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Abstract 

 

Vast areas of degraded soils exist in southwestern Nigeria due to topsoil removal by  

soil erosion and gravel/stone mining operators. The restoration of such soils has become 

imperative to sustain food production in most rural communities. Therefore, a factorial 

field experiment was designed in 2003 and 2004 with the factors being slope positions 

(upper and lower slopes), topsoil removal (0, 15 and 25 cm depths) and nutrient 

amendments (0, 10 t ha-1 poultry manure and 60:30:30 N: P2O5: K2O as NPK + urea). 

This was complemented with a laboratory study to determine the effects of soil water, 

gravel concentration and gravel size on soil strength. Maize (Zea mays L.) was planted. 

Soil strength was measured with a self-recoding penetrometer at soil depth interval of 2.5 

cm up to 50 cm depth. Soil bulk density, water content, maize root and shoot biomass and 

grain yield were measured. In the laboratory, soil strength decreased from 483-314 kPa as 

water content increased from 0.05-0.62 cm3 cm-3 while it increased from 294-469 kPa as 

gravel concentration increased from 100-500 g kg-1. Soil strength was affected more by 

water content and gravel concentration than gravel size. Under various moist conditions 

in the field, soil strength increased with soil depth from 1177-5000 kPa at the upper slope 

and from 526-5000 kPa at the lower slope. Thus, the lower slope had significantly lower 

soil strength than the upper slope. Soil strength increased with increasing soil depth 

removal and was significantly reduced by poultry manure. For the 2 years of study, high 

grain yields were sustained with poultry manure/no topsoil removal (1784-3571 kg ha-1)  

and NPK + urea/no topsoil removal (2371-2600 kPa) at the lower slope. However, soil at 

the upper slope was more resistant to degradation as 16-67% loss in yield was observed 

compared to 65-75% for lower slope when no nutrients were applied.  Nonetheless, both 

the upper and lower slope positions were productive with the application of poultry 

manure irrespective of topsoil removal, compared to NPK + urea which was only 

effective without topsoil removal. Therefore, poultry manure was a better soil ameliorant 

than NPK + urea after topsoil removal. 
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1. Introduction 

Topsoil removal by soil erosion can be simulated by artificial desurfacing in order to  

understand the relationship between soil loss and productivity (Mbagwu et al., 1984a; 

1984b; den Biggelaar et al., 2004). In southwestern Nigeria, where gravelly Alfisols 

occur in a vast area (Smyth and Montgomery, 1962; Moormann et al., 1975; FDALR, 

1990), a major reason for artificial topsoil removal is gravel and stone mining for 

construction purposes. Gravel is abundant in the subsoil with a concentration range of 

about 100-500 g kg-1 from the topsoil to about 100 cm depth (Ahn, 1970; Moorman et al., 

1975; Salako et al., 1999). Therefore, a simulation of soil degradation by artificial 

desurfacing does not only reflect the negative impact of soil erosion by water in this 

region but also the age-long negative impact of stone and gravel mining. This practice is 

particularly pronounced in Abeokuta area (latitude 7o 9’ N and longitude 3o 21’ E) of the 

region.  

Increasing concentration of subsoil gravel results in decreased porosity and available  

water holding capacity, increased soil bulk density and strength, and retardation of root 

growth (Babalola and Lal, 1977; Mbagwu et al., 1983; Salako et al., 2002). Thus, the 

presence of gravel constitutes an impediment to soil productivity and the removal of 

topsoil implies that crops grown in such degraded sites would not only contend with poor 

nutrient status of the subsoil but also physical constraints caused by high gravel 

concentration, hence, high soil strength. 

Soil strength is a measure of soil’s capacity to withstand forces without experiencing  

failure (Hillel, 1980; Kay, 1990). Its evaluation, often carried out with the use of 

penetrometers, provides an index of the resistance of soil to root penetration (Taylor et 

al., 1966; Ehlers et al., 1983; Bengough and Mullins, 1990). The high bulk density of 

some Alfisols in the tropics, which is a reflection of high soil strength, is partly due to high 

proportion of gravel (Lal, 1987; Lal and Shukla, 2004). 

Whalley et al. (2005) indicated that for loamy and silty clay loam soils at two bulk  

densities, penetrometer pressure increased with effective stress and for the loamy sand 

but not for the silty clay loam soil, penetrometer resistance increased with density for a 

given effective stress. It follows that as soil texture and bulk density vary with depth or as 

clay content of the Alfisols in southwestern Nigeria increased with depth (Smyth and 

Montgomery, 1962; Moormann et al., 1975; Mbagwu et al., 1983; FDALR, 1990; Salako 
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et al., 1999; 2002), penetrometer resistance or soil strength also varies. Soil strength is 

also affected by water content or water potential (To and Kay, 2005). The influence of 

soil water on penetrometer resistance is expressed in the field by seasonal (dry and wet 

seasons) variation in penetrometer resistance (Thierfelder et al., 2005). 

 Soil management options which could reduce soil strength include application of  

organic manure (Motavalli et al., 2003) and selection of fallow species that could 

penetrate soil horizons with high soil strength (Salako et al., 2002). According to 

Motavalli et al. (2003), addition of turkey litter significantly lowered soil penetrometer 

resistance by an average of 0.75 MPa at 0-5 cm depth in claypan soils. However, 

Thierfelder et al. (2005) reported that application of chicken manure dispersed soil, 

thereby causing structural degradation in spite of the beneficial effect on soil fertility. It 

thus appears that the effects of poultry manure on soil productivity would depend on the 

nature of the manure and soil characteristics. When a soil undergoing processes of 

degradation remains productive, it is described as being resistant while its capacity to 

recover following degradation is termed soil resilience (Herrick, 2000). From the works 

of Mbagwu et al. (1984a; 1984b), gravelly Alfisols in southwestern Nigeria are not 

resistant to degradation due to topsoil removal. Aina and Egolum (1980) observed that 

the application of compound fertilizer alone did not restore the productivity of an Alfisol 

in southwestern Nigeria until it was combined with cattle manure. The resilience of these 

southwestern Nigerian Alfisols after application of poultry manure has not been tested. 

Therefore, this study was carried out to determine (i) changes in soil strength of a 

gravelly Alfisol in southwestern Nigeria due to topsoil removal, (ii) the loss in soil 

productivity due to topsoil removal and (iii) the possibility of restoring soil productivity 

in a short time through the use of poultry manure or compound inorganic fertilizer. 

 

2. Materials and methods 

2.1. Site and experimental design 

This study was carried out in 2003 and 2004 at the University of Agriculture,  

Abeokuta (latitude 7o 9’ N and longitude 3o 21’ E), Alabata road, southwestern Nigeria. 

The location is a forest-savanna transition zone with a mean annual rainfall of 1200 mm. 

The soils are gravelly Alfisols, which vary in properties along toposequences, especially 

with regard to soil horizon depth, color and hydrological conditions (Smyth and 
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Montgomery, 1962; Moormann et al., 1975; FDALR, 1990). Topsoil at the lower slope 

include colluvial deposits. 

The study commenced in August 2003 in the second season of the annual bimodal  

rainfall distribution. The upper and lower slope portions of a toposequence (5% slope 

steepness) which had been under natural fallow for more than 6 years were manually 

cleared. The upper and lower slope positions were separated by a distance of about 100 

m. The water table was less than 1 m depth during the cropping seasons for plots at the 

lower end of the lower slope position, as they were not far from a stream. 

A factorial experiment in a randomized complete block design was set up in three  

replicates. The factors were slope positions (upper and lower slopes), nutrient 

amendments (none, NPK + Urea and poultry manure) and topsoil removal (0, 15 and 25 

cm depths of topsoil removal). Plot size was 3 x 4 m. 

Topsoil was removed manually with a spade. For nutrient amendment, NPK  

(15:15:15) and urea were applied to obtain 60: 30: 30 kg ha-1 N: P2O5:K2O while poultry 

manure (Table 1) was applied at 10 t ha-1. Poultry manure, which was collected from a 

dumpsite near the University, was applied 3 days before planting. Fertilizer was applied 

in split form; compound NPK fertilizer at 2 weeks after planting (WAP) and urea at 4 

WAP. Maize (Zea mays) was the test crop and was planted at 25 x 75 cm spacing. 

Nutrient amendments were repeated in June 2004 on the respective treatments. The 

poultry manure used in 2004 was from the stock already collected for the experiment in 

2003. 

 

2.2. Laboratory experiment: Gravel concentration, size and water content in relation to 

soil strength 

Washed gravel collected near the site was sampled. Also, soil was collected from  

0-20 cm depth at the upper slope position of the site and air-dried for sieving through a 2 

mm aperture. The sieved soil was dried further in the oven to constant moisture at 105oC. 

Gravel were separated by sieving into different size (diameter) ranges; fine gravel (2-6 

mm), coarse gravel (6-11 mm) and very coarse gravel (11-22 mm). The mean size of 

gravel was, thus obtained as the addition of the lower and upper limits in the range, 

divided by 2. For instance, the mean gravel size for the 2-6 mm range was 4 mm (that is, 

2+6/2). Using a representative topsoil bulk density of 1.3 Mg m-3 for forest soils in the 
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region, each gravel size was mixed randomly with the oven-dried soil to attain this bulk 

density in a series of buckets, each being 14 cm in diameter and 50 cm in height with a 

regular circumference. The bulk density was attained with gravel concentrations of 100, 

200, 300 and 500 g kg-1 (mass of gravel to total mass). 

The prepared samples were subjected to water contents equivalent to 0.05, 0.31 and  

0.62 cm3 cm-3. Thus, this design ensured that common ranges of gravel concentrations 

and sizes, and water contents from air-dry to saturation were covered. 

Penetrometer resistance was determined in each bucket using RIMIK CP20 cone  

penetrometer which had a datalogger and could record penetrometer resistance (cone 

index) at various depths up to 60 cm depth (Agridry Rimik Pty Ltd., 1994). The 

penetrometer with apex cone angle of 30o was set to read penetrometer resistances at 

every 2.5 cm depth up to 50 cm depth but the laboratory readings were presented up to 30 

cm depth. The maximum recordable reading was 5000 kPa, which was not attained under 

the laboratory conditions. Three readings were recorded in each treatment. 

 

2.3. Field data collection 

Penetrometer resistance was also measured in the field with the RIMIK CP20  

penetrometer. Three measurements were taken in each plot at different growth stages of 

maize in 2003 and 2004. The measurements were taken from the maize row toward the 

center of the inter-row at about 13 cm intervals. Central rows of maize were used for 

measurements.  There were instances, which occurred at any depth, that the penetrometer 

could not be inserted further because of contact with gravel. Such depths were assigned 

the maximum reading of 5000 kPa. All penetrometer readings at each stage of growth 

were taken the same day within 4 hours. The penetrometer could not be inserted when the 

soil was dry, so measurements were after the drainage of excess rainfall or theoretical 

attainment of field capacity moisture (Hillel, 1980; Jury and Horton, 2004). 

Soil bulk density (Blake and Hartge, 1986) was determined with core samples (10 cm  

diameter x 7 cm height). In 2003, maize roots were excavated (Böhm, 1979) in a 

circumference with 20 cm diameter (10 cm distance from maize stem) and a depth of 20 

cm using a shovel at 12 WAP. The roots were washed and air-dried before oven-drying at 

60oC to a constant weight. The corresponding shoots of the maize were similarly treated. 

Both dry root and shoot weights were obtained to obtain root and shoot biomass. 



 

 6

In 2004, root sampling was by core method (Böhm, 1979). The 10 x 7 cm core was  

positioned as a ring round the stump of maize remaining after cutting the shoot flushed to 

the ground. The soil + roots contained were collected for both bulk density and root biomass 

determination. In order to determine bulk density, un-disturbed soil samples were taken 

adjacent to the root samples for gravimetric water content determination, which was used to 

calculate the oven dry weight of the soil in the core (Hillel, 1980; Jury and Horton, 2004; 

Lal and Shukla, 2004). Gravimetric water content was determined after oven-drying soil 

samples at 105oC for 24 h. The mass of dry soil (Ms) in the core sample was obtained as the 

ratio of  total fresh soil mass in core  (Mt) to  gravimetric water content fraction (θg) plus 1 

(that is, Ms = Mt/1+ θg). Three plants per plot, which were randomly selected by numbering 

were used for root and shoot samples. 

Disturbed surface soil samples (0-20 cm depth) were collected to obtain particle size  

distribution using hydrometer method, soil pH in CaCl2 (1: 2 ratio), organic carbon and 

some cation contents (exchangeable K, Ca, Mg and Na), according to procedures described 

in Anderson and Ingram (1993). Gravel concentration was determined by weighing gravel 

in air-dry soil relative to the total weight of sample. 

Soil depths sampled in relation to topsoil removal corresponded to deeper layers of 

undisturbed surfaces. For instance, a sample of 0-20 cm depth for 15 cm topsoil removal 

corresponded to 35 cm depth and for 25 cm depth removal corresponded to 45 cm depth, 

if there was no topsoil removal. 

Maize was harvested at about 12½ WAP to obtain grain yield. Stover yields were also  

obtained simultaneously. Harvested maize grain and stover were air-dried for 2 weeks after 

which they were further dried to a constant moisture at 60oC.   

 

2.4. Data analysis 

The data collected were subjected to analysis of variance using the Proc-Mixed  

procedure of SAS (Littel et al., 1996). Furthermore, regression analyses were carried out 

to determine relations between penetrometer resistance (soil strength) and various soil 

parameters. Soil strength data for 0-2.5 cm and 2.5-5 cm depths were highly variable and 

were, therefore, excluded. Means were separated using P levels equal to or less than 0.05. 

The least significant differences (LSD (P ≤ 0.05)) are presented. Coefficients of 

determination, r2, for regression analyses were obtained for linear, logarithmic, 
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exponential and power law models but only the models with highest r2 values and 

significant P levels are presented. 

 

3. Results 

3.1. Soil conditions in relation to slope and topsoil removal 

Organic C in poultry manure was 9-16 times higher than the surface soil, where no  

topsoil was removed (Tables 1 and 2). Exchangeable K was 42-98 times higher whereas 

exchangeable Na was 39-128 times higher. 

Sand content of the lower slope (820 g kg-1) was significantly higher than that of the  

upper slope (726 g kg-1) whereas the clay content (167 g kg-1) of the upper slope was 

higher than that of the lower slope (92 g kg-1) (Table 2). Furthermore, sand content was 

highest for 15 cm topsoil removal (798 g kg-1) and was significantly higher than the sand 

content of the 25 cm topsoil removal (732 g kg-1). The clay content of the 25 cm topsoil 

removal (171 g kg-1) was higher than the clay content of the 0 cm topsoil removal (101 g 

kg-1). 

Air-dry gravel content for 15 cm topsoil removal was significantly higher than the  

gravel contents of the 0 and 25 cm topsoil removals in the upper slope. The 15 and 25 cm 

topsoil removals had similar gravel contents. At the lower slope, the 25 cm topsoil 

removal depth had significantly higher gravel concentration than the 15 cm topsoil 

removal. The 0 cm topsoil removal had similar gravel content to those of the 15 and 25 

cm topsoil removals. Gravel concentration was higher at the lower slope position (207 g 

kg-1) than the upper slope position (144 g kg-1), and higher for the 25 cm topsoil removal 

(215 g kg-1) than the 0 cm topsoil  removal (135 g kg-1). 

Soil pH was significantly higher at the upper (6.1) than the lower slope (6.0), although  

organic C (14.3-20.1 g kg-1), exchangeable K (0.37-0.53 cmol kg-1) and Ca (3.8-4.3 cmol 

kg-1) contents were similar (Table 2). Exchangeable K and Ca were significantly higher 

for 0 cm topsoil removal (0.73 cmol kg-1 for K and 5.0 cmol kg-1 for Ca) than 25 cm 

topsoil removal (0.31 cmol kg-1 for K and 4.0 cmol kg-1 for Ca). The significant 

differences in exchangeable K and Ca with soil depth were observed only in the lower 

slope position (Table 2). Exchangeable Na was higher in the lower slope (0.64 cmol kg-1) 

than upper slope (0.23 cmol kg-1). 
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3.2. Effects of soil water content, gravel concentration and gravel size on soil strength 

Soil strength decreased significantly as water content increased; 483 kPa for 0.05 cm3  

cm-3, 399 kPa for 0.31 cm3 cm-3 and 314 kPa for 0.62 cm3 cm-3 (Table 3). Also, soil 

strength increased as gravel concentration increased; 294 kPa for 100 g kg-1, 395 kPa for 

200 g kg-1, 435 kPa for 300 g kg-1 and 469 kPa for 500 g kg-1. Gravel size had no effect 

on soil strength, except by interaction with soil water and gravel concentration (Table 3). 

For the 0.05 cm cm-3 soil water content, soil strength was significantly higher with  

gravel size of 16.5 mm than either 4.0 or 8.5 mm gravel size within the range of 100-300 

g kg-1 gravel concentrations (Table 3). For 0.31 cm3 cm-3 water content, the 16.5 mm 

gravel size only had a significantly higher soil strength at 100 g kg-1 gravel concentration. 

Increasing the water content to 0.62 cm3 cm-3 caused lower soil strength at 100 g kg-1 

gravel concentration for all gravel sizes than higher concentrations of gravel, except in 

few cases (Table 3). 

 

3.3. Effects of slope position, nutrient amendment and topsoil removal on soil strength 

Before planting in 2003, the upper slope had significantly higher soil strength (3397 

kPa) than the lower slope (2700 kPa) (Table 4). Soil strength of 3344 kPa observed for 15 

cm topsoil removal was significantly higher than the 2642 kPa observed for 0 cm topsoil 

removal and 3159 kPa observed for 25 cm topsoil removal. The general trend at the upper 

slope position was higher soil strengths for 15 cm and or 25 cm topsoil removals than 0 

cm topsoil removal but this was not generally observed at the lower slope (Table 4). 

At 9 WAP in 2003, the mean soil strength for the upper slope of 3726 kPa was higher  

than the mean soil strength of 3150 kPa for the lower slope position (Table 4). The 

overall means for nutrient amendments showed that the least soil strength of 2776 kPa 

obtained with poultry manure was significantly lower than the soil strengths of 3103 kPa 

for NPK + urea and 3266 kPa for no amendment. Also, NPK + urea reduced soil strength 

significantly. However, the overall means for topsoil removals, ranging from 3375-3490 

kPa, were not significantly different. 

At the upper slope, soil strength for the 25 cm topsoil removal was significantly lower  

than that for 15 cm topsoil removal without nutrient amendment at 9 WAP in 2003 

(Table 4). Application of NPK + urea and poultry manure, however, changed this 

observation to a lower soil strength for 0 cm topsoil removal than 15 and 25 cm 
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removals. At the lower slope, the 0 cm topsoil removal had a significantly lower soil 

strength than 15 and 25 cm topsoil removals for the no amendment treatment. However, 

soil strength of the 25 cm removal was lower than those of 0 and 15 cm topsoil removals 

for NPK + urea while that of 15 cm removal was lower than those of 0 and 25 cm topsoil 

removals for poultry manure.  

Gravimetric soil water content was higher at the upper slope (0.13) than the lower  

slope (0.06) at 7 WAP but was not affected by nutrient amendment and topsoil removal, 

except by interactions (Table 4). Gravimetric water contents at the upper slope were 

similar for different topsoil removal depths under no amendments and application of 

poultry manure. However, application of NPK + urea caused higher soil water contents 

for 0 and 25 cm topsoil removals than the 15 cm topsoil removal. At the lower slope, 

gravimetric water content was similar for all treatment combinations (Table 4). 

After cropping in 2003 (or at harvest at 12½ WAP), sand content of the lower slope  

remained higher than that of the upper slope while clay content of the upper slope 

remained higher than that of the lower slope (Table 5). At the upper slope, the 0 and 15 

cm topsoil removals had significantly higher sand contents than the 25 cm topsoil 

removal for all nutrient amendment treatments whereas it was only under NPK + urea 

that higher sand content was observed between 0 and 15 cm topsoil removals. Silt 

contents were different for topsoil removal depths under no amendment and poultry 

manure at the upper slope positions; other results were similar. Clay, like sand, showed 

significant differences among topsoil removal depths for each nutrient amendment 

treatment but was similar among these treatments at the lower slope. Soil pH was also 

higher at the upper than lower slope position. There were relatively higher organic C 

contents for 0 and 15 cm topsoil removals than the 25 cm topsoil removals, irrespective 

of nutrient amendment. 

In 2004, the lower slope position had lower soil strengths than the upper slope position  

at 2 and 4 WAP; 2811 kPa at 2 WAP and 2868 kPa at 4 WAP for lower slope compared 

to 3331 kPa at 2 WAP and 3418 kPa at 4 WAP for upper slope (Table 6). The soil 

strengths of 2784 kPa at 2 WAP and 2893 kPa at 4 WAP for poultry manure were 

significantly lower than corresponding soil strengths of  3113-3318 kPa at 2 WAP and 

3260-3276 kPa at 4 WAP observed for 0 and NPK + urea. Significantly lower soil 

strengths of 2799 kPa at 2 WAP and 2974 at 4 WAP were observed for 0 cm topsoil 
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removal compared with corresponding soil strengths of 3257-3168 kPa at 2 WAP and 

3092-3363 at 4 WAP for 15 and 25 cm topsoil removals. Furthermore, soil strength of 

3092 kPa for 25 cm topsoil removal was significantly lower than that of 15 cm topsoil 

removal which was 3363 kPa. 

At 2 WAP in 2004, there were significant differences in soil strengths for the various  

topsoil removals with no amendments either at the upper or lower slopes, just as there 

were differences with application of NPK + urea or poultry manure (Table 6). However, 

at 4 WAP, the topsoil removals under no amendment  did not have significant differences 

in soil strengths whereas both NPK + urea and poultry manure caused significant 

differences at the upper slope while NPK + urea only caused significant differences at the 

lower slope. 

 

3.4. Variations of soil strength with depth 

Soil strength increased with soil depth (Figs. 1 and 2). Differences among the curves  

were due to temporal variations in soil water contents and they indicated that such 

temporal variations were less with no nutrient amendments than with application of 

nutrients, especially poultry manure.  

The relationships between soil strength (Y axis, kPa) and soil depth (X axis, cm) under  

the moist (unsaturated) conditions during the growth stages were best described by the 

following quadratic equations (number of observations, n = 56, P <0.0001): 

Upper slope 

 NPK + urea 

  Y = 0.646x2 + 6.22x + 2134  r2 = 0.42   (1) 

 Poultry manure 

  Y = 0.88x2 + 21.78x + 1800  r2 = 0.42   (2) 

 No amendment 

  Y = -0.295x2 +101.72x +988.8 r2 = 0.88   (3)  

Lower slope 

 NPK + urea 

  Y =-1.89x2 + 168.96x + 411.6 r2 = 0.72   (4) 
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Poultry manure 

  Y = -1.80x2 + 155.15x + 73.8  r2 = 0.59   (5) 

 No amendment 

  Y = -0.52x2 +127.75x +39.6  r2 = 0.87   (6) 

  

3.5 Soil bulk density measured with root samples 

Soil bulk density before planting in 2004 represented the overall plot bulk densities  

and these were higher than bulk densities of maize rows only (Table 7). The upper slope 

position had significantly higher bulk densities than the lower slope positions at 4, 6 and 

8 WAP; 1.2 versus 1.02 Mg m-3 at 4 WAP. 1.2 versus 1.0 Mg m-3 at 6 WAP and 1.10 

versus 1.0 Mg m-3 at 8 WAP. Under no nutrient amendment at 4 WAP on the upper slope 

position, the 15 cm topsoil removal had higher bulk density than 0 and 25 cm topsoil 

removals but the topsoil removals had similar bulk densities at 6 and 8 WAP. For NPK + 

urea on the upper slope position, although bulk densities for topsoil removals were 

similar at 4 WAP, the 25 cm topsoil removal had significantly lower bulk density than the 

0 and 15 cm topsoil removals at 6 and 8 WAP. Poultry manure at the upper slope had no 

significant effect at 4 and 6 WAP with the topsoil removals but at 8 WAP, the 0 and 15 

cm topsoil removals had significantly lower bulk densities than the 25 cm topsoil 

removals. 

At the lower slope, the 15 cm topsoil removal under no amendment at 8 WAP had a  

lower bulk density than 0 and 25 cm topsoil removals while the 0 cm depth bulk density 

was also lower than that of the 25 cm topsoil removal (Table 7). At the different growth 

stages, all the topsoil removals under NPK + urea had similar bulk densities. Poultry 

manure caused significant differences among topsoil removals at 4 and 8 WAP, with the 

15 cm topsoil removal having a significantly higher bulk density than the 0 and 25 cm 

topsoil removals at 4 WAP, and the 25 cm topsoil removal having higher bulk density 

than the 0 and 15 cm topsoil removals at 8 WAP.   

Relationships between bulk density and soil strength were not significant both at the  

upper and lower slope positions. However, soil water content explained 19-26% of the 

variation in soil strength at P values between 0.007 and 0.02 only at the lower slope 

position. 
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3.6. Maize biomass and yield 

In 2003 at 12 WAP, maize root biomass was only significantly different between 0  

and 25 cm topsoil removals under NPK + urea at the upper slope and under poultry 

manure at the lower slope (Table 8). At 4 WAP in 2004, poultry manure caused a 

significantly higher root biomass (51.9 kg ha-1) than NPK + urea (12.6 kg ha-1) and no 

amendment (9.6 kg ha-1). This effect was pronounced under poultry manure at the lower 

slope, as there were no significant differences within each group of treatment except 

between the lower slope/poultry manure group and some other treatments at upper and 

lower slope positions. 

At 6 and 8 WAP, the lower slope had significantly higher root biomass than the  

upper slope; 122 kg ha-1 at 6 WAP and 136 kg ha-1 at 8 WAP compared to 73 kg ha-1 at 6 

WAP and 82 kg ha-1 at 8 WAP for upper slope (Table 8). For nutrient amendments, at 6 

WAP the highest root biomass of 151 kg ha-1 observed for no amendment was 

significantly higher than the biomass of 73 kg ha-1 for NPK + urea and 68 kg ha-1 for 

poultry manure. However, at 8 WAP, the highest root biomass of 150 kg ha-1 was 

observed with poultry manure and this was significantly higher than the root biomass of 

109 kg ha-1 for NPK + urea and 68 kg ha-1 for no amendment; NPK + urea also had a 

significantly higher biomass than no amendment. Significant effects of nutrient 

amendments on root biomass were pronounced at 6 and 8 WAP at the lower slope under 

poultry manure, and this was followed by NPK + urea at the lower slope and poultry 

manure at the upper slope. Above-ground biomass of maize (Table 9) responded to the 

treatments, following similar trends as the root biomass. Nutrient amendments improved 

maize growth significantly on the desurfaced soils at both upper and lower slope 

positions. Root and shoot biomass at 4 WAP were not related to soil strength. 

Maize grain yield in 2003 was not affected by slope position as much as it was  

affected by nutrient amendment and topsoil removal (Table 10). Overall means of grain 

yields were 2587 kg ha-1 for poultry manure, 1567 kg ha-1  for  NPK + urea and 551 kg 

ha-1 for no amendment. For topsoil removal, yields were 2417 kg ha-1 for no topsoil 

removal, 1322 kg ha-1 for 15 cm topsoil removal and 964 kg ha-1 for 25 cm topsoil 

removal. Nutrient amendments  significantly boosted yield of maize  at both the upper 

and lower slopes for desurfaced soils, but the effects were more pronounced with poultry 
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manure as NPK + urea could not boost crop yield (<165 kg ha-1) with 25 cm topsoil 

removal. 

In 2004, the lower slope had higher grain yield (778 kg ha-1) than the upper slope (319  

kg ha-1). Poultry manure caused a higher grain yield of 969 kg ha-1 than the yields of 495 

kg ha-1 for NPK + urea and 182 kg ha-1 for no amendment. Grain yields were 887 kg ha-1 

for no topsoil removal, 284 kg ha-1 for 15 cm topsoil removal and 374 kg ha-1 for 25 cm 

topsoil removal, with the no topsoil removal being significantly different from others. 

Appreciable grain yields were obtained only in the lower slope under no topsoil removal 

only; 1784 kg ha-1 with poultry manure and 2371 kg ha-1 with NPK + urea. Grain yields 

were, however, better boosted on the desurfaced soil by poultry manure than NPK + urea. 

For the upper slope/no nutrient amendment, mean grain yields for 2003 and 2004  

showed that there was 17% reduction in yield due to 15 cm topsoil removal and 67% 

reduction due to 25 cm depth removal (Table 10). The lower slope/no amendment had 

65% reduction for 15 cm topsoil removal and 76% reduction for 25 cm removal. 

Application of NPK + urea resulted in 44% reduction in grain yield after 15 cm topsoil 

removal and 95% reduction in grain yield after 25 cm removal at the upper slope. For the 

lower slope, there was 68% reduction for 15 cm depth removal and 94% reduction with 

25 cm removal with NPK + urea. Using poultry manure at the upper slope position, grain 

yield reduced by 42% for 15 cm removal while it increased by 28% with 25 cm depth 

reduction. It reduced by 38% at the lower slope for 15 cm topsoil removal and 58% for 

25 cm topsoil removal with poultry manure 

 

4. Discussion 

4.1. Soil conditions in relation to slope position and topsoil removal  

Application of poultry manure to the soil could potentially improve soil fertility  

(Tables 1 and 2) as expected for the application of NPK + Urea. Particle size distribution 

changed with soil depth at the upper slope but not at the lower slope, at least up to 45 cm 

depth of sampling (Table 2).  Gravel content increased with soil depth but varied 

significantly in distribution by depth for the upper and lower slope position. The highest 

concentration of gravel could be reached in shallower depths at the upper slope position 

than at the lower slope position. Soil chemical characteristics differed significantly with 

soil depth only at the lower slope position (Table 2). Equivalent depths of the upper and 
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lower slopes differed significantly in physical and chemical properties because the 

process of soil development was influenced by the toposequence (Jenny, 1941; Smyth 

and Montgomery, 1962; Schaetzl and Anderson, 2005).  

 

4.2. Effects of soil water content, gravel concentration and gravel size on soil strength 

     Gravel concentration played a significant role in increasing soil strength within a 

range of soil moisture of 0.05 to 0.62 cm3 cm-3 or from moist to saturated conditions 

(Table 3). High soil water content could reduce soil strength at low gravel concentration 

(100 g kg1), irrespective of gravel size but the effect became irrelevant as gravel 

concentration increased from 100-500 g kg-1. Gravel size acted as a modifier to water 

content and gravel concentration.  

The results (Table 3) suggested that soil strength in gravelly soils was influenced by a  

complex interaction of water content, gravel concentration and gravel size. Under a very 

wet condition, penetrometer would push aside gravel more easily than under moist 

condition to compress the viscous soil (Hillel, 1980; Jury and Horton, 2004; Lal and 

Shukla, 2004) and this would reflect as low soil strength. The possibility of this, however, 

would reduce with increasing concentration of gravel, irrespective of size. Apart from 

water content, gravel distribution and size, differences in soil particle size distribution 

along slope and with depth (Table 2) would influence soil strength (Whalley et al., 2005). 

 

4.3. Effects of slope position, nutrient amendment and topsoil removal on soil strength 

and crop yield 

The data showed that the lower slope position was significantly lower in soil strength   

than the upper slope (Tables 4, 6 and 7). This was mainly due to higher loose soil 

particles in the lower slope, which were uniformly distributed up to at least 45 cm soil 

depth (Tables 2 and 5). Clay content increased with gravel content in the upper slope, 

creating compact subsoil. Comparatively lower soil strength for the 25 cm topsoil depth 

removal than either the 0 or 15 cm depth removal was due to increased water content 

with depth due to increasing clay content at the upper slope. At the lower slope, the 25 

cm topsoil depth removal was nearest to the water table during the rainy season, making 

wetness by capillarity to reduce soil strength. Based on the laboratory tests (Table 3), it 

can be inferred that soil strength was reduced for 0 cm topsoil removal because of higher 
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sand content and lower gravel concentration and for 25 cm topsoil depth removal because 

of higher water content, in spite of higher gravel concentration.  

Although soil strength was reduced by application of nutrients, particularly poultry  

manure to the artificially desurfaced soils, when the overall means were considered, 

results in Tables 4 and 6 suggest that the influence could be highly variable in these 

gravelly soils. A more consistent result was observed at the lower slope than the upper 

slope. This variability in results was reflected in the relationships between soil strength 

and soil depth for plots where topsoil was not removed (Figs. 1 and 2; Equations 1-6). 

Equations 3 and 6 are particularly useful for the prediction of soil strength for 0-40 cm 

soil depth at the different slope positions under a wide range of unsaturated soil 

conditions. Penetrometer insertion was not possible, especially at the upper slope, when 

the soil was dry. 

Non-application of nutrients resulted in higher r2 than relationships for nutrient  

application. The effects of applied nutrients would be felt more at the surface soil than 

deeper layers, causing changes in soil properties which made soil strength to vary more 

with depth than where nutrients were not applied. As maize matured soil strength was 

reduced but better with application of nutrients (Tables 6 and 7), although maize root and 

shoot biomass (Tables 8 and 9) were not related to soil strength. 

Both the above- and below-ground biomass of maize were increased significantly by  

poultry manure, especially for plots where topsoil was not removed and at the lower 

slope position (Tables 8-10). The higher the depth of topsoil removed, the less the 

positive effects of nutrient amendments on soil productivity. This could be due to poorer 

soil structural conditions, as indicated by the higher soil strength (Tables 4, 6 and 7) due 

to topsoil removal.  Mbagwu et al. (1984a) observed that 5 cm depth soil removal for two 

Alfisols and Ultisol in southern Nigeria could cause 27-50% reduction in maize root 

density. According to Dada (2005), maize root responded to increased soil strength at this 

site by developing thick roots and less fine roots, which thereby led to reduction in 

nutrient uptake. 

Generally, grain yield loss increased with increase in topsoil removal; 17-65% for 15 

cm topsoil depth removal and 38-95% for 25 cm topsoil depth removal (Table 10). The 

low yields (generally < 1000 kg ha-1 grain yield) for the no amendments suggested a very 

low soil loss tolerance. The higher reduction in grain yield with topsoil removal at the 
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lower than upper slope position for no amendment (Table 10) showed that soil resistance 

to degradation was higher at the upper than lower slope position. This was due to greater 

reduction in soil fertility with depth at the lower slope than upper slope (Table 2). Also, 

poultry manure application to desurfaced plots led to a lower yield loss than NPK + urea, 

and could even lead to a gain in yield. Therefore, poultry manure was a better soil 

ameliorant than NPK + urea and would enhance soil resilience better at both the lower 

and upper slope positions. Sparling et al. (2003) stated that it took up to 59 years to 

recover 71-85% of most topsoil characteristics of an eroded soil. Thus, a quick recovery 

of eroded soils is better achieved with addition of ameliorants. Busscher and Bauer 

(2003) Busscher et al. (2006) observed that differences in soil strengths might not 

correspond to differences in crop yields because certain soil structural conditions might 

not be reflected by cone indices. Adequate nutrition promote crop growth and would 

eventually influence reduction in soil strength (Hamza and Anderson, 2005), as 

demonstrated in this study.  

 

5. Conclusions 

After topsoil removal and application of poultry manure and NPK + urea at upper and  

lower slope plots of a gravelly Alfisol toposequence in southwestern Nigeria in 2003 and 

2004, the following conclusions were drawn: 

• Soil water content and gravel concentration significantly influenced soil strength 

more than gravel size.  

• Soil strength increased with soil depth, and consequently increased with topsoil 

depth removal of 15 and 25 cm, particularly at the upper slope position where clay 

content increased more with soil depth than the lower slope. Soil strength was higher 

at the upper slope than the lower slope position. 

• Poultry manure reduced soil strength significantly and consequently enhanced soil 

productivity. 

• Poultry manure was a better soil ameliorant than NPK + urea. Grain yield loss 

increased with topsoil depth removals of 15 and 25 cm. 

• Although the upper slope was more resistant to topsoil removal, both the upper 

and lower slope positions could be cultivated profitably for 2 years after topsoil 

removal with application of poultry manure. 
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Table 1: Some chemical characteristics of the poultry manure applied as an amendment 

Characteristics Value 

pH (H20)  7.2 

Organic carbon (g kg-1) 216 

Total  N (g kg-1) 18.6 

Exchangeable K (cmol kg-1) 43.1 

Exchangeable Na (cmol kg-1) 27.1 
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Table 3: Soil strength as affected by soil water content, gravel concentration and gravel 

size up to 30 cm depth at a constant bulk density in a laboratory packed soil. 

Water content 
(cm3 cm-3) 

Gravel concentration 
(g kg-1) 

Gravel size 
(mm) 

Penetrometer resistance 
(kPa) 

  4.0 262.3 
  8.5 443.1 100 
16.5 489.6 
  4.0 523.6 
  8.5 317.6 200 
16.5 674.1 
  4.0 473.1 
  8.5 441.3 300 
16.5 687.9 
  4.0 493.8 
  8.5 605.4 

0.05 

500 
16.5 379.8 
  4.0 488.0 
  8.5 319.6 100 
16.5 499.3 
  4.0 273.0 
  8.5 433.9 200 
16.5 286.2 
  4.0 349.4 
  8.5 309.9 300 
16.5 291.5 
  4.0 834.3 
  8.5 609.3 

0.31 

500 
16.5   88.8 
  4.0   45.3 
  8.5   63.7 100 
16.5   35.9 
  4.0   97.6 
  8.5 466.4 200 
16.5 485.3 
  4.0 581.7 
  8.5 329.4 300 
16.5 452.8 
  4.0 400.2 
  8.5 526.1 

0.62 

500 
16.5 284.9 

LSD (P <0.05) 158.6 
Water content (A)   84.0 
Gravel concentration (B)   73.9 
Gravel size (C)     NS 
A x B x C 158.6 
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Table 4: Mean penetrometer resistance (kPa) and variation in surface soil water content in 

2003 

Penetrometer resistance (kPa)  Water content (g g-1) 

0-40 cm soil depth  0-20 cm soil depth 

Slope 

position 

Nutrient 

amendment 

Topsoil 

depth  

removed 

(cm) 

Before 

planting 

9 WAP  7 WAP 

0 3210 3428  0.15 

15 3792 3627  0.13 

No 

amendment 

25 3343 3328  0.17 

0 2253 3312  0.13 

15 4145 4099  0.05 

NPK + 

Urea 

25 4338 4131  0.18 

0 2355 3871  0.09 

15 3993 4154  0.13 

Upper 

slope 

 

Poultry 

manure 

25 3141 3583  0.15 

0 2640 2786  0.09 

15 3461 3598  0.06 

No 

amendment 

25 3147 4328  0.07 

0 3088 3635  0.06 

15 2555 3376  0.04 

NPK + 

Urea 

25 2235 2068  0.04 

0 2303 3218  0.07 

15 2115 2091  0.05 

Lower 

slope 

Poultry 

manure 

25 2749 3323  0.06 

LSD (P < 0.05) 

Slope position (A) 697 567  0.07 

Nutrient amendment (B) na 143  NS 

Topsoil removed (C) 185 NS  NS 

A x B x C 301 288  0.07 

na= Not applicable 

NS = Not significant
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Table 5: Particle size distribution, pH and organic carbon for 0-20 cm soil depth after 

cropping (12½ WAP maize) in 2003 

Particle size 

distribution (g kg-1) 

Slope 

position 

Nutrient 

amendment 

Topsoil depth  

removed (cm) 

Sand Silt Clay 

pH Org. C 

(g kg-1) 

0 725 93 182 6.3 14.9 

15 652 129 219 6.1 6.7 

No 

amendment 

25 539 88 373 6.4 3.9 

0 686 79 235 6.5 11.7 

15 737 72 191 6.0 7.2 

NPK + 

Urea 

25 616 94 290 6.1 5.6 

0 701 99 200 6.8 15.3 

15 660 123 217 6.6 14.4 

Upper 

slope 

 

Poultry 

manure 

25 568 94 337 6.6 9.2 

0 744 93 163 6.1 15.9 

15 744 81 175 6.0 10.9 

No 

amendment 

25 755 81 164 6.0 9.8 

0 794 62 144 6.0 15.3 

15 731 86 183 5.7 - 

NPK + 

Urea 

25 772 76 152 6.0 5.8 

0 768 81 151 6.2 15.0 

15 764 80 156 6.1 28.0 

Lower 

slope 

Poultry 

manure 

25 773 70 157 6.1 6.6 

LSD (P < 0.05)      

Slope position (A) 107  18  89 0.37 - 

Nutrient amendment (B)   29  13 NS 0.27 - 

Topsoil removed (C)   44 NS  11 0.22 - 

A x B x C    58  29  52 0.05 - 

 

- Not determined 



 

 25

Table 6: Mean penetrometer resistance (kPa) for 0-40 cm soil depth at 2 and 4 weeks 

after planting maize in 2004 

Slope 

position 

Nutrient 

amendment 

Topsoil depth  removed 

(cm) 

2 

WAP 

4  

WAP 

0 3132 3547 

15 3274 3367 

No 

amendment 

25 3672 3337 

0 2785 2684 

15 3790 4064 

NPK + 

Urea 

25 4103 4655 

0 3021 2774 

15 3778 3791 

Upper 

slope 

 

Poultry 

manure 

25 2425 2543 

0 2801 3130 

15 3656 3193 

No 

amendment 

25 3372 2984 

0 2864 3113 

15 2848 2947 

NPK + 

Urea 

25 2285 2191 

0 2133 2595 

15 2195 2816 

Lower 

slope 

Poultry 

manure 

25 3149 2816 

LSD (P < 0.05)   

Slope position (A) 520 551 

Nutrient amendment (B) 378 367 

Topsoil removed (C) 205 118 

A x B x C 284 273 
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Table 7: Surface (0-7 cm) soil bulk density and gravimetric water content of soil cores 

containing maize roots at various stages of growth in 2004 

Soil bulk density (Mg m-3) Soil water (g g-1) 

Weeks after planting maize 

Slope 

position 

Nutrient 

amendment 

Topsoil 

depth  

removed 

(cm) 

Before 

planting# 4 6 8 8 

0 1.44 1.12 1.23 1.14 0.10 

15 1.56 1.46 1.35 1.20 0.10 

No 

amendment 

25 1.50 1.14 1.46 1.15 0.11 

0 1.39 1.22 1.22 1.12 0.10 

15 1.62 0.99 1.27 1.15 0.07 

NPK + 

Urea 

25 1.53 1.25 0.87 0.88 0.08 

0 1.40 1.05 1.32 1.01 0.10 

15 1.50 1.22 1.20 1.03 0.10 

Upper 

slope 

 

Poultry 

manure 

25 1.44 1.34 1.09 1.17 0.12 

0 1.39 1.02 0.97 1.03 0.08 

15 1.38 1.07 1.04 0.90 0.07 

No 

amendment 

25 1.52 1.20 1.14 1.13 0.09 

0 1.15 0.97 1.01 1.03 0.07 

15 1.48 1.00 0.91 1.00 0.05 

NPK + 

Urea 

25 1.52 1.23 1.10 1.06 0.15 

0 1.25 0.87 1.05 0.93 0.08 

15 - 1.29 1.20 0.93 0.08 

Lower 

slope 

Poultry 

manure 

25 1.48 0.86 1.17 1.02 0.06 

LSD (P < 0.05)       

Slope position (A) -  0.14 0.15 0.09 NS 

Nutrient amendment (B) -  NS 0.14 0.08 NS 

Topsoil removed (C) -  NS NS NS NS 

A x B x C  -  0.34 0.29 0.09 0.06 
#Post-2003 planting effects. 

- Not determined
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Table 8: Maize root biomass (kg ha-1) using excavation method in 2003 and core method 

in 2004 

 
2004 (0-7 cm depth) Slope 

position 

Nutrient 

amendment 

Topsoil 

depth  

removed 

(cm) 

2003 

12 WAP 

(0-20 cm 

depth) 

 

4 WAP 6 WAP 8 WAP 

0 161.2     5.8   33.3   38.5 

15   43.3     8.0   20.8   37.3 

No 

amendment 

25   42.6    0.4   26.9   78.4 

0 547.0  17.8   93.1 124.8 

15 314.0    6.6   69.4   83.3 

NPK + 

Urea 

25 162.3    8.6   23.9   27.7 

0 453.4  72.0 150.3 107.5 

15 602.5  30.6   68.8   74.6 

Upper 

slope 

 

Poultry 

manure 

25 556.4  29.9 165.5 163.6 

0 193.0  12.1   46.1 146.0 

15   23.4    7.7   20.1   53.9 

No 

amendment 

25   19.8  13.8   34.8   51.3 

0 253.8  21.8 186.1 197.2 

15 452.9  14.3 120.0 127.4 

NPK + 

Urea 

25 234.5    6.5   32.7  90.8 

0  547.0  70.4 398.4 256.6 

15 353.1  65.3 137.2 220.9 

Lower 

slope 

Poultry 

manure 

25  65.6  43.2 124.7   77.6 

LSD (P < 0.05)      

Slope position (A) NS  NS   49.8   53.8 

Nutrient amendment (B) 240.8  39.3   57.2   41.3 

Topsoil removed (C) NS  14.6   78.5   45.2 

A x B x C 336.8  34.7 115.5   85.2 
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Table 9: Maize shoot biomass (kg ha-1) at different growth stages in 2004 

 
Slope 

position 

Nutrient 

amendment 

Topsoil depth  

removed (cm) 

4 WAP 6 WAP 8 WAP 

0   11.4 158.7   420.8 

15   21.0    92.4   389.8 

No 

amendment 

25   24.2  129.0   651.5 

0   59.7  532.5 1377.2 

15   22.4  347.3   943.8 

NPK + 

Urea 

25   22.7  128.8   363.5 

0 123.1  652.2 1332.6 

15   91.9  373.3   855.4 

Upper 

slope 

 

Poultry 

manure 

25 113.4  542.3 2206.5 

0   49.6  606.3 1870.8 

15   33.3  540.1   720.2 

No 

amendment 

25   25.4    63.8   632.0 

0   69.3   816.5 1717.3 

15   50.0   774.8 1804.6 

NPK + 

Urea 

25   26.9   270.1 1077.2 

0 264.1 1518.6 2823.6 

15 245.3   932.5 2282.2 

Lower 

slope 

Poultry 

manure 

25 171.1   328.7   982.4 

LSD (P < 0.05)    

Slope position (A)   49.5  321.7   596.6 

Nutrient amendment (B) 126.3   246.3   433.1 

Topsoil removed (C) NS   266.3   424.4 

A x B x C    97.7   585.2   911.8 

 



 

 29

Table 10: Maize grain yields   (kg ha-1) in 2003 and 2004 

 
Slope 

position 

Nutrient 

amendment 

Topsoil depth  

removed (cm) 

2003  2004 

0   937.4      19.5 

15   513.4    283.4 

No 

amendment 

25   301.3      14.3 

0 3113.6    317.6 

15 1874.8      43.4 

NPK + 

Urea 

25   145.1      19.0 

0 3126.9     521.1 

15 1439.6     646.7 

Upper 

slope 

 

Poultry 

manure 

25 3660.3   1003.7 

0 1149.5     309.8 

15   312.4     196.0 

No 

amendment 

25     89.3     266.4 

0 2600.2   2370.9 

15 1506.6        89.8 

NPK + 

Urea 

25   160.7      126.1 

0 3571.1    1783.6 

15 2287.8    1044.1 

Lower 

slope 

Poultry 

manure 

25 1428.5      813.3 

LSD (P < 0.05)    

Slope position (A) NS      459.0 

Nutrient amendment (B) 1016.3      312.9 

Topsoil removed (C) 1094.0      503.2 

A x B x C  1339.2      529.9 
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Fig. 1. Variations in soil strength with soil depth at the upper slope for plots without topsoil removal (9 
WAP- 03 = 9 weeks after planting in 2003, 2 WAP-04 = 2 weeks after planting in 2004, 4 WAP-04 = 4 
weeks after planting in 2004). 
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LOWER SLOPE
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Fig. 2. Variations in soil strength with soil depth at the lower slope for plots without topsoil removal (9 
WAP- 03 = 9 weeks after planting in 2003, 2 WAP-04 = 2 weeks after planting in 2004, 4 WAP-04 = 4 
weeks after planting in 2004). 




