays, pose
serious limitations to agricultural productivity. Accurate and reliable soil productivity information is

needed in the form of crop yield estimates and productivity indices.
We investigated the productive potential of some acrisols and plinthosols by computing productivity

indices (PI) and estimating yields of four test crops, namely cowpea, groundnut, maize and soybean. PI was
based on physico-chemical parameters expected to regulate air-water relations, have a role in determining
the mechanical resistance to crop roots and the volume of soil, and, contribute to the fertility status of the

soils.
Very low Pls in the order 72 x 10-5, 96 x 10`5 and 832 x 10-4 were observed for Nyankpala,

Changnayili and pelesawgu series respectively. Based on the inherently low fertility status of these soils,
maize, planted as a sole crop or in rotation with groundnut is the sustainable cropping system for the soils.
A return of crop residue to the soil is envisaged as a long term practice to maintain adequate levels of
organic matter.
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1.0 Introduction
Soil is a vital natural resource, whose quality is inextricably linked to the human quality of life. From an

agricultural perspective, the value of soil has traditionally been measured in terms of its productivity,
defined as the capacity of a soil to produce a plant or sequence of plants under a physically defined set of
management practices (Soil Survey Staff, 195 1). Soil productivity, then, includes two aspects: the inherent

productivity of the soil and its response to managed inputs. Crop yield has been considered the best

indicator of soil productivity as it integrates the inherent and managed components of soil productivity.
Differences in crop yield and soil productivity may be represented by productivity indices. The impact of
management on crop yields is so great such that the average level of management should be defined for
measures of soil productivity to have any meaning.

1 I Characteristics of fertile and productive soils

Soil fertility status may be altered due to "nutrient mining" or "nutrient thefC' Sumner, 1998).
Continued crop production potential of soils has a direct relationship to its organic matter content (La],

1998). Within lin-dts, productivity is positively related to the SOM content (Reicosky and Forcella, 1988).
Many of the characteristics of highly productive soils relate to the organic fraction of the soil (Doran et al.,
1998; Janzen et al., 1998a). In excessively alkaline soils many of the nutrient metals will form insoluble
carbonate and hydroxide compounds and so be unavailable to plants. In acid soils, clay-sized iron and

aluminium oxide and ions, such as the phosphate ion, will bond strongly to these minerals and be
unavailable to plants. This is one of the key problems of agriculture in the tropics, where acid soils are
common.

A substantial portion of the northern sector of Ghana are occupied by acrisols and plinthosols (FAO,

2002), which are mineral soils conditioned by a wet tropical climate. Variations in these soils are typically
related to differences in topography, namely elevation and aspect. Whilst the acrisols are characterized by
accumulation of low activity clays in an argic subsurface horizon and by a low base saturation level, the
plinthosols are endowed with an iron-rich, humus-poor mixture of kaolinitic clay with quartz and other
constituents that change ireversibly to a hardpan or to iregular aggregates on exposure to repeated wetting

and drying. These soils come with considerable management problems. We assessed the productive
potentials using four test crops with the view of finding a sustainable use for these soils. We recommended
cropping and/or management systems if sustainable farming is to be practised on these soils.

2.0 Materials and methods
2.1 Research area

The Tolon-Kumbungu District of the Northern Region of Ghana was the project area, situated at about

10 km to the west of the regional capital, Tamale. The climate of the district is influenced by the tropical
trade winds (Dickson and Benneh, 1988). The vegetation cover is Guinea savanna with grasses interspersed
with short trees. Annual temperature is about 28 T with potential evaporation of 1500-1800 mm (Kasei,
1993). The district experiences a unimodal rainfall pattern characterized by seasonal variability in intensity
and distribution. The study area receives about 1000-1200 mm of rainfall a year. Table shows the
climatic records of the study site during the year of the experiment (SARI, 2003).

2.2 Sampling method
Samples were taken from three soil series, namely, Nyankpala, Changnayi1i and Kpelesawgu. At each

series, five points were randomly mapped for sampling. Three replicate samples were taken from within
each sampling point using a cm diameter and 20 cm deep bucket auger from taken from the surface depth
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of 020 cm and sub-surface depth at 20-40 cm. These depths of sampling were considered appropriate due
to the fact that most significant modifications of soil fertility usually influence soils at these depths.

2.3 General description of the soil series
Nyankpala series (NS), plinthic acrisols, are developed over ironstone gravel or over massive, soft to

hard ironstone. They are made of orange-brown silty clay, full of ironstone gravel. They often develop iron

pan and are very shallow. Nyankpala and Changnayili series (CS), gleyic plinthosols, are developed from

soils that are seasonally waterlogged.
Changnayili series are grey and brown mottled clayey or silty sands containing rusty root channels in

their upper layers. They contain massive ironstone at relatively shallow depth.
Kpalesawgu series (KS), dystric plinthosols, are yellow-brown, clayey or silty sands, developed partly

from ironstone rock and partly from transported material. They are imperfectly drained and transitional
between the upland soils and the grey bottom soils (Adu, 1969).

2.4 Model
The Productivity Index (PI) model is an algorithm based on the assumption that crop yield is a function

of root development, which in turn is controlled by the soil enviromnent. The general PI applied is
calculated with the following multi-factional model (Delgado, 1997).

n (, 
Pi= B I C Ki

where

A evaluate conditions that regulate the air-water relations of horizon i

Bi = evaluate the conditions that determine mechanical resistance (impedances) to crop root exploration

in horizon i

Ci = evaluate the conditions that regulate the potential fertility of horizon i

K = evaluate the relative importance of horizon i and also importance of soil depth

Based on the characteristics of the study site as well those of the soils the following parameters were

selected as being of importance to soil productivity: soil moisture content (H), soil texture (T), bulk density
(B), depth to iron pan (D) effective rooting depth (E), organic matter content (0), cation exchange capacity

(A) and soil reaction (S).

2.5 Laboratory analyses
The soil samples were air-dried for five days and screened through a 2-mm mesh sieve to obtain the fine

earth. We determined soil moisture content gravinietrically by oven drying the samples at 105 C for 16
hours. pH determination was conducted electrometrically in a 12.5 soil:water ratio (McLean, 1982). The
particle size analysis for soil texture was carried out by the hydrometer method (Gee and Bauder, 1986).
We determined organic carbon content by the wet oxidation method with normal K2Cr2O7 with the aid of
H2SO4 followed by the determination of excess chromic acid by titration with normal ammonium ferrous
sulphate (Walkley and Black, 1934). We then multiplied %C by 172 to obtain the organic'matter content.
The exchangeable bases were extracted with M NH4OAc (pH = 70) by percolation. The amounts of
exchangeable Ca and Mg were determined by atomic absorption spectrophotometry and that of
exchangeable K and Na by flame emission spectrophotometry. After replacement of exchangeable bases
with NFLOAc, washing with ethanol and replacement of NW with KCI were successively performed by
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leaching. To measure the CEC of the sample, NH4-N content was determined by distillation and titration.
Soil bulk density was measured by the core method (Blake and Hartge, 1986). Using mini pits, we
determined the depth to iron-pan and effective rooting depth of the soils.

2.6 Test crops

Four test crops were considered, namely, maize, soybean, cowpea and groundnut. The crops were
grown as monocrops on each of the soil series and their growth patterns monitored. The set up was a
completely randomized design on plots measuring 15 rn x 2 n. Three plots per crop per soil series were set

up. Some of the growth parameters measured included plant height, number of leaves per plant, leaf width,
and leaf length. The yield was then determined after the crops were harvested.

2.7 Data analysis

The data collected were then subjected to analysis of variance (ANOVA) to evaluate the effect of the
series on the properties selected and also on the yield of the test crops. Simple descriptive statistical
analyses such as means, mean separation by Duncan's Multiple Range Test (DMRT), standard deviation as
well as coefficient of variation were also performed. Correlations among some of the variables were
computed. The statistical package used to analyze the data was MSTAT-C.

3.0 Results and discussion
3.1 Soil characteristics
3. 1. 1 Physical properties of the soils

Mean values of the soil physical properties considered are provided in Table 2.

In the 020 cm depth mean moisture content ranged from 006 (NS) to 010 (CS) and that of the 2040
cm depth ranged from 014 (NS) to 033 (CS). Generally, the moisture content of the soils was very low
and the reason may be low clay and organic matter contents, high temperatures and the time of sampling
(Olaitan and Lombin, 1984). No significant difference was registered among the series using Duncan's
multiple range test (DMRT) at 1% significance level. The differences in moisture content among the series
may be accounted for by differences in landscape position and vegetation cover. Mean clay fraction
accounted for a range from 8% (NS) to I % (KS) of the total soil sample, mean silt fraction accounted for
the range of 25% (CS) to 42% (NS) while sand had the greater percentage of between 50% (NS) and 66%
(CS) all in the 0-20cm depth. A similar trend was observed in the 20-40 cm but with clay and silt fractions

decreasing while the sand fraction increased with depth. Predominance of silt and sand particles in a soil
can significantly affect soil behaviour in terras of structure (Carter, 1987). Such a soil may have little
inherent fertility and will not be able to retain high moisture content and plant nutrients to any large extent
(Amon, 1972). Batey and Davies 1971) reported that soils with relatively high silt and sand have a high
tendency for structural instability and compaction especially if organic matter is low. The soils showed

fairly high silt and sand contents. Bulk density increased with depth probably due to decreased organic
matter content. The mean bulk density ranged from 153 to 159 g CM-3 within the 020 cm and 160 to 167
g C 3 in the 20-40 cm depth. Though quite high, these bulk density values are below the critical value of

2.1 g c�3, beyond which plant root growth is severely limited. The higher bulk density of the subsoil is
attributed to textural differences, continuous cultivation and the activities of grazing animals through
trampling (Wild, 1993).

The soils were generally shallow to moderate in depth in terms of effective rooting depth and depth to
iron-pan. Results of the detennination showed that KS registered the deepest mean soil depth to iron-pan
(61.2) cm and effective rooting depth 55.2) cm followed by NS with 51 cm and 39 cm respectively.
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Continuous cultivation must ave contributed to the development of the iron-pan especially where tillage is

done at the same depth from year to year (Unger and Kasper, 1994).

3.1.2 Chemical properties of the soils

Presented in Table 3 are some of the chemical properties of the soils considered for the purpose of the
study.

The highest mean organic matter content was observed in the KS while NS recorded the lowest. In the
surface soil, mean organic matter content ranged from 07% (NS) to 1% (KS) and the range 043% (NS) to
0.56% (KS) was observed for the sub-surface soil. The organic matter content of the soils is generally
perceived to be low and the fact that sandy soils have less organic matter content than clay (Biswas and
Mukhe�ee, 1994). Contributing to this low organic matter content may also be the continuous removal of
plant material for human and animal consumption with relatively little returned to the land, respiration
losses due to high temperature (Brady and Weil, 2002), and erosion losses due to high intensity rains. The
humus or O.M. content of soils generally decreases with continuous cropping (Dalal and Mayer, 1990).

The mean values of the exchangeable bases (Ca2+, Mg2+, K and Na+), exchangeable acidity and CEC
are presented in Table 3 The exchangeable bases as well as exchangeable acidity were higher at the surface
soil than in the sub-surface soil. The highest mean CEC value was observed at KS in both the surface soil
(0-20 cm) and sub-surface soil 20-40 cm) while NS recorded the lowest.

The mean CEC ranges of 804 - 15.36 coL kg-' in the 020 cm depth and 333 - 492 cmol, kg-' in the
20-40 cm depth fall within the range of 315 cmolc kg-' (Mifller-Sdrnann and Kotschi, 1994). The range
3.33 - 492 cmol, kg-' is low compared to the lower limit of average CEC of crnolc kg-' (Landon, 1991)
but within the range 1-10 cmol, kg-' (Foth and Ellis, 1997), which is common for kaolinitic clay, the main
clay ineral in the area. For most tropical soils the CEC of the whole soil is very low due to the presence
of greater amounts of kaolinite (itzpatrick, 1983). Low organic matter and clay contents of the soils could
contribute to the low CC. Also, the low CEC of the soils could be ascribed to the low pH values of the

soils.
Generally, the soils are acidic. The mean pH values (in water) ranged from 5.0 to 52 within the 020 cm

and 44 to 5.0 within the 20-40 cm depths.
The high acidity of the soils could have been a result of high leaching resulting from high intensity

rains. Also, removal of calcium, magnesium, potassium and sodium in the harvested crop with no
replacement in the fonn of inorganic fertilizers may be a contributing factor.

3.2 Soil series and the PIs
Table 4 shows the computed PIs for the soil series. A productivity index of 832 x 10-4 was recorded for

KS while NS registered the lowest of 72 x 10-5. productivity indices of 32 x10-4 32 x10,4 and 192 x 10-'
for the 020 cm depth and 4 X 1 0-5, 1.6 x10-4 and 16 x 1074 for the 2040 cm depth indicate that productivity

potential of the soils decrease with depth. The higher PI for KS is attributed to the favourable soil

properties as organic matter content, CEC and deeper rooting depth compared to the other soil series.

3.3 Plant growth and yield

The grain yields of test crops are presented in Figure 1. The mean grain yield ranged from 5776--6864

kg/ha for maize, 773.3-1073 kg/ha for soybean, 224 - 552 kg/ha for cowpea and 100 - 1192 kg/ha for

groundnut.

The test crops varied in their growth as well as yields in the different soil series. At the 91 DAP for

measurement of plant growth for maize and soybean, KS had the highest mean maize plant height and
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number of leaves per plant. CS had the highest mean maize plant girth, leaf width as well as leaf length. At

the end of the growing period the highest mean maize grain yield was recorded at KS followed by NS. On
soybean, the highest mean plant height and leaf width was registered at NS while KS had the highest mean
number of leaves per plant and numbers of branches per plant at the 91 DAR At harvest, the highest grain

yield was observed at NS and followed by CS. For the grain yield, the analysis indicated high significant
effect of the series. Duncan's multiple range test, however, showed no significant difference in the grain

yield among the soils at significant level of 1%. The variability in crop growth and the yield in the different
soils may be attributed to differences in inherent properties of the soils and soil management practices.

3.4 Crop yield and productivity indices
Crop yield varied with productivity indices of the soils from crop to crop. Different crops responded

differently to different degrees of PI of the soils. Maize, soybean and groundnut showed high crop yield at
high productivity index of the NS. Cowpea registered moderate crop yield at high PI value range. Cowpea
indicated rather low yield against very high PI value of the soil. On KS, soybean and cowpea gave low
yield response to very high PI while maize and groundnut showed high and very high yield response
respectively to very high PI value. From these analyses, one could observe that maize gave high and very
high yields against high and very high PI values of the soils respectively. Groundnut was the next crop to
give a substantial yield at high PI Soybean and cowpea were between low and high crop yield for the high
and very high PI values of the soils.

One can infer from Figure that maize and groundnut performed well on all the three series with
soybean and cowpea showing low performance especially in CS and KS. The differences in the
performance of the test crops may be attributed to the different levels of nutrients required by these crops.

4.0 Conclusion
The study showed that the soils from the three series varied tremendously in their physical and chemical

properties. At various landscape positions, these soils were found to be shallow in depth, don-driantly rich in
kaolinitic clays and therefore poor in nutrient status.

Very low productivity indices were observed for the soils. Maize appears to be the recommended crop
to be planted as a monocrop or in rotation with groundnut for a sustainable management system.
Incorporation of plant residue into the soil will greatly improve the organic matter status of the soils.
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Table 1: Climatic records for year 2003 at the project site

Month Total Total Temperature C) Relative humidity

rainfall evaporation Min Max Mean (%)

(mm) (MM) Min Max Mean

January 0.0 214.60 18.7 37.1 27.90 18 38 28.0

February 1.4 206.19 21.3 31.2 26.25 21 53 37.0

March 28.1 223.54 22.0 39.3 30.65 29 64 46.5

April 96.0 170.35 22.1 35.0 28.55 57 86 71.5

May 97.2 167.68 24.0 35.5 29.75 54 83 86.5

June 218.7 167.68 24.0 35.7 29.85 71 94 82.5

July 160.3 103.24 23.1 31.2 27.15 69 89 79.0

August 172.6 77-97 22.3 29.3 25-80 74 95 84.5

September 22.8 936.4 22.7 31.8 27-25 76 93 84.5

Source: SARI 2003)



Table 2 Some physical properties of Nyankpala, Changnayfli and Kpelesawgu series at 020 and 20-

40 cm sampling depths

Series SL (cm) Soil properties

Clay Silt Sand TCL H B E D

(%) M M (g/100g) (g Crff3) (cm) (cm)

NS 0-20 8 42 50 Sandy 0.06 1.59

Loam 51.0 39.0

20-40 7 37 56 Sandy 0.14 1.67

loam

Cs 0-20 9 25 66 Sandy 0.10 1.53

Loam 47.6 32.6

20-40 8 24 68 Sandy 0.33 1.60

loam

KS 0-20 1 1 34 55 Sandy 0.08 1.59

Loam 55.2 61.2

20-40 9 33 58 Sandy 0.29 1.65

loam

NB: SL = Sample location, TCL Textural class, H = Moisture content, = Bulk density,

E Effective rooting depth, D = Depth to ironpan



Table 3 Some chemical properties of the soil series investigated within the sample depths of 020 cm

and 20-40 cm

Soil Sample Soil properties

series location 0. M Ex. Ca' Ex. Mg2+ Ex. K+ Ex. Na+ Ex. Acidity ECEC pH

(cm) (%) (cmol, kg-') (cmolc kg-') (cmol, kg") (cmol, W) (cmolc kg") (cmoL kg-') H20 KCI

NS 0-20 0.70 0.97 1.46 0.13 0.08 5.40 8.40 5.0 4.4

20-40 0.43 0.82 0.97 0.11 0.04 1.40 3.33 4.4 4.1

Cs 0-20 0.80 1.89 1.81 0.10 0.06 4.60 8.46 5.2 4.7

20-40 0.44 1.49 1.29 0.70 0.03 1.20 4.08 5.0 4.3

KS 0-20 1.00 1.85 1.23 0.18 0.10 12.00 15.36 5.2 4.5

20-40 0.56 1.20 1.07 0.13 0.03 2.60 4.92 4.7 4.2

Ex = exchangeable

Table 4 Computed PI of soil series within the depths of 020 cm and 20-40 cm

Soil series 0-20 cm depth 20-40 cm depth Calculated PI for

the series

Nyankpala 0.00032 0.00004 7.2 x 10-5

Changnayili 0.00032 0.00016 9.6 x 10-'

Kpelesawgu 0.00192 0.00016 8.32 x 10-4

= 1(20) (H, T, B, 0, A, S) + Z(40)(H, T, B, 0 A, ) * D * E
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