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Vertisols are dark coloured soils which are widespread in the tropical zone. They are renowned to be 
chemically very fertile soils. However, due to their difficult workability imposed by most of their 
physical chracteristics, they remain agriculturally underexploited. The aim of the present work was, 
firstly, to study the spatial distribution of the main physico-chemical properties of the Benue watershed 
vertisols by statistical and geostatistical methods, and secondly, to highlight the agricultural 
significance of the spatial structure of these properties. So, vertisol samples were collected in two grids 
demarcated in two plots, one under sorghum and the other one under natural savannah of gramineae. 
Fieldwork was followed by a battery of laboratory analyses. The data obtained was analysed 
statistically and geostatistically based on kriging. The results showed that most of the vertisol 
properties among the two studied plots did not vary significantly (P>.05) when viewed at the soil series 
scale.  Furthermore, the principal component analysis (PCA) enabled to reduce fifteen initial studied 
variables to four principal components explaining more than 70% of the total variance. Geostatistically, 
most of the vertisol characteristics under sorghum were best-fitted by a “pure nugget effect” with cyclic 
periodicity in some cases, while those under savannah were mostly best-fitted by a linear model. Such 
“pure nugget effect” might imply that, although with a generally lower fertility level, the vertisols 
subjected to cultivation under sorghum remained very fertile with a better homogenisation of the 
fertility parameters, compared to fallow ones under natural savannah that instead showed “islands” of 
fertility portrayed by cyclic periodicity associated with vegetation tuffs. Contour maps obtained by 
kriging could have great potential for designing strategies for site-specific management. 
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INTRODUCTION 
 
Vertisols constitute a soil class easily identifiable by their 
heavy clayey texture, their dark colour and their unique 
physical attributes as stress cracking in the dry season, 
surface ponding in the rainy season, slickensides, etc 
(FAO, 2006). Much work has already been published on 
vertisols, based on mainly their nature, inventory and 
spatial distribution (Nalovic, 1969; Hervieu, 1967; Blockuis 
et al., 1970; Gavaud et al., 1975;  Brabant and Gavaud, 
1985; Yerima, 1985; Mamo et al., 1988; Podwojewski, 
1992; Raunet, 2003), geochemistry (Banenzoue et al., 
2001; Özsoy and Aksoy, 2007; Azinwi Tamfuh et al., 
2011), mineralogical composition (Buhmann and 
Schloeman, 1995; Nguetnkam et al., 2007), geotechnical 
properties (Jones  and Holtz, 1973; Ekodeck, 1976; 
Ekodeck and Eno Belinga, 1977; Fredlund, 1996; Likiby, 
2010), agronomic aspects (Humbel and Barbery, 1974; 
Ndaka et al., 2001; Mvondo Ze, 2002) and surface 
properties as bleaching earths (Kamga et al., 2001; 
Nguetnkam, 2004; Djoufac Woumfo et al., 2006; 
Nguetnkam et al., 2008). Most of these works reported that 
swelling and shrinking upon wetting and drying as well as 
some physico-chemical properties make the agricultural 
use of vertisols very difficult (Jutzi and Abebe, 1987; Dudal 
and Eswaran, 1988; Mondo Ze, 2002; Fassil Kebede and 
Yamoah, 2009). This explains why their agricultural 
potentials have not yet been fully exploited in many parts of 
the world, especially in the Sub-saharan zone despite their 
high chemical fertility in the natural state and their wide 
geographical distribution (Humbel and Barbery, 1974; 
Barber, 1979; Bull, 1988; Esu and Lombin, 1988; Mamo 
and Haque, 1988; Tabi et al., 2012).  One of the most 
appropriate techniques for maximum exploitation of soil 
characteristics is the statistical and geostatistical treatment 
of data (Webster, 1977; Isaacks and Srivastava, 1989; 
Webster, 1985; Goovaerts, 1998; Hengl, 2007; Jahknwa 
and Ray, 2014). It is the most important way to gather 
knowledge to prepare soil maps through spatial 
interpolation of point-based measurements of soil 
properties. This technique already provided reliable and 
very exploitable results on a practical point of view such as 
in environmental modeling and precision agriculture 
(Isaacks and Srivastava, 1989; Webster and Oliver, 1992; 
Goovaerts, 1998; Goovaers and Glass, 2014; Jahknwa 
and Ray, 2014 ; Goovaerts et al., 2016;  Goovaerts, 2017a, 
Goovaerts, 2017b). The technique, however, remains 
wanting in sub-saharan Africa, apart from works of few 
authors like Folorunso et al. (1986, 1988), Yerima et al. 
(1989, 2009) and Mainam et al. (2002). This can be due to 
some major constraints involved in the use of this type of 
mathematical technique like its long and fastidious nature, 
high number of georeferenced measurements and 
samples, and the great multiplicity of laboratory analyses.  
The  main  aim  of  the  present  work  
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was, firstly, to study the spatial distribution of the main 
physico-chemical properties of vertisols by statistical and 
geostatistical methods, and secondly, to highlight the 
agricultural significance of the spatial structure of these 
vertisol properties.  
  
 

MATERIALS AND METHODS 
 
Study site  
 
The studied site is the Benue floodplain at the centre of the 
Benue watershed (Fig. 1).  The total annual precipitation is 
1033 mm and the mean yearly temperature is 28°C, 
defining a classical Sudanian climate, or  tropical climate 
with two contrasted seasons: a humid season (May to 
October) and a dry season (November to April) (Etia, 
1980).  The Benue River, main collector, with its numerous 
seasonal tributaries form a dense and dendritic drainage 
network (Olivry, 1986). The relief landforms are very 
diverse and uneven on either sides of the Benue floodplain 
with Tchabal Mbabo being the highest point (2460 m). 
Between them lies a trough which is a rift formed within the 
Meso-to Neoproterozoic granitic-gneissic basement and is 
entirely filled with continental sediments (sandstones) of 
the Middle to Upper Cretaceous (Kock, 1959; Schwoerer, 
1965; Maurin and Guiraud, 1990; Ngounouno, 1993; 
Ngounouno et al., 1997). The vegetation is the Sudanian 
savannah domain (Letouzey, 1980). The major soils are 
topomorphic vertisols associated to small soil groups like 
raw mineral soils, lightly evolved soils, hydromorphic soils, 
halomorphic soils, ferruginous soils and fersiallitic soils 
(Gavaud et al., 1975; Muller and Gavaud, 1976; Brabant 
and Gavaud, 1985).   

The Benue floodplain is rich in alluvial deposits, about 35 
m thick, mainly sands, gravels and clays (Koch, 1959; 
Schwoerer, 1965). On the Benue floodplain, a number of 
activities have converged, mainly agriculture, cattle-
rearing, fishing, commerce, etc (Gavaud et al., 1975). 
There is an ethnic specialization of activities and a 
delimitation of a land surfaces reserved for each type of 
activity. The exploited land surface has strict time 
delimitation based on seasons, but very little spatial 
delimitation, and cattle often move freely into farmland at 
post-harvest although there is no formal association 
between farming and pastoral activities and this often leads 
to farmer-grazer conflicts. Each village holds a rainy 
season farmland either on the slopes or on the terrace as 
well as dry season farms on the raised sandy beaches 
(early sorghum and cassava farm) and on vertisols 
(muskwari farm). Greater details about the studied site, 
other associated parameters such as site-specific 
vegetation types, land use patterns, physiography, 
meteorological processes and soil forming processes are 
described in Gavaud et al. (1975). 
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                                     Figure 1. Geographical location of the Benue floodplain and position of sampling points. 
 
 
 

 
 

                                                               Figure 2. Morphological organization of the vertisol profile at Garoua (P1). 
 
 
Out of five vertisol profiles in the Benue floodplain, two 

most representative were selected at Badoudi and Garoua 
for detailed description and only one is shown (Fig. 2). 
Thus, with a depth of about 2.00 to 2.50 m above the water 
table, these soils show four main horizons from bottom to 
top: a dark grey horizon with hydromorphic patches (B3g), 
dark grey horizon (B21), dark grey horizon with slickensides 
(B1) and a surficial grey humiferous horizon (A1) with 
desiccation cracks. Also, different horizons show a heavy 
clayey texture, very massive structure, high bulk density, 
very low porosity and a high compacity. Physico-
chemically, the studied soils show a high cation exchange 

capacity (26-42.00 meq/100g), high sum of bases (74.30-
94.23 meq/100g), high base saturation, low organic carbon 
and a very high C/N ratio (Table 1). The CEC-to-clay ratio 
ranges from 0.53 to 0.71 suggesting mixed to dominant 
smectitic mineralogy (FAO 2006). Geochemically, Si 
(50.35-59.23 % SiO2) and Al (16.52-21.61 % Al2O3) are the 
dominant elements, marked by a Si/Al ratio of 2.27 to 2.94 
(Table 2). Contents of Na, Mg, Ca and K range from 0.53 
to 0.92 % Na2O, 1.20 to 1.38 % MgO, 1.00 to 1.38 % CaO 
and 1.77 to 2.18 % K2O.  
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                 Table 1. Physico-chemical characteristics of the topomorphic vertisols from the Benue watershed. 
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Ca Mg Na K 

Garoua profile (P1)  

A1(0-30 
cm) 

2.5 1.8 28.0 62.50 6.2 5.3 0.9 2.62 4.50 0.10 75.53 16.11 7.11 1.78 0.98 26.00 35.00 74.30 0.56 26.20 

B1 (30-
100 cm) 2.6 2.1 19.0 70.00 6.6 5.3 1.3 0.36 0.62 0.02 13.91 18.58 8.98 1.03 0.40 29.00 37.00 78.40 0.53 18.00 

B21 
(100-
150 cm) 

2.6 2.1 19.0 72.50 6.0 4.8 1.2 0.48 0.83 0.02 10.87 24.15 11.60 0.52 0.52 36.81 40.00 92.02 0.55 24.00 

B3g 
(150-
250 cm) 

2.6 2.2 15.4 75.00 5.6 4.8 0.8 0.52 0.90 0.02 30.87 24.40 11.60 0.59 0.59 37.14 42.00 88.43 0.56 26.00 

Badoudi profile (P5)  

A1(0-30 
cm) 

2.6 1.8 30.7 46.6 6.8 6.0 0.8 1.26 2.17 0.11 81.20 22.03 9.10 1.76 0.91 32.80 33.10 99.01 0.71 11.45 

B1 (30- 
110 cm) 

2.6 2.0 23.1 54.2 6.8 5.9 1.1 0.98 1.67 0.09 38.00 22.76 11.60 1.72 0.72 34.80 35.40 98.33 0.65 11.00 

B21 
(110-
160 cm) 

2.6 2.2 15.4 68.00 7.1 5.9 1.2 0.36 0.98 0.05 22.10 23.51 9.60 1.88 0.80 35.15 37.06 95.00 0.55 07.20 

B3g 

(160-
215 cm) 

2.6 2.2 15.4 58.26 7.3 6.2 1.1 0.26 0.70 0.02 12.23 23.98 9.89 1.78 1.26 37.91 39.00 97.21 0.67 13.00 

 
 

TOC: total organic carbon; OM: Organic matter content; TN: Total nitrogen; TAP: total available phosphorus;  
S: sum of exchangeable bases; CEC: cation exchange capacity; BS: base saturation. 

 
 
        Table 2. Major element composition of the vertisols from the Benue floodplain (% oxide) 

 

 

LOI: Lost on ignition. 
Error margin: <1%: SiO2, Al2O3 and Fe2O3; <2 % for MnO, K2O and TiO2; <10 % for MgO, CaO, Na2O and P2O5. 
 
 
METHODS 
 
The vertisol samples were collected in mid-november 
(transitional month) to avoid rainy season floods and dry 
season overdesiccation. The sampling of the plough layer 

for soil quality assessment in relation to management 
practices was justified because the Benue floodplain has 
for many decades been used for the cultivation of counter-
season sorghum with recent and progressive incorporation 
of other rain-fed and irrigated shallow-rooted crops like rice  

Oxide (%) 
Horizon 
(depth) 

SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O3 LOI Total Si/Al 
 

Garoua profile (P1) 

A1(0-30 cm)  53.46 18.88 6.72 0.08 1.06 1.16 0.87 1.85 1.02 0.09 14.64 99.89 2.50 
B1(30-100 m)  53.29 18.79 6.60 0.06 1.34 1.00 0.88 2.18 1.01 0.16 14.61 99.89 2.40 
B21(100-150 cm)  53.40 19.07 6.89 0.09 1.38 1.38 0.92 2.11 1.11 0.19 14.03 100.17 2.40 
B3g(150-250 cm)  53.15 20.66 7.20 0.06 1.20 1.20 0.53 1.77 1.08 0.21 13.07 99.88 2.27 

Badoudi profile (P5) 

A1(0-30 cm) 59.23 20.67 6.03 0.03 1.54 0.31 0.56 1.87 0.68 0.2 09.73 100.51 2.86 
B1(30-60 cm) 59.22 19.2 7.55 0.04 1.59 0.86 0.64 1.67 1.31 0.01 8.88 99.99 3.08 
B21 (60-120 cm) 58.04 20.19 7.96 0.01 1.03 1.01 1.23 1.02 1.25 0.13 8.76 100.56 2.87 
B3g (120-215 cm) 58.42 20.05 5.45 0.02 1.01 1.2 1.44 1.54 0.86 0.18 10.18 100.17 2.91 



 

 
 
 
 
and cotton (Gavaud et al. 1976). Based on land use, two 
sites were selected under natural savannah and sorghum 
crops in Badoudi and Garoua, respectively. Two sampling 
grids of 160 x 100 m were demarcated (Fig. 3). A total 
number of 54 composite surface (0-30 cm depth) samples 
were collected in each plot at a lag distance of 20.00 m in 
reference to Chevallier (1999) and Hengl (2007). Each 
sampling point was georeferenced using a Global Position 
System Receiver (Magellan mark). The samples were 
packed in air-tied plastic bags and transferred to the 
laboratory for further processing and analysis. The 
physico-chemical analyses were done in the Laboratory of 
Soil Science and the Laboratory of physico-chemistry of 
mineral materials (University of Yaoundé I) as well as at 
the International Institute for Tropical Agriculture (IITA) 
Nkolbissong, Yaoundé. Thus, the particle size distribution 
was measured by Robinson´s pipette method (FAO, 2006). 
The pH-H2O was determined in a soil/water ratio of 1:2.5 
and pH-KCl in a soil/KCl ratio of 1:2.5 using a glass pH-
meter (McLean, 1982). The organic carbon (TOC) was 
measured by Walkley-Black procedure (Nelson and 
Sommers, 1982). Total nitrogen (TN) was measured by the 
Kjeldahl method (Bremner and Mulvaney, 1982). Available 
phosphorus was determined by concentrated nitric acid 
reduction method (Olsen and Sommers, 1982). 
Exchangeable bases were dosed by ammonium acetate 
extraction method (Thomas, 1982) and cation exchange 
capacity (CEC) was measured by sodium saturation 
method (Rhoades, 1982). Statistical and geostatistical 
analyses. 

Before developing and modeling the variograms, 
proximity to normal distribution was checked by 
Kolmogrov-Smirnov (K-S), kurtosis and skewness statistics 
(Steel and Torrie, 1980; Paz-Gonzalez et al., 2000). A log-
normal transformation enabled to give more symmetrical 
distributions that satisfied assumptions of subsequent 
analyses and to make statistical estimates more efficient 
(Journel and Huijbregts, 1978). Statistical analysis was 
performed using the SPSS software program (SPSS Inc., 
Version 12.0). The data were analyzed by ANOVA and 
Tukey’s test to detect significant differences (P<0.05) 
between means.  

The geostatistical analysis was based on variogram 
analysis and ordinary kriging (Journel and Huijbregts, 
1978; Isaaks and Srivastava, 1989; Zakậi Şen, 1990). 
Among the different methods of interpolation of soil 
properties, inverse distance weighting and ordinary kriging 
are the most important (Webster and Oliver, 1992). From a 
theoretical standpoint, ordinary kriging is the optimal 
interpolation method (Goovaerts, 1997). However, its 
correct application requires an accurate determination of 
the spatial structure via variogram construction and model-
fitting, requiring at least 50 to 100 samples to obtain a 
reliable spatial structure (Webster, 1987).  

The level of accuracy of kriging was checked by cross-
validation (Davis,  1987).  Among  the  three  indices  used,  
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mean absolute error (MAE) and mean squared error (MSE) 
enabled to measure the accuracy of prediction, whereas 
goodness-of-prediction (G) permitted to check the 
effectiveness of prediction (Voltz and Webster, 1990).  

MAE is a measure of a sum of residuals, that is, 
predicted value minus observed value (Voltz and Webster, 
1990). The mathematical expression is: 

  
where  is the predicted value at location i.  Small 
MAE values indicate few errors. The MAE measure, 
however, does not reveal the magnitude of error that might 
occur at any point and hence, making the calculation of 
MSE necessary. Squaring the difference at any point gives 
an indication of the magnitude. 

 
  

 
Small MSE values indicate more accurate estimation, 
point-by-point.  
The G value gives an indication of how effective a 
prediction might be relative to that which could have been 
derived from using the sample mean alone (Voltz and 
Webster, 1990). 
 

  
 
where  is the sample mean. A G value of 100 indicates 
perfect prediction, while a negative value indicates that the 
predictions are less reliable than using sample mean as 
the predictors. 
 
 
RESULTS 
 
Descriptive statistics  
 
In Garoua, Kolmogorov-Smirnov (K-S) tests revealed 
normal probability distribution fit for all the parameters 
(Table 3). Also, apart from ECa (exchangeable calcium), 
sum of bases, CEC and base saturation (BS), the rest 
were positively skewed. The coefficients of kurtosis 
revealed relatively peaked distribution for sand, TOC, TAP, 
ECa and EK (exchangeable potassium), and a relatively 
flat one for the remaing parameters (Table 3). In Badoudi, 
K-S test of raw data revealed that apart from TOC, C/N, 
TAP, EK and Mg/K, all other vertisol properties were fitted 
in normal  distribution     (Table 3).     Also,     all    the  soil  
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            Table 3. Shape parameters of the probability distribution (n=54) 

 

 
Remark:  
skew (skewness): measure of asymmetry in data distribution (a positive skew indicates a longer tail to the right, a negative skew 
indicates a longer tail to the left and a perfectly symmetric distribution (normal distribution) has a skew equal to 0). 
Kurtosis: measure of the sharpness of the data peak (conventionally, the value of this coefficient is compared to 0 which is the 
coefficient of kurtosis for a normal distribution  or bell-shaped curve, meanwhile a value greater than 0 indicates a peaked distribution and 
a value less than 0 indicates a flat distribution).   
K-S stat (Kolmogorov-Smirnov goodness of fit test statistics): largest difference between an expected cumulative probability 
distribution and an observed frequency distribution (Critical K-S stat, α of 0.05= 0.182). The expected distribution refers to the normal 
probability distribution with mean and variance equal to the mean and variance of the sample data.  The observed frequency distribution 
is a stepped function that increases by 1/n with each step, where n is the number of values in the data set. 
 
 
 
characteristics were positively skewed in Badoudi, except 
for Ca/Mg. In Garoua, clay, ECa and CEC were negatively 
skewed while the rest of the parameters were positively 
skewed (Table 3). The coefficients of kurtosis revealed a 
relatively peaked distribution for clay, pH.H2O, TOC, TN, 
EK and ENa (exchangeable sodium), and a relatively flat 
one for TAP, ECa, EMg (exchangeable magnesium), S and 
CEC. Thus, after the log-normal transformation of the 
original data, all the vertisol characteristics were normal or 
closer to normal distribution (Table 3). The C/N ratio 
ranged from 0.79 to 76 in Badoudi, and 3.71 to 70.00 in 
Garoua (Table 4). The Ca/Mg ratio, an index of calcium-
magnesium fertility, ranged from 0.79 to 4.70 in Badoudi, 
and 1.24 to 5.63 in Garoua. The Mg/K ratio globally varied 
from 1.96 to 20.79 in Badoudi, and 2.1 to 52.61 in Garoua 
(Table 4). These ranges do not only suggest normal EK 
and EMg levels in Garoua and Badoudi, but also risky 
zones of EK deficiency in Badoudi and those of EMg 
deficiency  in Garoua (Dabin, 1964). Among the soil 
characteristics in Garoua, TAP displayed a high CV, 

meanwhile clay, pH, ECa, S, T and BS displayed a low CV, 
and the remaining ones showed a moderate CV. In 
Badoudi, soil nitrogen, C/N ratio, EK, ENa and Mg/Ca ratio 
showed a high CV, while clay, pH and BS displayed a low 
CV and the rest showed a moderate CV. 
 Statistically, apart from clay, ENa and Mg/K ratio, 
means of the remaining soil properties did not show any 
significant difference (P>0.05) for the two studied plots 
(Table 5).  

The Pearson (linear) correlation between soil variables 
revealed that highest coefficients occured between clay 
and pH-H2O, sum of bases and Mg or Ca, CEC and sum of 
bases, Mg and Ca/Mg ratio, Ca and Ca:Mg ratio, total 
organic C and total available P or total N (Table 6). 
Although a good number of the variables were correlated 
with each other, the explanation and interpretations of the 
patterns seemed difficult due to existence of redundancies. 
This justified the use of the principal component analysis 
(PCA). The PCA revealed that,  in  each  of  the  two  plots,  
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              Table  4. Summary statistics of the different vertisol properties (n=54). 

 

 
SD: standard deviation; CV: Coefficient of variation; means in the same column followed by same letters are not significantly different at p < 0.05. 
 
 
Table 5. Summary of correlation coefficients between vertisol characteristics 

 

 Variables Clay pH-H2O TOC TN C:N TAP Ca Mg K Na S CEC BS Mg/K Ca/Mg 

Garoua  plot 

Clay 1               

pH-H2O 0.95** 1              

TOC -0.10 -0.18 1             

TN -0.04 -0.12 0.75** 1            

C:N -0.25 -0.27* 0.16 0.27* 1           

TAP 0.17 0.14 0.68** 0.56** -0.12 1          

Ca 0.27* 0.18 0.28* 0.23 -0.30* 0.30* 1         

Mg 0.44** 0.47** -0.14 -0.25 -0.18 0.10 -0.20 1        

K 0.04 0.04 0.25 0.04 -0.09 .205 0.03 0.27* 1       

Na -0.10 -0.16 -0.19 -0.13 -0.04 -0.37** -0.08 0.15 -0.01 1      

S 0.54** 0.48** 0.05 0.01 -0.38** 0.24 0.71** 0.42** 0.18 0.19 1     

CEC 0.62** 0.60** -0.03 0.04 -0.17 0.08 0.44** 0.26 -0.01 -0.01 0.57** 1    

BS -0.13 -0.17 0.06 -0.05 -0.23 0.14 0.21 0.09 0.15 0.21 0.35* -0.57** 1   

Mg /K 0.10 0.12 -0.24 -0.12 -0.03 -0.20 0.04 0.19 -0.71** 0.06 0.08 0.14 -0.07 1  

Ca /Mg -0.22 -0.27* 0.25 0.29* -0.02 0.09 0.57** -0.88** -0.11 -0.20 -0.02 -0.06 0.06 -0.24 1 

Badoudi plot 

Clay 1               

pH-H20 0.68** 1              

TOC 0.21 0.15 1             

TN 0.03 0.15 0.75** 1            

C:N 0.11 0.03 0.001 -0.22 1           

TAP 0.14 0.23 0.77** 0.74** -0.17 1          

Ca 0.33* 0.56** 0.22 0.29* -0.24 0.30* 1         

Mg 0.17 0.42** 0.26 0.17 -0.05 0.25 0.21 1        

K 0.04 -0.21 -0.10 -0.09 -0.10 -0.05 -0.35* -.27* 1       

Na -0.09 -0.30* -0.09 -0.14 .051 -0.19 -0.58** -0.13 0.38** 1      
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              Table 5. Continue 
 

S 0.38** 0.64** 0.25 0.27* -0.24 0.32* 0.95** 0.48** -0.32* -0.51** 1     

CEC 0.50** 0.76** 0.18 0.19 -0.04 0.22 0.85** 0.45** -0.24 -0.47** 0.91** 1    

BS 0.04 0.09 0.18 0.12 -0.40** 0.31* 0.54** 0.15 -0.14 -0.17 0.53** 0.22 1   

Mg/K -0.05 0.23 0.08 0.11 -0.01 0.05 0.36** 0.49** -0.73** -0.37** 0.42** 0.35** 0.06 1  

Ca/Mg 0.08 -0.09 -0.21 -0.70** 0.22 -0.34* -0.03 0.03 0.03 0.01 0.01 0.04 0.07 -0.07 1 

 
** Correlation is significant at the 0.01 level. 
* Correlation is significant at the 0.05 level. 

 
 

 
 
                       Figure 3. Sampling grids in the two studied plots (A: Sorghum plot in Garoua; B: Savannah plot in Badoudi). 

 

 
 
        Figure 4. Plot of the correlation coefficients within a circle of unit radius in the plane of the first two principal axes. (A) Garoua (B) Badoudi. 
 
 
four principal components explained more than 70 % of the 
total variance for fifteen variables studied (Table 7). The 
four principal components in Badoudi include 
S/Ca/CEC/pH (PC1), TOC/TAP/TN (PC2), exchangeable K 
(PC3) and base saturation (PC4). Those in Garoua are 

clay/pH/S/CEC (PC1), TOC/TN/TAP (PC2), Ca:Mg/soil Mg 
(PC3) and clay (PC4). The representation of the first two 
principal components in a correlation circle showed the 
separation of the initial soil characteristics on the factor 
axis based on their factor loading (Fig. 4).  Thus,  proximity  
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Table 6. First four eigenvectors from the PCA of the soil variables.    
 

 

Extraction method: Principal Component Analysis;  A: Sums of squared loadings. 
* Significant loadings exceeding ±0.70. 
 

Variables Principal components (PC) 

Garoua plot 

   1     2   3    4 
Clay/pH/S/CEC TOC/TN/TAP  K BS 

Clay 0.88* 0.01 -0.10 -0.16 

pH-H2O 0.86* 0.10 -0.10 -0.20 

TOC -0.08 -0.79* 0.19 -0.27 

TN -0.03 -0.73* -0.03 -0.33 

C:N -0.43 0.00 -0.09 -0.49 

TAP 0.24 -0.71* 0.24 -0.25 

Ca 0.43 -0.63 -0.31 0.49 

Mg 0.63 0.41 0.52 -0.18 

K 0.13 -0.28 0.74* -0.08 

Na 0.00 0.32 0.20 0.42 

S 0.79* -0.24 0.09 0.43 

CEC 0.75* -0.08 -0.39 -0.20 

BS -0.06 -0.14 0.50 0.72* 

Mg/K 0.18 0.41 -0.50 0.08 

Ca/Mg -0.32 -0.64 -0.48 0.37 

Total loadingA 3.69 3.08 1.98 1.84 

Variance explained (%) 24.60 20.56 13.18 12.28 

Cumulative variance explained (%) 24.60 45.16 58.35 70.63 

Badoudi plot 

  S/Ca/CEC/pH TOC/TAP/TN Ca/Mg/Mg Clay 

Clay -0.44 -0.12 -0.02 -0.74* 

pH-H2O -0.71* -0.23 -0.17 -0.50 

TOC -0.43 0.75* -0.25 -0.09 

TN -0.45 0.75* -0.11 0.07 

C:N 0.21 -0.25 -0.39 -0.31 

TAP -0.51 0.75* -0.10 -0.02 

Ca -0.92* -0.15 0.30 0.07 

Mg -0.45 -0.01 -0.72* -0.02 

K 0.42 0.28 0.40 -0.53 

Na 0.60 0.22 -0.06 -0.25 

S -0.95* -0.16 0.10 0.00 

CEC -0.87* -0.27 0.00 -0.26 

BS -0.48 0.16 0.39 0.30 

Mg/K -0.47 -0.30 -0.52 0.50 

Ca/Mg -0.53 -0.08 0.76* 0.08 

Total loadingA 5.35 2.21 2.01 1.69 

Variance explained (%) 35.67 14.75 13.42 11.15 

Cumulative variance explained (%)  35.67 50.41 63.85 75.00 
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               Table 7. Omni directional variogram parameters of the vertisols variables from logtransformed data. 

  

G: Goodness-of-prediction; GSD: grade of spatial dependence; MAE: mean absolute error; MSE: mean squared 

Variogram 
 
Variables 

model Nugget  
 (N) 

Sill 
(S) 

Power 
(ω) 

slope Range  
(m) 

N:S 
(%) 

GSD  
 

Periodicity  
(m) 

Cross validation  
MAE MSE G 

Garoua plot 

Clay Spherical 0.0010 0.0049 - - 70 20 Strong - 3.98 15.90 8.99 
pH Spherical 0.0006 0.0038 - - 70 16 Strong - 5.98 35.78 11.45 
TOC PNE 0.0450 0.0450 - 0 - 100 Weak  12.5 7.93 62.95 -1.56 
TN PNE 0.0370 0.0370 - 0 - 100 Weak  10 11.20 125.74 -9.65 
TAP PNE 0.1030 0.1030 - 0 - 100 Weak  20 1.78 3.18 -

14.98 
Ca PNE 0.0048 0.0048 - 0 - 100 Weak  - 2.52 6.36 7.54 
Mg Linear 0.0070 0.0070 - 1E-4 - - - - 5.45 29.96 56.99 
K Spherical 0.0350 0.0499 - - 57 70 Moderate - 1.64 2.69 8.99 
Na PNE 0.0540 0.0540 - 0 - 100 weak - 2.25 5.10 -6.98 
CEC Spherical 0.0015 0.0043 - - 68 34 Moderate - 2.49 6.23 3.14 
Ca/Mg PNE 0.7000 0.7000 - 0 - 100 Weak  10 3.14 9.91 -

11.22 
Mg/K PNE 0.0600 0.0600 - 0 - 100 Weak  10 9.09 82.74 1.90 

Badoudi plot 

Clay PNE 0.0035 0.0350 - 0 - 100 Weak   25 5.20  27.04 -5.04 
pH Spherical 0.0015 0.0025 - - 40 48 Moderate - 2.88  8.32 -1.52 
TOC Linear  0.5500 - - 0.0036 - - Strong  - 2.30 5.35 9.03 
TN Linear 0.0500 - - 8E-5 70 - - - 1.55  2.42 11.45 
TAP Spherical 0.4000 1.0304 -  60 39 Moderate - 1.71  2.93 13.35 
ECa Linear 0.0500 - - 3.6E-5 - - Strong - 3.04  9.30 14.67 
EMg Power  0.0080 - 0.014 - 100 - - - 3.05  9.28 -

14.50 
EK Spherical 0.0420 0.0685 - - 60 61 Moderate - 2.08  4.36 1.03 
ENa Power  0.0450 - 0.026 - 160 - - - 3.06  9.38 -

34.81 
CEC Power  0.0027 - 0.038 - 146 - - - 3.20  10.28 9.05 
Ca/Mg Linear 0.0190 - - 0.0051 - - - - 3.05 9.29 1.20 
Mg/K Linear 0.0450 - - 0.0005 - - - - 2.16 4.67 1.99 

 
G: Goodness-of-prediction; GSD: grade of spatial dependence; MAE: mean absolute error; MSE: mean squared error; PNE: pure nugget 
effect. 
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Fig. 5A. Variograms of the different vertisol characteristics in Garoua (1. Clay; 2. pH;  3. TOC; 4. TN; 5. TAP; 6: ECa; 7. EMg: 8. EK; 9. ENa; 10. CEC; 11. 
Ca/Mg ratio;  12. Mg/K ratio;  solid variogram line: theoretical model; Points: experimental model).   
 
 
 
is noted between TOC, TN and TAP as well as between 
pH, clay, S, CEC and ECa in Badoudi confirming the 
strong positive correlation between them. 
 
Geostatistical analysis  
 
Variogram modeling  
 
The variogram analysis revealed that most of the soils 
characteristics in the Badoudi plot (grassed savannah) 

were fitted by a linear model while those in the Garoua plot 
(millet farm) were mostly fitted by a “pure nugget effect” 
model (Fig. 5A and B). The remaining soils properties in 
Garoua were fitted by the spherical (clay, pH, EK and 
CEC) and the linear (EMg) models. In Badoudi, power 
(CEC, ENa and EMg), spherical (pH-H2O, TAP and EK) 
and “pure nugget effect” (clay) models were also observed 
(Fig.5B).  
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Fig. 5B. Variograms of the different vertisol characteristics in Badoudi (1. Clay; 2. pH;  3. TOC;  4. TN;   5. TAP; 6: ECa; 7. EMg:    8. EK; 9. ENa; 10. CEC; 
11. Ca/Mg ratio;  12. Mg/K ratio;  Solid variogram line: theoretical model; Points: experimental model ).  
 
 
 
Spatial distribution of the soil properties  
 
The spatial map of clay in Garoua revealed an increase in 
clay contents from the centre to the peripheral part of the 
plot (Fig. 6A). However, the highest clay contents 
appeared as tiny spots inside the plot. In Badoudi, spots of 

very high clay  contents   were  more  represented  than  in 
Garoua, and some of them were below lower clay limits of 
true vertisols (Fig. 6B).  The pH-H2O in Garoua was low 
(slightly acidic) at the centre of the plot and increased 
towards the periphery where it attained neutrality to 
alkalinity   (Fig. 6A).   In   Badoudi,   pH-H2O   was  globally  
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highest at the centre of the plot, and then decreased 
towards the north and south. The lowest pH-H2O values 
appeared at the south of the Badoudi plot (Fig. 6B). The 
map of TOC in Garoua showed areas of very low carbon 
enclosed within zones of moderate ones (Fig. 6A). Areas of 
high carbon contents were the least represented in the plot 
and occured only as tiny spots completely enclosed inside 
bands of moderate carbon contents. In Badoudi, a similar 
distribution of TOC was observed as in Garoua with the 
predominance of areas of low carbon contents enclosed in 
large bands of moderate contents (Fig. 6B). The high 

carbon zones occured as isolated islets within the plot. The 
spatial maps of TAP and TN in the studied plots were 
globally correlated with that of organic carbon in agreement 
with the results of the statistical analysis. The spatial 
pattern of exchangeable Ca (ECa) in Garoua revealed a 
spatial correlation with clay and pH-H2O, marked by spots 
of high values in the entire plot. The areas of low ECa were 
randomly dispersed in the plot and values increase 
outwards from the centre, except in a few spots where the 
reverse trend was observed (Figs. 6A and 6B). In Badoudi, 
ECa was also correlated with pH-H2O   and  clay,   and  the  
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highest contents were observed in the north of the plot 
(Fig. 6A). There was a slight decrease towards the north, 
but a sharp decrease was observed in the south of the 
savannah plot. The exchangeable Mg (EMg) in Garoua 
also portrayed some spatial correlation with  ECa,  pH-H2O 
and clay in Garoua but this correlation seemed more 

evident in Badoudi (Figs. 6A and B). The spatial map of 
exchangeable K (EK) in Garoua revealed the presence of 
bands of low EK contents at the central and north western 
parts of the plot (Fig. 6A). There was an outwards increase 
from the centre towards the east and south. The maximum 
values were observed at the east where a   large   band  of  



 

 
 
 
 
high EK appeared and was surrounded by areas of 
moderate to low EK content. In Badoudi, the highest EK 
contents appeared in the middle of the plot, decreasing 
gradually outwards (Fig. 6B). There were tiny islets of very 
low EK mainly in the north, east and centre of the plot. The 
spatial map of ENa revealed low contents for the two plots. 
In Garoua, the highest and lowest ENa contents appeared 
as islets within zones of the intermediate values (Fig. 6A). 
In Badoudi, the ENa decreased globally from the south to 
the north (Fig. 6B). This trend was however interrupted by 
some isolated bands of low ENa contents in the south of 
the plot. The spatial maps of the CEC revealed zones of 
low, moderate and high CEC in Badoudi and Garoua (Fig. 
6A and B). In Garoua, areas of low and high CEC occured 
as bands with zones of moderate CEC (Fig. 6A). Here, the 
spatial map of CEC was similar to that of clay, pH-H2O, 
ECa and EMg in both plots (Fig. 6B). In Badoudi, CEC 
increased from the south to the north of the plot. In 
Garoua, the spatial pattern of Ca/Mg ratio revealed that low 
ratio values were weakly represented in the plot and forms 
only few tiny islets enclosed by the larger bands of high 
ratio values (Fig. 6A). In Badoudi, Ca/Mg map showed a 
band of very high ratios at the centre of the plot, while 
moderate values formed bands in the north and south of 
the central band. The zones of low Ca/Mg ratios occur 
mainly as islets within the other bands. The spatial map of 
Mg/K ratio in Garoua revealed a clear predominance of 
high values in the two studied plots (Fig. 6A and B). In 
Garoua, the different soil Mg/K ratio classes appeared as 
irregularly shaped bands (Fig. 6A). The highest values 
form a north-south trending zone at the centre of the plot, 
meanwhile in the east and west, there were alternating 
bands of lower and higher ratio values in a north-south 
direction.  In Badoudi, the spatial map of Mg/K ratio 
showed a global north to south increase within the plot 
(Fig.6 B).  
 
Cross-validation of kriging 
 
The cross-validation analysis revealed that all the MSE 
values were different from zero indicating the presence of 
inacurracies in all the spatial data estimations (Table 8). 
MSE is very unreliable since a MSE of zero is practically 
impossible in interpolation (except at sampling points). The 
goodness-of-prediction (G) values values were all below 
100 indicating that none of the predictions was perfect. 
However, a good fit (G>0) was observed for clay, pH.H2O, 
ECa, ECa, EK, CEC and Mg/K in Garoua, and TOC, TN, 
TAP, ECa, EK, CEC, Ca/Mg and Mg/K in Badoudi (Table 
8). The rest of the variables with a G<0 indicate a poor fit 
for the variogram models suggesting that, for these 
variables,  predictions using kriging are less reliable than 
using sample mean alone as the predictor. 
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DISCUSSION-INTERPRETATION 
 
Significance of the mathematical approach to the 
study of vertisols 
 
The statistical analysis revealed that all the vertisol 
properties followed a log-normal distribution. Under natural 
grassland, many soil variables tend to conform to normal 
distribution because of homogenizing influence of biotic 
factors (Roosi et al., 1992; Chien et al., 1997; Chandra et 
al., 2016). Nevertheless, when grassland is mixed with 
shrubs, normality of soil variables tends to give a skewed 
distribution (Nael et al., 2004; Cantú-Silva et al., 2010). 
Also, factors that might distort normality are vegetation 
removal, farming activity, grazing or erosion (Schlesinger 
et al., 1990). Some of the vertisol characteristics showed a 
strong positive correlation such as TOC, TN and TAP as 
well as clay, ECa, EMg, sum of bases and CEC. Many 
authors indicate a positive relationship between soil 
organic matter and the capacity of the soil to supply 
essential plant nutrients including TN, TAP and EK (Rezaei 
and Gilkers, 2005). The strong relationship existing 
between clay, ECa, EMg, sum of bases and CEC is 
consistent with the high smectite content imposing a strong 
affinity for basic cations (Duchaufour, 1977; Chandra et al., 
2016).  Most of the vertisol properties did not vary 
significantly (P>0.05) among the two studied plots when 
considered at the scale of the soil series (Duchaufour 
1997).  The PCA further permitted to note inherent soil 
fertility status (exchangeable bases), acidity, TOC, TN and 
TAP contents and soil texture (which reflects soil moisture 
conditions). Although these results are site-specific, 
analogous trends have been documented by Salami et al. 
(2011) and Tabi et al. (2013). 

Geostatistically, most of the vertisol properties in 
Badoudi were best-fitted by a linear model while those in 
Garoua were best-fitted by a “pure nugget effect” model. 
The “pure nugget effect” of TOC, TN, TAP and ECa, 
Ca/Mg and Mg/K (in Garoua), and clay (in Badoudi) 
suggest either the absence of a spatial pattern or the 
presence of a high spatial variability  at distances shorter 
than the 20 m lag distance adopted for the present study 
(Folorunso et al., 1988; Oliver, 1987). The “pure nugget 
effect” (or white noise) reflects randomly distributed 
patterns and the fact that changes in semi-variance with 
increasing lag distance are not significant (Webster, 1990; 
Goovaerts, 1998). Thus, total variance exists at all scales 
of sampling without autocorrelation in data points (Webster 
and Oliver 1992). This observation ties with the works of 
Gonzalez    and    Zak    (1994),    Kabir  et al.   (1994)  and 
Chevallier (1999) who attributed such a behaviour to 
possible sources of variation like plant cover distribution, 
cracking patterns and swell-shrink property. In  the  Garoua  
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plot, a periodicity was observed in the distribution model of 
TOC, TAP, TN, Ca/Mg and Mg/K, in addition to the “pure 
nugget effect”, while in Badoudi this phenomenon was 
observed only for clay. In effect, periodicity, regular or not, 
reflects cyclic repetition of properties in space showing a 
mosaic structure (Webster, 1977; Krasilnikov and 
Sidorova, 2008). This indicates the intervallic appearance 
of homogeneous patches in two-dimensional spaces or 
contour maps of those properties (Chevalier, 1999). This 
phenomenon, already observed by Webster (1977) in 
some Australian vertisols, was attributed to the presence of 
intervallic microlows and microhighs of gilgai microrelief. 
Gilgai microrelief is however absent in north Cameroon 
vertisols.  The presence of a linear model suggests the 
existence of a spatial trend and the grade of this trend 
increases with increase in the slope of the linear variogram 
model (Webster and Oliver 1990).  The steep slope 
portrayed by the linear variograms of TOC, TN, ECa and 
Ca/Mg in Badoudi and EMg in Garoua was consistent with 
a strong grade of spatial dependence (Jongman et al., 
1995; Nael et al., 2004). Samsonova et al., (1999) reported 
such a strong linear trend for acidity and EK in a vertisol 
field where fertilizers were irregularly applied. Similar 
distribution of ECa was reported in a field where one 
portion was limed and the other was not (Webster, 1995).  
An interesting interpretation of a linear distribution of soil 
properties was proposed by Burrough (1983) who 
suggested that soil variation has the same nature as 
Brownian motion and thus could be described as a fractal. 
A fractal reflects an unlimited growth of variance with 
increasing lag distance, that is, the soil contains some 
structural elements of various scales bearing evidence of 
self-similarity (Krasilnikov, 2008). However, there are 
serious doubts that the distribution of soil properties really 
has fractal nature (Webster, 2008). But then, Burrough 
(1983) remarked that infinite increase of variance could a 
times indicate nested processes rather than fractal 
(Brownian) behaviour. The spherical model for some of the 
vertisol properties suggests that they are spatially 
dependent and that the semi-variance first rises and then 
levels off at the sill, indicating the distance beyond which 
samples become independent called the range (Sidorova 
and Fyodorov, 2008). The sill (plateau) suggests the 
presence of an unexplained microvariability in the samples 
due to heterogeneity of sampling sites and the fact that the 
properties only change at distances longer than the 20 m 
lag distance (Arrouays et al., 2000; Cucunubá-Melo et al., 
2011). The power model for EMg, ENa and CEC in 
Badoudi describes a near parabola marked by a constant 
increase in variance alongside a concurrent increase in lag 
distance (Nael et al., 2004). This model with a quadratic 
shape reflects a drift in dataset (Goovaerts, 1997). The 
variograms   of  all  the  vertisol  characteristics  showed   a 
positive nugget variance which could indicate sampling 
error, short-range or micro-scale variability, and random 
and inherent variability (Wang et al., 2009).  

 
 
 
 
The Nugget-to-sill ratio, an index of GSD of soil 

properties (Camberdella et al., 1994), for Garoua, revealed 
a strong spatial dependence for clay and pH, meanwhile 
ENa, EK, CEC showed a moderate spatial dependence. In 
Badoudi, a strong spatial dependence was noted for CEC, 
a moderate one for pH, TOC and TAP. Almost all soil 
properties exhibit variability at all scales, no matter how 
small it is, as a result of the dynamic interactions between 
natural environmental factors like climate, parent material, 
vegetation, topography, landuse, etc (Chevallier, 1999). 
The soil characteristics with strong GSD, like clay and 
pH.H2O (Garoua) as well as CEC (Badoudi), could be 
controlled by the intrinsic variability, while the weak ones 
might be controlled by extrinsic ones (Camberdella et al., 
1994). The moderate GSD of EK, ENa, CEC (in Garoua) 
and pH, TOC, TAP, EMg, EK, ENa (Badoudi) could be 
linked to both intrinsic and extrinsic pedogenic processes. 
These environmental factors affect the soil microclimate by 
influencing the distribution of energy, plant nutrients, 
organic matter, runoff and runon processes, natural 
drainage, soil exposure, wind and precipitation (Wang et al. 
2009; Baishya et al., 2017). Also, the TOC, TN, ECa, 
Ca/Mg and Mg/K with a stronger spatial pattern in Badoudi 
compared to Garoua might suggest a greater influence of 
intrinsic factors in Badoudi and greater extrinsic ones in 
Garoua in agreement with the landuse systems 
(Camberdella et al., 1994). Jahknwa and Ray (2014) noted 
in some northern Nigerian vertisols that inherent variability 
in soil properties is a function of soil type, scale, nature of 
landuse and subsisting climatic factors among other things. 
Karageorgis (1980) already noted that soils on alluvial 
materials are often highly heterogeneous due to marked 
textural variation of the parent rock. The vertisol spatial 
structure according to Trangmar et al., 1985), could help to 
better understand soil distribution to help develop more 
robust soil-landscape models, notably on a particularly flat 
alluvial system like the Benue floodplain where soil 
inherent spatial variability is not easy to predict from soil-
landscape relationships.  

The goodness-of-prediction (G) revealed a good fit for 
most of the variables suggesting that the spatial prediction 
using variogram parameters is better than assuming mean 
of observed value as the value for any unsampled location 
for the given variable (Davis, 1987). This also implies that 
variogram parameters obtained from fitting of experimental 
variograms were reliable to describe the spatial structure of 
the vertisols and that the spatial maps obtained have a 
great potential for farm-level or planning of crop selection 
at different blocks of the farm or regional-scale application.  

Conversely, goodness-of-prediction for TAP, TN, TOC 
and Ca/Mg in Garoua as well as EK, ENa, EMg, Clay and 
pH in Badoudi did not show a good fit. Nevertheless, a 
larger number of samples and the narrower sampling grid 
could have led to proper fitting of variograms and 
consequently to a better description of the spatial structure  
 



 

 
 
 
 
on these variables (Liebhold and sharov 1998; Santra et 
al., 2008; Carmacho-Tamayo et al., 2008). 
 
Implication for quality appraisal of the studied soils 
 
Under savannah, it appears, as revealed by its good 
geographical distribution with a “pure nugget effect” model 
that the basic fertility parameter of the studied vertisols is 
clay content. Its value remained everywhere in the plots 
above the highest value (35%) necessary to maintain 
optimum soil nutrient assimilation by plants (Latham, 1971; 
Baishyia et al., 2017). The other favourable agricultural 
parameters that could be identified are pH-H2O, TOC, TN, 
TAP, ECa, EMg and EK. However, their critical limits for 
crop cultivation, as defined by Sanchez et al. (1982), 
include: pH.H2O 5.5 (lower limit) and 8.5 (upper limit), TOC 
1 %, TN 1 %, TAP 15 %, ECa 5 me/100g, EMg 2 me/100g, 
EK 0.1 me/100g, Ca/Mg 2-5 and Mg:K 3-20. When 
compared with data collected in the savannah plot, one 
notes that only TN was below the predefined critical level. 
The other fertility parameters were either partially a 
function of position in the plot (pH.H2O, TOC and TAP) or 
not for ECa, EMg and EK which were everywhere above 
the critical limit. The most interesting combinations in the 
plot were ECa, EMg and EK. However, these elements 
must be in the ratio of 76% Ca, 18 % Mg and 6% K for 
optimum plant assimilation (Michel, 1979). According to 
Kabir et al. (1994) and Chevallier (1999), pure nugget 
effect with periodicity of the TOC might be attributed either 
to the presence of cracks or to the presence of successive 
protective vegetation tuffs separating intertuff spaces which 
are vulnerable to erosion. This observation could be 
applied to clay in the present study, mainly concerning the 
presence of successive protective vegetation tuffs, well 
recognisable in the field, which represent the main points 
of maximum fertility. Shlesinger et al.(1990) suggested that 
nutrients accumulation under vegetation tuffs is an 
autogenic process that leads to the development of 
“islands of fertility” in the field.  Once the plot is subjected 
to cultivation (as in Garoua), most of the fertility 
parameters, notably TOC, TN, TAP, ECa, Ca/Mg ratio, 
Mg/K ratio and ENa, are now fitted  by a “pure nugget 
effect”. This change of spatial structure of vertisols 
enhanced by erosion at plot scale has already been 
reported by Mainam et al. (2003) in the semi-arid region of 
North Cameroon. The fundamental transformation of 
spatial pattern of soil variables, from linear model under 
fallow grassed savannah to “pure nugget effect” model in 
the cultivated sorghum plot is unquestionably  related  to  a 
regular homogenisation of the plot by farming activities and 
removal of natural vegetation (Chan et al. 1995; Nael et al., 
2004). When the values of those parameters were 
compared with predefined literature critical limits published 
by Sanchez et al. (1982) , it was observed that TN 
remained     below    the    critical   limit,   while    the   other  
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parameters (TOC, TAP, ECa, Ca/Mg ratio and Mg/K) were 
below or above based on their position in the field. The 
mean TOC contents in the cropland were higher than those 
of the savannah due to continuous addition of post-harvest 
crop residues to the farm. Other interesting parameters in 
the cropland were clay, pH.H2O, EK, CEC and EMg. They 
were characterized by a spherical (clay, pH, EK, CEC) and 
a linear (CEC) variogram model revealing a heterogeneous 
distribution in the plot (Webster, 1990). This spatial pattern 
could also be the consequence of human-induced soil 
erosion (Chan et al., 1995). The EK, CEC and EMg were 
above the lower limits for crop cultivation (Sanchez et al., 
1982). The high clay content (>35 %) is a limiting factor to 
the uptake of nutrients in the cropland (Latham, 1971; 
Barber, 1979; Blackmore, 1994; Abunyewa et al., 2004). 
The pH.H2O is either above or below critical levels 
depending on the position in the cropland. The most 
interesting combinations of nutrients are ECa, EMg and 
EK; nevertheless, they do not respect the 76 % Ca, 18 % 
Mg and 6 % K equilibrium for optimum plant assimilation 
(Martin, 1979). Although TAP is high, the TN deficiency 
could be limiting its assimilation by plants caused by an 
unbalanced equilibrium between the two elements 
(Mémento de l’Agronome, 1993). Some environmental 
conditions like the high temperature and the seasonal 
waterlogging could be responsible for the low TN contents 
in the two plots (Prusty et al., 2009). It has been 
documented that those factors increase the activity of 
denitrifying bacteria which convert available soil nitrates 
into gaseous nitrogen making the soil deficient in nitrogen 
(Albrecht et al., 1992; Geeta et al., 2016). Management 
strategies to improve drainage could help to cub anaerobic 
respiration, thereby increasing nitrogen level.  

Overall, although subjected to cultivation, the vertisols of 
the Benue floodplain remained fertile with a better 
distribution of the fertility parameters compared to those 
under fallow (savannah), although their general fertility 
level appeared lower when cultivated. 
 
 
CONCLUSION 
 
The main objective of this paper was to perform statistical 
and geostatistical analyses of vertisol properties in order to 
enhance a maximum agricultural exploitability of those 
soils. The main results revealed that, statistically, most of 
the vertisol properties did not vary significantly among the 
two studied plots under two land use systems (P>0.05).  
The PCA led to a reduction of fifteen original variables to 
four  principal  components  explaining more than 70 %  of 
the total variance.  Geostatistically, most of the vertisol 
characteristics in the cropland were best-fitted by a pure 
nugget effect model, sometimes with cyclic periodicity 
indicative of “islands of fertility” within the plot. Continuous 
cultivation could be enhancing homogenization of fertility 
parameters  despite  a   global   reduction   in  fertility.  Soil  
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characteristics under grassland were best-fitted by a linear 
model portraying a strong grade of spatial dependence. 
Contour maps obtained by kriging could have great 
potential for designing strategies for site-specific 
management. 
 
 
ACKNOWLEDGEMENTS 
 
The authors sincerely express gratitude to the International 
Institute for Tropical Agriculture (IITA of Nkol Bison 
(Yaounde, Cameroon), the Laboratory of Soil analysis and 
Environmental Chemsitry (LABASCE) of the Faculty of 
Agronomy and Agricultural Sciences (University of 
Dschang, Cameroon) and the Laboratory of Physico-
chemistry of Mineral Materials of the Faculty of Science 
(University of Yaounde 1, Cameroon) for the realisation of 
the soil analyses. 

The authors also express gratitude to Pierre Goovaerts 
(BioMedware Inc., Ann Arbor, MI 48106, USA) for his 
technological support in the realisation of the Geostatisitcal 
analysis. 
 
REFERENCES 
 
Albrecht A, Rangon L, Barret P (1992). Effet de la matière organique sur 

la stabilité structurale et la détachabilité d'un vertisol et d'un ferrisol 
(Martinique). Cahiers ORSTOM, séries Pédologique 27(3), 121-133. 

Arrouays D, Martín S, Lepretre A, Bourennane H (2000). Short-Range 
spatial variability of metal content in soil on a one hectare agricultural 
plot. Soil Science and plant Analysis 31, 387-400. 

 Azinwi Tamfuh P, Djoufac Woumfo E, Bitom D, Njopwouo D (2011). 
Petrological, physico-chemical and mechanical study of the 
topomorphic vertisol of the sudano-sahelian region of north Cameroon. 
The Bentham Open Geology Journal 5, 33-55. 

Baishya J, Sharma S (2017). Analysis of Physico-Chemicals Properties of 
Soil under Different Land Use System with Special Reference to Agro 
Ecosystem in Dimoria Development Block of Assam, India. Int. J. Sci. 
and Edu 13, 5. 

Barber RG (1979). Potassium fixation in some Kenyan soils. Journal of 
Soil Science 30(4), 785-792. 

Blokhuis WA, Slager S, van Schagon RH (1970) Plasmic fabrics of two 
Sudan vertisols. Geoderma 4, 127-137. 

Brabant P, Gavaud M (1985) `Les sols et les ressources en terres du 
Nord Cameroun (Province du Nord et de l’Extrệme Nord. ́ (ORSTOM-
MESRES-IRA: Paris, France).  

Bremner JM, CS Mulvaney (1982). Total Nitrogen. In `Methods of Soil 
Analysis. ́ (Ed DR Buxton) pp. 595–624. (American Society of 
Agronomy Inc. and Soil Science Society of America Inc.: Madison, 
USA)  

Buhmann C, Schloeman JL (1995). A mineralogical characterization of 
vertisols from the northern regions of the Republic of South Africa. 
Geoderma 66, 239-257. 

Bull TA (1988). Agroecological assessment of Ethiopian vertisols. In 
`proceedings of a Conference held at ILCA on the Management of 
Vertisols in Sub-Saharan Africa. ́ (Eds S C Jutsi, I Haque, J McIntire, J 
shares) pp.89-105. (ILCA: Addis Ababa, Ethiopia).  

Burrough PA (1983). Multiscale sources of spatial variation in soil: a non-
Brownian fractal model and its application in soil survey. Journal of Soil 
Science 34, 599-620. 

Cambardella CA, Moorman TB, Novak JM, Parkin TB, Karlen DL, Turco 
RF, Konopka AE (1994). Field-scale variability of soil properties in 
central Iowa soils. Soil Science Society of American Journal 58, 1501–
1511. 

 

 
 
 
 
Cantú-Silva I, González-Rodríguez H, Gómez MMV (2010). CO2 efflux in 

vertisol under different land use systems. Tropical and Subtropical 
Agroecosystems 12(2), 389-403. 

Carmacho-Tamayo JC, Luengas CA, Leiva FR (2008) Effects of 
agricultural intervention in the spatial variability of some chemical 
properties in the eastern plains of Columbia. Chilean Journal of 
Agricultural Research 68, 42-55. 

Chan KY, The Late Hodgson AS, Bowman AM (1995). Degradation of 
Australian vertisols after conversion from native grassland to 
continuous cropping in a semi-arid sub-tropical environment. Tropical 
Grasslands 29, 210-217. 

Chandra LR, Gupta S, Pande V and Singh N (2016). Impact of forest 
vegetation on Soil characteristics: a correlation between soil biological 
and physico-chemical properties, 3 Biotech 6: 188 

Chevallier T (1999). Dynamique et déterminants du stockage du carbone 
dans un vertisol sous prairie (Martinique). PhD thesis, Ecole Normale 
Supérieure d’Agronomie de Montpellier, Montpellier, France). 

Chien YJ, Lee DY, Guo HY, Houng KH (1997). Geostatistical analysis of 
soil properties of mid-west Taiwan soils. Soil Science 162, 291- 298. 

Cucunubá-Melo JL, Álvarez-Herrera JG, Camacho-Tamayo JH (2011) 
Identification of agronomic management units based on physical 
attributes of soil. Journal of Soil Science and Plant Nutrition 11(1), 87- 
99 

Dabin B (1964). `Etude générale des conditions d’utilisations des sols de 
la cuvette tchadienne. ́(ORSTOM: Paris, France) 

Davis BM (1987). Uses and abuses of cross-validation in geostatistics. 
Mathematical Geology 19, 241-248. 

Djoufac Woumfo E, Elimbi N, Pancder G, Nyada RN, Njopwouo D (2006). 
Caractérisations physico-chimiques et minéralogiques des vertisols de 
Garoua (Nord Cameroon). Journal des Annales de Chimie et  Sciences 
de  Materiaux 1, 75-90. 

Duchaufour Ph (1997).  Abridged Pedology. ́ (Masson : Paris, France). 
Dudal R, Eswaran H (1988). Distribution, properties and classification of 

vertisols. In `Vertisols: their distribution, properties, classification, and 
management. ́ 18th edn (Eds LP Wilding, R Puentes) pp.1–22. (Texas 
A&M University Printing Center: Texas, USA). 

Ekodeck GE (1976). Contribution à l’étude des formations superficielles 
gonflantes du nord Cameroun.  Doctoral thesis “3ème cycle”,  Université 
of Grenoble, Grenoble, France. 

Ekodeck GE, Eno Belinga SM (1977). Les dépôts superficiels gonflants 
du Nord Cameroun: causes et conséquences de leur comportement 
géotechnique. Les Annales de la Faculté des Sciences 21-22, 39-46. 

Esu IE, Lombin G (1988). Characteristics and management problems of 
vertisols in the Nigerian Savannah. In `proceedings of a Conference 
held at ILCA on the Management of Vertisols in Sub-Saharan Africa. ́ 
(Eds S C Jutsi, I Haque, J McIntire, J shares) pp.293-307. (ILCA: Addis 
Ababa, Ethiopia).  

Eswaran H, Cook T (1988). Classification and management related 
properties of vertisols. In `Proceedings of a Conference held at ILCA on 
the Management of Vertisols in Sub-Saharan Africa. ́  (Eds S C Jutsi, I 
Haque, J McIntire, J shares) pp.64-84.  (ILCA: Addis Ababa, Ethiopia).  

Etia PM (1980). Climate and climatic zones of Cameroon. In `Les Atlas 
Jeune Afrique. ́ (eds Anonymous) pp.16-19. (Jeune Afrique: Paris, 
France).  

FAO (2006). G̀uidelines for soil description, a framework for international 
classification, correlation and communication. ́ 4th edn (FAO: Rome, 
Italy). 

Fassil Kebede (2009). Silicon status and its relationship with major 
physico-chemical properties of vertisols in of Northern Highlands of 
Ethiopia. College of Dryland Agriculture and Natural Resource 
Management journal 1, 74-81. 

Fassil Kebede, Yamoah C (2009). Soil fertility status and  Numass 
fertilizer recommendation of typic hapluusterts in the Northern 
Highlands of Ethiopia. World Applied Sciences Journal 6, 1473-1480. 

Folorunso OA, Njoku EA, Kwakye P K (1988). The role of soil spatial 
variability investigations in  the management of the Chad basin vertisols 
of North East Nigeria. In `Proceedings of a Conference held at ILCA on 
the Management of Vertisols in Sub-Saharan Africa. ́  (Eds S C Jutsi, I 
Haque, J McIntire, J shares)  pp.125-126. (ILCA: Addis Ababa, 
Ethiopia).  

 



 

 
 
 
 
Folorunso OA, Ohu O J, Adeniji FA (1986). The role of soil spatial 

variability investigation in the management of the Chad basin vertisols 
on N E Nigeria. Soil Technology 1(2), 149-156. 

Fredlund DG (1996). Geotechnical problems associated with swelling 
clays. In `vertisols and technologies for their management. ́ 24th edn 
(Eds N Ahmad, A Mermut), pp.499-521 (Elsevier: Amsterdam, 
Netherlands).  

Gavaud M, Muller JP, Fromaget M (1976). Les étapes de l’évolution des 
sols dans les alluvions de la Bénoué (Nord Cameroun). Cahiers 
ORSTOM, series Pédolologie 14(4), 321-335. 

Gavaud M, Rieffel JM, Muller JP (1975). `Les sols de la vallée de la 
Bénoué, de Lagdo jusqu’au confluent du Faro. ́ (ORSTOM : Paris, 
France).  

Geeta T, Deepti K, Lata R, Poonam Y, Chitra P (2016). Assessment of 
Physicochemical Properties of Soils from Different Land Use Systems 
in Uttarakhand. India J. Chem. Eng. and Chem. Res. 3, 1114-1118. 

Gonzalez OJ, Zak DR (1994). Geostatistical analysis of soil properties in a 
secondary tropical dry forest, St. Lucia, West Indies. Plant and Soil 
163, 45-54. 

Goovaerts P (1997). `Geostatistics for natural resources evaluation. ́
(Oxford University Press: New York, USA).  

Goovaerts P (1998). Geostatistical tools for characterizing the spatial 
variability of microbiological and physico-chemical soil properties. 
Biology and Fertilility of Soils 27, 315-334. 

Hengl T (2007) `A practical guide to geostatistical mapping. ́ (JRC, 
Scientific and Technical    Research: Luxembourg). 

Hervieu J (1967). Le quatenaire du Nord Cameroon. Schéma d’évolution 
géomorphologique et rélation avec la pédogenèse. Cahiers ORSTOM, 
Séries Pédologie 8(3), 295-320. 

Goovaerts P (2017a). Monitoring the aftermath of Flint drinking water 
contamination crisis: Another case of sampling bias? Science of the 
Total Environment 590–591, 139–153.  

Goovaerts P. (2017b). The drinking water contamination crisis in Flint: 
modeling temporal trends of lead level since returning to Detroit water 
system. Science of the Total Environment 581-582, 66–79. 

Goovaerts P, Glass G (2014). Geostatistical modeling of the spatial 
distribution of surface soil arsenic around a smelter. Journal of 
Japanese Society of Soil Physics 128, 5-10. 

Goovaerts P, Wobus C, Jones R, Rissing M (2016). Geospatial estimation 
of the impact of Deepwater Horizon oil spill on plant oiling along the 
Louisiana shorelines.  Journal of Environmental Management 180 264-
271. 

Humbel FX, et Barbery (1974). `Carte pédologique de reconnaissance. 
Feuille Garoua au 200.000ème. 53th edn (ORSTOM, Yaoundé, 
Cameroun). 

Isaaks EH, Srivastava RM (1989). `An Introduction to Applied 
Geostatistics. ́ (Oxford University press: New York, USA). 

Jahknwa JC,  Ray HH (2014). `Analysis of the Chemical Properties of 
Vertisols in Kerau, Guyuk Area of Adamawa State, Nigeria. IOSR 
Journal of Agriculture and Veterinary Science 7(1),  80-89. 
www.iosrjournals.org 

Jones DE, Holtz WG (1973). Expansive soils, the hidden disaster. 
American Society of Civil Engineering Journal 31, 87-89. 

Jongman RHG, Ter Braak CJF, Van Tongeren OFR (1995). `Data 
Analysis in Community and Landscape Ecology. ́(Cambridge University 
Press:  Cambridge, UK). 

Journel AG, Huijbregts CJ (1978). `Mining Geostatistics. ́ (Academic 
Press: London, UK). 

Jutzi S, Abebe M (1987). Improved agricultural utilization of vertisols in the 
Ethiopian  highlands-An international Approach. IBSRAM 6, 173-183. 

Kabir M, Chotte JL, Rahman M, Bally R, Jocteur Monrozier L (1994). 
Distribution of soil fractions and location of soil bacteria in a vertisol 
under cultivation and perennial grass. Plant and Soil 163, 243-255. 

Kamga R, Nguetnkam JP,  Villeras F (2001). Caractérisation des argiles 
du Nord Cameroun en vue de leur utilisation dans la décoloration des 
huiles végétales. In `proceedings of a Conference held at ILCA on the 
Management of Vertisols in Sub-Saharan Africa. ́  (Eds S C Jutsi, I 
Haque, J McIntire, J shares) pp.247-257. (ILCA: Addis Ababa, 
Ethiopia).  

 

Azinwi Tamfuh et al. 215 
 
 
 
Koch P (1959). `Carte géologique de reconnaissance à l’échelle de 

1/500.000. Notice explicative sur la feuille  Garoua-Ouest. ́ (Direction 
des Mines Géologiques du Cameroun : Yaoundé, Cameroun). 

Krasilnikov P (2008). Variography of discrete soil properties. In `Soil 
geography and geostatistics: concepts and applications. ́ (Eds P 
Krasilnikov, F Carré, L Montanarella) pp.12-25. (JRC, Scientific and 
Technical Research: Luxembourg).  

Krasilnikov P, Sidorova V (2008). Geostatistical analysis of the spatial 
structure of acidity and organic carbon in zonal soils of the Russian 
plain. In `Soil geography and geostatistics: Concepts and applications. ́
(Eds P Krasilnikov, F Carré, L Montanarella) pp.55-67. (JRC, Scientific 
and Technical Research: Luxembourg).   

Latham M (1971). Role du facteur sol dans le dévéloppement du cottonier 
en Cote d’Ivoire. Cahiers ORSTOM, Séries Pédologie 19(1), 29-42. 

Letouzey R (1980). Phytogeographic map of Cameroon. In `les Atlas 
Jeunes Afrique. ́ (Eds Anonymous)  pp.20-24 (Jeunes Afrique : Paris, 
France). 

Liebhold AM, Sharov AA (1998). Testing for correlation in the presence of 
spatial correlation in insect count data. In `Population and community 
for insect management and conservation. ́ (Eds J Baumgarner, P 
Brandmayr, BFJ Bandly) pp.11-117 (Balkema: Amsterdam, 
Netherlands). 

Likibi B (2010). Altérologie des formations superficielles de la région de 
Maroua et potentialités de leur valorisation. PhD thesis, University of 
Yaounde I, Yaoundé, Cameroon). 

Mainam J, Zinck A, Van Ranst E (2003). Variation in the soil properties 
and crop characteristics due to soil erosion at plot scale in the semi-arid 
zone of Cameroon. In `Savanes africaines : des espaces en mutation, 
des acteurs face à de nouveaux défis. ́(Eds JY Jamin, L Seiny Boukar,  
C Floret) pp.18-22. (CIRAD: Montpellier, France).  

Mamo T, Haque I (1988). Potassium status of some Ethiopian soils. East 
African Agricultural and Forestry Journal 53, 123-130. 

Mamo T, Haque I, Camara CS (1988). Phosphorus status of some 
Ethiopian Highland vertisols. In `Proceedings of a Conference held at 
ILCA on the Management of Vertisols in Sub-Saharan Africa. ́  (Eds SC 
Jutsi, I Haque, J McIntire, J shares) pp.232-249. (ILCA: Addis Ababa).  

Martin D (1979). Ferilité chimique des sols d’une ferme du Congo. 
Cahiers ORSTOM, Série pédologie 17(1), 47-64. 

Maurin JC, Guiraud R (1990) Relationship between tectonics and 
sedimentation in the Baremo-Aptian intercontinental basins of Northern 
Cameroon. Journal of  African  Earth Science 10(1-2), 47-64. 

McLean EO (1982). Soil pH and lime requirement.  In `Methods of Soil 
Analysis. ́ Part 2 (Ed. DR Buxton) pp. 199–224. (American Society of 
Agronomy Inc. and Soil Science Society of America Inc.: Madison, 
USA).  

Mémento de l’agronome (1993). `Collection Techniques Rurales en 
Afrique. ́5th edn (Techniques Rurales : Paris, France). 

Muller JP, Gavaud M (1976). Conception and realization of an agricultural 
capability map, case of soil mapping of the Benue valley. Cahiers 
ORSTOM, Séries Pédoology, 14, 161-166. 

Mvondo Ze A (2002). Principales terres agricoles du Cameroun : 
potentialités et contraintes.  In `Acte du Forum National sur la Gestion 
Durable de la Productivité des Sols du Cameroun. ́ (Eds Anonymous) 
pp.45-65. (Ministry of Agriculture: Yaoundé, Cameroun).   

Nael M, Khademi H, Hajabbasi MA (2004). Response of soil quality 
indicators and their spatial variability to land degradation in Central 
Iran. Applied soil Ecology 27, 221-232.  

Nalovic Lj (1969). Etudes spectrographiques des éléments traces et leurs 
distributions dans   quelques types de sols    malgaches. Cahiers 
ORSTOM, série Pédologie 7(2), 133-181.  

Ndaka M, Yongué-Fouateu R, Bilong P (2001). Influence de la mise en 
jachère sur les caractéristiques pédo-hydriques des vertisols de 
Midawa (Nord Cameroun). In `Proceedings of the First Conference on 
the Valorisation of Clay Minerals in Cameroon. ́ (Eds C Nkoumbou, D 
Njopwouo) pp.247-257. (University of Yaounde I: Yaoundé, 
Cameroon). 

 
 
 
 



 

216. Glo. Adv. Res. J. Agric. Sci. 
 
 
 
Nelson DW, Sommers LE (1982). Total carbon, organic carbon and 

organic matter. In `Methods of Soil Analysis. ́ Part 2 (Eds DR Buxton) 
pp. 539–579. American Society of Agronomy Inc. and Soil Science 
Society of America Inc.: Madison, USA).  

Ngounouno I (1993). Pétrologie du magmatisme Cénozoïque de la vallée 
de la Bénoué et du plateau Kapsiki (Nord Cameroun). PhD thesis, 
Université de Pierre-et-Marie Curie, Paris, France.  

Ngounouno I, Deruelle B, Demaiffe D, Montigny R (1997). New data on 
the Cainozoic volcanism of the Garoua valley (Upper Benue trough, 
northern Cameroon). Journal de l’Académie des Sciences 325, 87-94. 

Nguetnkam JP (2004). L̀es argiles des vertisols et des sols fersiallitiques 
de l’Extrême nord Cameroun : Genèse, propriétés cristallochimiques et 
texturales, typologie et applications à la décoloration des huiles 
végétales. PhD thesis, University of Yaounde I, Yaounde, Cameroon. 

Nguetnkam JP, Kamga R, Villiéras F, Ekodeck GE, Yvon J (2008). 
Assessing the bleaching capacity of  some Cameroonian clays on 
vegetable oil. Applied Clay Science 39(3-4), 113-121. 

Nguetnkam JP, Kamga R, Villiéras,  Ekodeck GE, Yvon J (2007). 
Weathering response of granite in tropical zones. Example of two 
sequences studied in Cameroon (Central Africa). Etude et Gestion des 
Sols 14(1), 3-41. 

Oliver MA (1987). Geostatistics and its application to soil science. Soil 
Use and Management 3, 8-20. 

Olivry JC (1986). F̀leuves et rivières du Cameroun. ́  9th edn (MESRES-
ORSTOM: Paris). 

Olsen SR, Sommers LE (1982). Phosphorus. In `Methods of soil analysis. ́
Part 2(Eds AL Page, RH Buxton, DR Miller Keeney) pp.403-430. 
(American society of Agronomy: Madison, USA). 

Özsoy G, Aksoy E (2007). Characterization, classification and agricultural 
usage of vertisols developed on neogen aged calcareous marl parent 
materials. Journal of Biological and Environmental Sciences 1, 5-10. 

Paz-Gonzalez A, Vieira SR, Castro T (2000). The effect of cultivation on 
the spatial variability of selected properties of an umbric horizon. 
Geoderma 97, 273–292. 

Podwojewski P (1992).  ̀Gibbsic vertisols of the New Caledonia in their 
pedologcal environment. PhD thesis, Université de Louis-Pasteur, 
Strasbourg, France.  

Prusty BAK, Chandra R, Azeez PA (2009). Distribution of carbon, 
nitrogen, phosphorus and sulphur in the soil in a multiple habitat 
system in India. Australian Journal of Soil Research 47, 177-189.  

Raunet M (2003). ̀Quelques clés morpho-pédologiques pour le Nord 
Cameroun á l’usage des agronomes. ́(CIRAD, Montpellier, France). 

Rezaei SA, Gilkes RJ (2005). The effects of landscape attributes and 
plant community on soil chemical properties in rangelands. Geoderma 
125, 167–176. 

Rhoades JD (1982). Cation exchanges capacity. In `Methods of soil 
analysis. ́ Part 2 (Eds AL Page, RH Buxton, DR Miller Keeney) pp. 149-
158.  (American society of Agronomy: Madison, USA).  

Roosi ER, Mulla DM, Journel AG, Franz EH (1992). Geostatistical tools for 
modeling and interpreting ecological spatial dependence. In `Ecological 
Monographs. ́ part 2 (Eds Anonymous) pp.277-314. (Ecological Society 
of America: Washington, DC, USA)  

Salami BT, Okogun JA, Sanginga N (2011). Delineation of management 
zones by classification of soil physico-chemical properties in the 
northern savanna of Nigeria. African Journal of Agricultural Research 6, 
1572-1579. 

Samsonova VP, Meshalkina YL, Dmitriev YA (1999). spatial variability 
patterns of the main agrochemical properties of ploughed soddy-
podzolic soils. Eurasian Soil Science 32, 1214-1221.  

Sanchez PA, Couto W, Boul SW (1982). The capability soil classification 
system: interpretation, applicability and modification. Geoderma 27, 83-
309. 

 
 

 
 
 
 
Santra P, Chopra UK, Chakrabory D (2008). Spatial variability of soil 

properties and its application in predicting surface map of hydraulic 
parameters in a agricultural farm. Current Sciences 95, 937-943.  

Schlesinger WH, Reynolds JE, Cunningham GL, Huenneke LF, Jarrell 
WM, Virginia RA, Whitford WG (1990). Biological feedbacks in global 
desertification. Sciences 247, 1043–1048.  

Schwoerer P (1965). `Carte géologique de reconnaissance à l’échelle de 
1/500.000. Notice explicative sur la feuille Garoua-Est. ́(Imprimerie 
Nationale : Yaoundé, Cameroun). 

Sidorova V, Fyodorov F (2008). Effects of beavers in variability of soil 
properties in Southern Karelia. In `Soil geography and geostatistics. 
Concepts and applications. ́ (Eds Krasilnikov P, Carré F, Montanarella 
L).` pp.68-84. (JRC, Scientific and Technical Research: Luxembourg).  

Steel RGD, Torrie JH (1980). Principles and procedures of statistics. A 
biometrical approach. 2nd  edn (McGraw-Hill Book Company: New York, 
USA). 

Tabi FO, Omoko M, Boukong A, Mvondo Ze AD, Bitondo D and Fuh Che 
C (2012). Agricultural Evaluation of lowland rice (Oryza sativa) 
production system and management recommendations for Logone and 
Chari flood plain-Republic of Cameroon. Science Research Journal 
2(5), 261-273. 

Thomas GW (1982). Exchangeable cations. In `Methods of Soil Analysis. ́
Part 2 (Eds AL Page, RH Buxton, DR Miller Keeney) pp.159-165. 
(American Society of Agronomy Inc. and Soil Science Society of 
America Inc.: Madison, USA). 

Voltz M, Webster R (1990). A comparison of kriging, cubic splines and 
classification for predicting soil properties from sample information. 
Journal of Soil Science 41, 473–490. 

Wang ZM, Song KS, Zhang B, Liu DW, Li XY, Ren CY, Zhang SM, Luo L, 
Zhang CH (2009). Spatial variability and affecting factors of soil 
nutrients in croplands of Northeast China: a case study in Dehui 
County. Plant Soil Environment 55, 110–120. 

Webster R (1977) Spectral analysis of gilgai soil. Australian Journal of Soil 
Research 15, 191-204. 

Webster R (1985). Quantitative spatial analysis of soil in the field. 
Advances in Soil Science 3, 1–70. 

Webster R, Oliver M (1990). S̀tatistical methods in soil and land resource 
survey. ́ (Oxford University Press: Oxford, UK). 

Webster R, Oliver MA (1992). Sample adequacy to estimate variograms 
of soil properties. Journal of Soil Science 43, 177-192. 

Yerima BPK, Calhoun FG, Senkayi AL, Dixon JB (1985). Occurrence of 
interstratified kaolinite-smectite in El Salvador vertisols. Soil Science 
Society of American Journal 49, 462-466.  

Yerima BPK, Van Ranst E, Verdoodt A (2009). Use of correlation 
relationships to enhance understanding of pedogenic processes and 
use potential of vertisols and vertic inceptisols of the Bale mountain 
area of Ethiopia.  Tropicultura 27(4), 223-232. 

Yerima BPK, Wilding LP, Hallmark CT, Calhoun FG (1989). Statistical 
relationships among selected properties of Northern Cameroon 
vertisols and associated alfisols. Soil Science Society of American 
Journal 53, 1758-1763. 

Zakậi Şen (2009) `Spatial modeling principles in Earth sciences. ́
(Springer: London, UK).  

 
 
 
 
 
 
 
 
 

 


