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Abstract 

The purpose of this study was to analyse if the colour of soils on granito-gneissic bedrock of 
West Africa could give some simple indicators of the duration of soil waterlogging. A topose- 
quence on a representative hillside in central Togo (lat 8"38'-8"39'N, long 1"00'-1"01'E) was 
studied by means of I9 hydropedological stations. Soil and piezometric conditions were studied on 
these stations for three annual cycles (1 989- 1992) during which rainfall conditions were represen- 
tative of the mean rainfall conditions for that hillside. Data collected in each station were used to 
calculate the mean annual rate of soil waterlogging (WLG) at 10-cm intervals from the surface 
down to a depth qf 7 m. At the saine intervals, 10 numerical colour variables were calculated from 
the colours of the uncemented soil phases: Munsell value, chroma, angular hue and redness rating 
of the principal uncemented phase; mean Munsell value, mean chroma, mean angular hue and 
mean redness rating; barycentric chroma and barycentric angular hue. Statistical relationships were 
established bet'ween WLG and each of the variables derived from soil colour (10 X 574 pairs). The 
two most significant relations were those between WLG on one hand, and mean angular hue and 
mean redness rating on the other. These two relationships provided the basis for logistic models 
for predicting the mean annual rate of soil waterlogging. The operational limits of these models 
are discussed. O 2000 Published by Elsevier Science B.V. All rights reserved. 
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1. Introduction 

D. Blmet  et al./Cateiin 39 (2000) 187-210 

The duration of soil waterlogging by phreatic or perched groundwater is a decisive 
parameter for agricultural or forestry development. This parameter can vary widely over 
short distances, as it does on hillsides of the West Afri'can granito-gneissic bedrock 
(Worou, 1988; Fritsch, 1993; Blavet, 1996).. However, methods previously tested on this 
type of hillside did not give ready access to this parameter. To monitor the water table 
with piezometers or tensiometers, a complex equipment array must be installed and 
numerous measurements taken over time (Lelong, 1966; Lenoir, 1977; Worou, 1988; 
Fritsch, 1993; Fritsch et al., 1990a; Blavet, 1996). Estimating the moisture status of the 
material by on-site measurements of ferrous iron content and oxidation-reduction 
potential of the soil also requires numerous measurements over time (Vizier, 1974a,b; 
1984). Lastly, simulating groundwater table fluctuations from the hydrodynamic proper- 
ties of the soil proves very imprecise, owing to the hydrological complexity of this type 
of hillside (Poss and Valentin, 1983; Chevallier, 1988). Calculating potential water 
saturation indices based on topography requires a very precise digital elevation model of 
the landform, and does not incorporate the real possibilities of water infiltration into the 
topsoil layers (Beven and Kirkby, 1979; Depraetere, 1992). Remote microwave sensing 
of groundwater location and water table level (by onboard or land-based radar) requires 
monitoring over time and careful calibration of the instrument; in any case its penetra- 
tion depth is limited to the topsoil layers, and is considerably reduced by any clayey 
horizon present (Engman and Gurney, 1991; Smith et al., 1992). Finally, interpreting 
satellite images in the visible and infra-red parts of the spectrum requires images at 
different periods, and this method only allows imprecise inferences as to the location of 
groundwater and the level of the water table, because the vegetation that hides the soil 
on this type of hillside mainly depends on human activities (Poss et al., 1990). 

It is therefore worth looking for simple indicators of the duration of soil waterlog- 
ging, and several arguments suggest that soil colour can be such an indicator. Theoreti- 
cally, soil colour depends on the types of soil constituents present, which can depend, in 
turn, on the duration of soil waterlogging. It is also easily accessible and relatively stable 
over time. This is why several soil classification systems use soil colour in diagnosing 
the water regime of a soil (e.g., USDA, 1975; Vizier, 1992). Finally, several studies 
conducted in temperate regions have revealed significant correlations between soil 
colour and the duration of water saturation of the soil (Franzmeier et al., 1983; Evans 
and Franzmeier, 1986, 1988; Mokina and Cremeens, 1991; Mokma and Sprecher, 1994; 
Thompson and Bell, 1996). 

Therefore, our aim was to study the relations between soil colour and the duration of 
soil waterlogging, on a hillside on the granito-gneissic bedrock of West Africa. 

2. Materials 

The study was carried out in Central Togo, in a biophysical environment covering 
some 500000 km2 in West Africa (cf. Fig. 1). This environment is characterised by a 
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Fig. I .  Extension of the biophysical environinent of this study and location of the hillside studied. 

tropical climate, with a sharply contrasted dry season, a bedrock of granite and gneiss, 
an annual rainfall between 800 and 1200 mm, a savanna vegetation, a landform 
consisting of a succession of hillsides and a soil mantle which is organised in 
toposequences (Blavet, 1996). These toposequences consist of red ferrallitic soils 
uplope, derived from an ancient kaolinitic mantle (Gavaud, 1970; Boulet, 1974; 
Grandin, 1976; Leprun, 19791, yellow ferruginous soils at midslope positions and 
greenish hydromorphic soils in downslope positions (Faure, 1975; Levêque, 1975; 
Fritsch et al., 1990b). This sequence of soils is thought to be largely the result of 
transformations connected with the action of water (Chauvel, 1977; Fritsch, 1993; 
Blavet, 1996). The yellow horizons of the ferruginous, ]nid-slope soils would have 
formed from reddish ferrallitic soils under the effects of a temporary perched water 
table. Downslope, the permanent groundwater has led to bleached horizons and greenish 
gley in particular. A representative hillside was selected for our study. It is located on a 
biotite/muscovite gneiss, 300 km north of Lomé, Togo, lat 8"38'-8"39'N, long 1"OO'- 
l"01'E (cf. Fig. 1). Mean annual rainfall is 1158 mm (1974-1992 data). There is a single 
rainy season centred around July-September. Mean temperature on the hillside is 25°C 
(1990-1992 data), with extremes of 15°C and 35°C. 

On this hillside, a toposequence 650 m long was chosen, oriented along the steepest 
direction of slope so as to cut across all the soil mantle variants. Nineteen hydropedolog- 
ical stations were installed along this toposequence (cf. Fig. 21, each consisting of an 
array of 2-4 piezometers, observation pits, and boreholes at the piezometer sites. To 
reveal any perched groundwater that might be present, piezometers were placed at 
different depths, up to a maximum depth of 7 m, depending on drilling possibilities 
(Blavet, 1996). The upper part of each piezometer was coated with a bentonite sheath to 
seal its pores and prevent water infiltrating from above. Pierced at the lower end up to 

. .  t .  

!.. . , .: 
I . .  . .  . .  . . .  , , .  . 

: .  ' .__ 'i. ' . 
... !: ,..,i , . ; . . 
! .-- -;. . . . . .  .~ 

I ~ 

, .. , . 

. .  . .... . . "' .. ,. 



. _.- - . .  
b . .  

: . . , '  

. ,  

. .  . .  
. , ." . 

I .  

I. . . .  

1 

190 

meters . 
D. Blauet et al./Carena 39 (2OOOJ 187-210 

4 

7 

Boreh'ole and / I  = piezometer array 

I I 1 I I l I 1 
. 0 .  100 200 300 400 ' 500 600 700 

melers 

Fig. 2. Distribution of hydropedological stations along the toposequence. 

30 cm from the base, these 4-cni-diameter piezometers responded to fluctuations iw thé 
water table with a negligible response time (Brand and Premchitt, 1980). The field study 
continued through three complete annual cycles, from September 1989 to September 
1992. During this period, observation pit profiles and borehole cores were analysed, and 
piezometric levels were taken daily. This period was representative of rainfall conditions 
at the site, since mean monthly rainfall during this time differed little from the monthly 
median for the entire recorded pluviometric history of the site (1974-1992). 

3. Methods 

Taking all data at the hydropedological stations in the toposequence, statistical links 
were sought between soil colour parameters and duration of waterlogging. To do this, 

(a) the annual soil waterlogging rate (WLG) and mean annual soil waterlogging rate 
(WLG) were calculated at different depths; 
(b) numerical parameters derived from soil colour were obtained for the same depths; 
(c) correlations were sought between mean annual soil waterlogging rate and the 
variables derived from soil colour. 

3.1. Calculatioii of aimual and mean ariizual soil waterloggiitg rate 

The mean annual soil waterlogging rate at a given point in the toposequence was 
defined as follows, for measurement periods of several years: 

E N  
I I  X 365 

WLG,i,zi == 100 X ~ 
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with xi, zi = the spatial coordinates of the point in question (xi = position of the station 
in the toposequence and zi = vertical position of the measurement point), C N = number 
of days throughout the measurement period during which the water table reached the 
point in question, and n = number of complete years for which measurements were 
taken. When 7 2  = 1, Eq. (1) gives the annual soil waterlogging rate, which is symbolized 
as WLG. 

This definition was used to calculate the annual and mean annual soil waterlogging 
rates at vertical intervals of 10 cm, for each hydropedological station in the topose- 
quence. There were 630 measurement points in all. These calculations were made from a 
piezometric database of the daily readings from each array of piezometers. Annual soil 
waterlogging rates were calculated for each of the three annual cycles available 
(1989-1990, 1990-1991 and 1991-1992) and the mean annual waterlogging rate was 
calculated for the three cycles together (1989-1992). In practice, one piezometer was 
associated with each of the 630 measurement points and counted the number of days 
when the water table levels were equal to or above the elevation of that point. As these 
operations involved more than a million readings of the water table level, the calcula- 
tions were made by a computer program working on the piezometric database (Blavet, 
1996). 

3.2. Obtaiiiiiig the variables derived fi-oni soil colour 

A morphological study of the profiles and core samples allowed identification of 
homogeneous, sub-horizontal elementary soil volumes (SVs) several centimetres to 
several decimetres thick. Each of these volumes was described in morphological terms 
(Mathé, 1993; Blavet, 1994), including their vertical boundaries and the proportion and 
colour of each uncemented phase. These parameters were entered in a pedological 
database (Blavet, 1996). 

The colours of the uncemented phases were assessed by Munsell colour chart 
(Munsell, 1946, 19761, including Munsell hue (HMunse,,), Munse11 value ( V I  and 
Munsell chroma (C). This operation was first carried out in the field, to identify the 
uncemented phases. The colour of each phase was then systeinatically re-assessed in the 
laboratory from air-dried SV samples, under constant light conditions (white-light neon 
tube), in order to obtain colours independent of soil moisture level and light conditions 
in the field. 

The alphanumerical Munsell code of each colour, as re-assessed in the laboratory, 
was then converted into a purely numerical code. No conversion was needed for the 
Munsell value and Munsell chroma variables since these are numerical (the last two 
numbers in the code). As the Munsell hues are spread around a circle in the Munsell 
colour cylinder, they were converted into angular hues (Ho), in degrees, according to 
their position in the circle, taking as a convention Ho = 360" for Munsell hue 10 RP. 
The formula used for this conversion was as follows: 

Ho = 36( l,, + A) 
j 

I I '  
1 
I .  ' 
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where Zp is the numerical coding of the Munsell hue segment concerned Le., Munsell 
hue R =) O; YR 3 1, Y - 2; GY * 3; G * 4; BG =) 5; B - 6. PB * 7; P 8; RP *9) 
and Z; is the number associated with that Munsell hue (i.e., 2.5 for 2.5 YR; 5 for 5 YR, 
etc.). This conversion gave us, for the frequently occurring soil hues, the equivalents 
shown in Table 1. 

Redness rating (RR)(Torrent et al., 1980, 1983), which is a variable combining the V ,  
C and H components of a colour was also taken into account. RR is linked to the 
mineralogical form of iron oxide present, especially its hematite content (Schwertmann, 
1993). It has already been used as an indicator of soil water saturation status (Thompson 
and Bell, 1996). It is defined as follows: 

(10-H,) x c  
RR = 

V (3) 

In Eq. (31, the conventions for the hue are H, = O for 10 R and H, = 10 for 10 YR. 
This convention gives a grading system where the hue circle is divided into 100 units for 
H, (as against 360 units for Ho),  with a displacement of one tenth of the circle (36 units 
of Ho or 10 units of H,) between the starting point of H o  (IO RP) and that of H, (IO R). 
Thus, the conversion between H, and H o  is as follows: 

100( Ho - 36) 5H0 
360 18 10 (4) 

=-- H, = 

In this way, RR was calculated as a function of H o  as follows, based on Eqs. (3) and 
(4): 

( l o  - ( - 'O)) (360 - 5H")  X C - - 
18V 

RR = 
V (5) 

In the field, the proportion of the different uncemented phases were assessed, using 
the field quantification scale shown in Table 2. This scale, in which the intervals are 
narrower at the two extremes than in the middle part, was chosen because it is 

Table 1 
Correspondence. for frequently occurring soil hues, between alphanumeric Munsell notation and angular 
notation Ho 

HMunsell H O  

1.5 R 27 
10 R 36 
2.5 YR 45 
5 YR 54 
7.5 YR 63 
10 YR 72 
2.5 Y 81 

I 90 5 Y  
5 GY 126 
5 G  162 
5 B  234 

I 

. .  
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Table 2 
Quantification of uncenirnted phases 

Field quantification scale (8) Optimised central proportions (%I 
O 
[O- 11 
L1-51 
[5-15] 
[ 15-30] 

[50-751 
[30-501 

r75-951 
[95-1001 
1 O0 

O 
1 
5 

15 
30 
45 
75 
84.3 
97.5 

1 O0 

compatible with the quantification capabilities of an observer in the field. It is based on 
Munsell's chart for estimating the proportions of colour mottles and the system 
developed by Chatelin (1976) and Beaudou (1977) for quantification in the field of soil 
features. 

The quantifications by interval made with the aid of this scale were converted into 
central proportions by optimisation, under the constraint of the boundaries of each 
interval. This optimisation enabled us to centre the sum of the proportions obtained for 
each SV around 100% (Blavet, 1996). These optiinised central proportions (cf. Table 2) 
were finally weighted for' each SV, so that the sum of the weighted proportions of the 
uncemented phases of each SV were exactly equal to 100%. 

Ten variables were obtained from the three numerical colour components and the 
weighted proportions of the different uncemented phases: 

- Four variables were obtained from the colour of the principal uncemented phase of 
each SV. This is the phase whose weighted proportion is highest, or, when there is no 
such predominant phase, the matrix of the material. These four variables are the Munsell 
value, chroma and angular hue of colour (Vphase,, Cphase, and Hihaselr and its redness 
rating (RR ). 

- Four "mean colour" variables were calculated as functions of the colours and 
weighted proportions of the various uncemented phases of each SV. These variables are: 

- mean Munsell value, 7 = C( Q i X Vi) 

- mean chroma, I? = C( a i X Ci) 

mean angular hue, H" = C( (Y i X H'i) 

mean redness rating, 

(6) 

(7) 

(8) 

(9) = C( (Y i X RR i )  

where Vi, Ci, H'ì, RR¿ are, respectively, the Munsell values, chromas, angular hues and 
redness ratings of the different uncemented phases within the same soil volume, and (Y i 
is the weighted proportion of the different uncemented phases of this volume (Ca i = 
100%). 
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- Two further variables were obtained by calculating the barycentric colour, which is, 
for each SV, the barycentre of the colours of all the unceniented phases. This calculation 
was made in order to estimate the colour resulting from mixing the different phases of 
each SV; it is based on tests run on a computer screen using a Munsell-RVB converter 
(GretagMacbeth, 19981, which showed that this barycentre is close to the colour 
perceived when the phases are organised in juxtaposed micro-phases. 

To calculate this barycentre, the cylindrical coordinates Vi, Ci and H"i of the 
Munsell colour of each uncemented phase were first converted into Cartesian coordi- 
nates Xi, Yi and Zi, using Eqs. (10)-(12). 

('12) 

The Cartesian coordinates of this barycentre (Xbary, Ybary, Zbary) were then calculated 
as a function of the weighted proportions cri of the different phases, using Eqs. 
(13)-(15). 

* Xbary = E( a i  X X i )  = C( cri X Vi) = v,fromEqs. (6) and( IO). (13) 

* Zbary = C( ai X Zi) (15) 
- 

Lastly, the barycentric colour variables (vbary, Chary and HObary) were obtained by 
converting the Cartesian coordinates of the barycentre into cylindrical coordinates in the 
Munsell colour cylinder, using Eqs. (1 6)-( 18): 

- - 
0 barycentric value, Vbnry = Xbary = V from Eq. ( 13) ( 16) 

- 
barycentric chroma, Chary = Ybary >' + (zbary 1' (17) 

* barycentric angular hue, HObary = 

- Osi0 2 O 

i 'bary with O = A tan2 
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Since barycentric value (vb,,.,) is equal to mean Munsell value (V) ,  this calculation 
provided two new variables, barycentric chroma and barycentric angular hue 
(Hobary). These two variables depend on both chromas and angular hues of the 
uncemented phases, based on Eqs. (1 1) and (12). In geometrical terms, however, Chary is 
nothing other than the distance between the axis of the Munsell colour cylinder and the 
geometrical point of the barycentre of the colours. This distance is independent of the 
hue segment in which the barycentre is located, so it does not depend on the absolute 
positions of the hues of the uncemented phases on the circle of hues, only on their 
relative positions, i.e., the angular difference of hues. 

- 
3.3. Plotting seqirences of WLG aiid soil coloiir variables 

Geostatistical interpolations (Matheron, 1971) were carried out with Geo-Eas soft- 
ware (EPA, 1988) between points of WLG as well as points of values of the soil colour 
variables. For each of these variables, two directional variograms were computed, 
following vertical and slope directions. The variograins parameters (mathematical 
model, nugget, sill and ranges) were used for anisotropic kriging, giving regular data 
grids as results. Finally, these grids were converted in Surfer grid files (Keckler, 1994) 
to plot sequences with this software. 

I . 3.4. Relating the variables ,deriued froin soil coloul- to the inean armial soil waterlog- 
giizp rate 

The elementary soil volume corresponding to each vertical point used for calculating 
mean annual soil waterlogging rate was determined for each hydropedological station. 
This was done by taking the elevation of each point and the vertical boundaries of each 
SV, based on the piezometric and pedological databases. For the entire toposequence, 
this established 574 pairs associating an SV with a WLG value, Taking the 10 colour 
variables for each SV ( v ~ ~ , ~ ~ ~ ~ ~  V (= Pbary), Cphase], C, Chary, H;hase]) Hobaryr RRpilasel 
and RR), 10 sets of 574 pairs of values associating a colour variable value with a mean 
annual soil waterlogging rate (m) were thus obtained. 

From these 10 sets of pairs of values, the following statistical analysis were carried 
out. 

- 
- -  - 

Table 3 
Characteristics of annual and mean annual soil waterlogging rates ( 1 1  = 630) 

Variable Min Max Mean . Standard deviation 

WLG[89-90] O 1 O0 26.9 36.5 

WLG[9 1-92] O 1 O0 26.7 35.0 
WLG O 1 O0 27.7 35.4 

W L G p o - 9  I 1  O 1 O0 27.9 37.7 

. .  
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Table 4 
Inter-annual correlations between annual soil waterlogging rates 

D. Blavet et al. / Catena 39 (2000) 187-210 

(a) Each set was first analysed in search of a possible regression model f (linear or 
non-linear). such that f ( x )  = m, where x is a colour variable (although colour 
variables can be considered as dependant variables in  a deteriniiiistic point of view, WLG 
is here considered as the dependant variable both in a statistical and an operational point 
of view). 

(b) For each model identified, the significance of the correlation coefficient obtaiiled 
was analysed, by comparing this coefficient with the critical thresholds r,o,95 and r,o.99. 

(c) For models associated with a significant correlation coefficient, the 95% confi- 
dence error margins and intervals of prediction of WLG were estimated. Taking account 
of the nature of the models, i.e., noii-linear models with inargins of error that varied 
according to colour variable, it has been assumed for each observed colour variable 
value x,,, that the real values m,, of the mean annual soil waterlogging rates would 
follow a normal distribution, with a mean of f(x) and a standard deviation a K G ,  
given as: 

- 

..I . 

. .  
-.,:. ~. 

- 
Having calculated gWLG,, from the model's data, a standard deviation function 

g(x) for all possible values of x was determined by regression, such that a m  = g( x). 

Distance (meters) 

Fig. 3. Sequence of mean annual soil waterlogging rate. 

i='' ( y;h -f( x)) 2 

c m , ,  = J. i= I 12 - 1 
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Table 5 
Colour characteristics of SVs 

Variable No. of SVs Min Max Mean Standard deviation CV (%I 

. - .:._ - _ _  

36 234 69.4 24.3 
36 217 68.0 20. I 
36 164 60.5 17.5 
3 8 5.7 1.3 

3 8 5.6 1 .O 
1 8 3.8 2.3 
I 8 4.2 1.6 
0.3 8 4.8 1.5 

-7.5 " 20 2.4 6.0 
- 6.7 16.5 2.7 4.8 

35 
30 
29 
23 
18 
60 
38 
31 

250 
178 

This g(x) function allowed to calculate the 95% confidence error margin of prediction 
of WLG for all possible values of x which, according to the probabilities of the laws of 
normal distribution, is given as: 

- 

m 0 , 9 5 [ x ]  = 1.96g(x). (20) 
- 

Then, the 95% confidence interval of prediction of WLG for all possible values of 
x]) was calculated, as follows: 

IwLG,,,[ x] = min(IOO,f( x) i- E W Ï Z ~ , ~ , [  x]) - inax(O,f( x) 

- m o . g , [ x I ) .  (21) 

(d) A provisional comparison of how well the different models fitted the data was 
made by a statistical examination of the differences between correlation coefficients. 
This examination led to the calculation of the correlation difference probability P( pl # 
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Fig. 4. Sequence of mean angular hue. 
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p2), which is a function of the value of these coefficients and the number of pairs of 
values. According to Baillargeon (1989), this probability is equal to: 

-+2 2; - 2'2 +z 1 - 

1 1  1 
e d x ,  with Z= 

f- 
y l i l - 3  rz2-3 

where iz,, il2 are the numbers of pairs of values for r i ,  r2 ,  respectively and where z; 
and i$, are the Fisher transforms of rl and r2,  such that: 

zI = -In( 1 2) 
2 

(e) For the models that best fit the data, a second comparison was made by examining 
the variations of m o , , , [  XI  and XI  

4. Results 

4.1. Aiziiual and iman  annual soil waterlogging rates 

Table 3 shows the global statistical characteristics of the annual soil waterlogging 
rates (WLG[89-90], [90-911. [91-921 ) and mean annual soil waterlogging rate WLG[,9-92]  
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Fig. 6.  Sequence of mean chroma. 
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Fig. 7. Sequence of mean redness rating. 

given as WLG for simplicity) obtained for the 630 points of the toposequence. It can be 
seen that these rates vary each year between O and 100 (cf. min and max values) and that 
the results obtained for any given year are close to those obtained for any other year (cf. 
mean and standard deviation). The narrowness of the inter-annual variations in WLG are 
confirmed by the strong linear correlation between these rates shown in Table 4, 
whichever 2 years are compared (adjustment on a slope close to 1 and r2  > 0.93 for 630 
pairs). 

In view of these results and the fact that rainfall during the study period was 
representative of the mean rainfall conditions at the studied site, one can consider that 
the mean annual soil waterlogging rates obtained are similar to those that would be 
obtained for a longer period of readings. 

Fig. 3 shows the spatial variations of WLG derived from anisotropic kriging of the 
630 values obtained for the toposequence as a whole (Blavet, 1996). WLG is below 10 
in the upper part of the toposequence, then increases rapidly at some depth in the middle 
part, reaching its highest values at the bottom, as expected. 

- 

4.2. Soil colour 

Table 5 shows minimum, maximum, mean, standard deviation and variation coeffi- 
cient for each of the colour variables of the 144 SVs of the toposequence. There are 
marked differences between the colour of the principal phase and those for mean colour 
and barycentric colour. In the first place, the mean values differ, although the orders of 
magnitude are the same, and secondly, the colour of the principal phase always varies 

Table 6 
Linear correlation coefficients r ,  and coinparison with rco.95 

X Y No. of pairs r rc0.95 Significance 

G l a r y  

- 
ENG 514 0.008 0.08 ns.  

E ENG 574 - 0.06 0.08 n.s. 
ENG 574 - 0.07 0.08 ns.  

- Cphasel 

I 
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Table 7 
Parameters of exponential models 

Y 'j7.V) (Y ß No. of pairs I' Significance 
- 

Vphascl ENG 0.02 1.07 574 0.25 0.107 r >  O" 
V ENG 0.07 0.87 574 0.35 0.107 I'> O" 
- - 

"Significant to 99%. 

more than the mean colour and barycentric colour (cf. extreme values, standard 
variations and variation coefficients). 

Spatial variations in mean colour across the toposequence are shown in Figs. 4-7 
which were obtained by anisotropic kriging of the mean colour variable values of the 
144 SVs (Blavet, 1996). As with the WLG sequence in Fig. 3, these sequences also 
show sharp variations between the uphill and downhill parts of the toposequence. Thus 
from the middle of the toposequence, H" becomes generally yellower than it is further 
uphill, reaching values of over 63. Similarly, f? increases to over 6 further downhill, 
while for c, values of less than 4 become widespread. Mean redness rating (RR) 
diminishes from top to bottom of the slope, falling below 4 near the bottom. 

- 
4.3. Relationships between soil colorri. aiid WLG 

- 
From an analysis of data sets associating each colour variable with WLG, three 

different cases emerge. - No connection can be seen between chroma variables and WLG. The dispersion 
diagrams combining these variables show random patterns. This randomness particularly 
reflects the fact that the linear correlation coefficients r are not significantly different 
from O (cf. Table 6), since they are in all cases below the critical threshold rco,95. - The relations between the Munsell value variables and WLG are non-linear, 
corresponding to exponential regression models in the following forni: 

- 

- 

WLG=f( x) = areß-" (24) 

where x is the Munsell value variable, and (Y and ß are constants. Non-linear 
regression analysis gives the values of Q and ß shown in Table 7. These relationships 

Table 8 
Parameters of logistic models 
x fix) a b No. of pairs I' rclco,99 Significance 

Hihasel ENG 18551 -0.11 574 0.57 0.107 r > O' 
Ï-P ENG 382353 -0.16 574 0.72 0.107 r >  On 

ENG 200038 -0.16 574 0.68 0.107 r > O' 
R R p h a s e l  ENG 2.67 1 574 0.52 0.107 I'> O" 
RR ENG 2.07 1 574 0.72 0.107 r >  O" 

- 

- P b a r y  

- - 

"Significant to 99%. 
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Table 9 
Constants cl,  c2, c3 and c4 of the 95% confidence error margins of predictions of the mean annual soil 
waterlogging rate (,?%XGo.o.ss[ .Y]) 
1 cl c2 c3 c4 

Hpoh;tse I 2199 21.4 94.1 3 
FP 808 9.8 71.9 3 
H L y  836 8.9 76.5 3 
RRphasel 400 3 - 2.5 3 - 
RR 200 2.8 -0.5 2 

are significant, since the correlation coefficients Y are above the critical threshold Y,,.,, 
(cf. Table 7). But the relatively small values of these coefficients show that there is still 
a wide variation in WLG which is not explained by the models. 

* The dispersion diagrams obtained by comparing the angular hue and redness rating 
variables with the variable show sigmoidal relationships. These relationships 
correspond to logistic regression models (Jolivet, 1983; Tomassone et al., 19921, of the 
general form: 

- 

1 O0 

1 i- ( ueBS) 
WLG= 

where x is the angular hue or redness rating variable and u and b the constants of the 
model. Non-linear regression analysis gives the values of constants a and 21, as shown in 
Table 8. 

1 2 5 0  
40 

30 

20 

10 

O 

O Observed mean= 

Model - 
-95 % conf. error margins 

of prediction o f r G  
P 

O 50 100 150 200 250 
H 'phasel 

Fig. 8. m= f(H;,,are,) relationship and 95% confidence error margins of prediction. 
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Ho 
Fig. 9. m= f ( H o )  relationship and 95% confidence error margins of prediction. 

In all cases, these logistical models fit the data well. The r correlation coefficients 
(cf. Table S), are significantly higher than the critical thresholds which allows to 
assert with 99% confidence that there is a logistic relationship between the angular hue 
and redness rating variables and WLG. 

- 

70 

20 

10 

O 

0 Observed mean 

Model - 
95 % conf. error margins 

of prediction o f w G  
_t__+___l 

- 

100 150 200 250 - O 50 

H'bary 

Fig. 10. m= f(H:ary) relationship and 95% confidence error margins of prediction. 
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Fig. 11. m= J'(RRPh~,,,,) relationship and 95% confidence error margins of prediction. 

For all these logistic models, the 95% confidence error margin of prediction of WLG 
(-&LA-]) obeys a Gaussian law in the following general form: 

~~ 

ETÏZo,9j[x]= 1.96g(x)=1.96  c l  e-o.5( + 

where g(x) is a function, determined by regression analysis, which gives the standard 
deiriation of WLG (cf. Methods) and cl, c2, c3 and c4 are the constants shown in Table 
9. 

From these results Figs, 8-12 were obtained, which show the curves of the various 
logistic models WLG =f(x) and their associated 95% confidence error margins of 
prediction h ~ o . 9 , [ x l .  

1 O0 
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Fig. 12. m= jm relationship and 95% confidence error margins of prediction, 
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5. Discussion 

5. I. Coiizparisoiz and classifcatiorz of the regression iiiodels 
~ 

Apart from the chroma variables, which seem to be unrelated to WLG, all the other 
colour variables (Munsell value, angular hue and redness rating variables) are linked to 
the WLG variable by non-linear regression models, with correlation coefficients signifi- 
cant to 99%. A priori, all these variables therefore seem to be usable for predicting WLG, 
more or less accurately. In practice, a comparison of the different models shows that 
some of these variables are more suitable for making this prediction than others. 

Firstly, some colour variables are more closely related to WLG than others. The 
correlation difference probabilities P( pl # p2), which are a function of the value of the 
correlation coefficients and the number of pairs of values (see Methods) classifies the 
Munsell value, angular hue and redness rating variables into three groups. 

(1) Angular hue and redness rating variables depending on the various uncemented 
phases (Ho,  Hillry and E), are most closely linked to m. The logistic models 
established from these variables have comparable correlation coefficients ( P (  p 1 # p2) 
< 95%) of around 0.7 (cf. Table IO), which are significantly higher than those of the 
other models ( P (  pl # p2) > 99%). 

(2) The angular hue and redness rating variables of the main uncemented phase 
(H&e, and RR,,,,orel) are less closely linked to m. The logistic models established 
from these variables have statistically comparable correlation coefficients ( P (  p 1 # p2) 
< 95%) of about 0.55. 
(3) The Munsell value variables and v) are least closely linked to WLG with 

comparable correlation coefficients ( P (  pl # p2) < 95%) of around 0.3. 
This comparison favours the three logistic models based on Ha, Hobary and E. 

However, these three models are not equivalent, given their associated 95% confidence 
error margins of prediction of the mean annual soil waterlogging rate For 
if one compares these error margins (cf. Fig. 131, one can see first of all that the error 
margin is systematically narrower for the model based on H" than for that based 011 

Hobary. On this basis it would seem preferable to exclude this latter model, especially as 
the calculation of barycentric angular hue is significantly more complex than that of 

- 
- 

-~ 

- -  

- 

Table I O  
Statistical comparison P( p, + p2), in %, between correlation coefficients obtained from different regression 
models 

r p  ( = 0.72) 

rRRphasel (=  0.52) 77.1a 1 O0 1 O0 
rm ( = 0.72) 100 O" 81.6' 100 
rVphasej ( = 0.25) 100 1 O0 1 O0 1 O0 100 
rv( = 0.35) 1 O0 1 O0 1 O0 99.9 1 O0 94" 

1 O0 
rpbary  ( = 0.68) 99.8 81.6" 

I.Hihhssel r p  rFbary rRRphascl I" '"phase I 
( = 0.57) ( = 0.72) ( = 0.68) (0.52) ( = 0.72) ( = 0.25) 

'correspond to non-significant differences ( < 95%). 
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Fig. 13. 95% confidence error margins of prediction of the mean annual soil waterlogging rate 
relation to mean angular hue, barycentric angular hue and mean redness rating. 

in 

mean angular hue (cf. Methods). On the other hand, if one compares the error margins 
associated with the models based on H" and E, one finds that they do not justify 
systematically favouring either one of the two models. For although the error margin 
associated with the model based on H" is narrower than that associated with the model 
based on RR where the mean annual soil waterlogging rates estimated by the models are 
below 20% or above 90%, it is slightly wider for mean annual soil waterlogging rates 
within the 20-90% range. 

It would therefore seem that the two models best suited to predicting mean annual 
soil waterlogging rate are the logistic models based on mean angular hue WLG =fm 
and mean redness rating WLG =f(RR). 

5.2. Corizriierits on the classification obtaiiied 

- 
The lack of any link between chroma variables and WLG can be directly explained 

by the meaning of these variables. Chroma is not connected with the nature of the 
colour, but with the degree of saturation of whatever colours are present (Cphase, aid e) 
or the degree of saturation of these colours and their angular difference in hue (Chary). 
As a result, soil materials of the same chroma may differ in colours, i.e., may have 
different spectral reflectances due to a range of mineralogical compositions and hydro- 
logical conditions. 

may reflect a 
combination of relationships. It may be that although there is a tendency for the 
materials to become pale as groundwater leaches out minerals (Fritsch, 1993; Blavet, 
19961, this tendency is partly masked by the effects of organic matter on Munsell value 
(Schulze et al., 1993). 

The connection between angular hue and redness rating variables and WLG could be 
due to a link between these colour factors and the particular mineralogical form of iron 

The fairly weak link between the Munsell value variables and 

- 
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Type of mottling SVs 
No. of uncemented phases No. of SVs % of svs 
1 39 27 
2 50 35 
3 55 38 

oxide present in the soil (Torrent et al., 1980, 1983; Fritsch et al., 1990b, Jeanroy et al., 
1991; Schwertmann, 1993), which in turn usually depends on hydration or oxidation-re- 
duction conditions in the materials in question (Segalen, 1969; Chauve1 and Pedro, 
1978). 

Finally, it is not surprising that mean angular hue and mean redness rating should be 
more closely linked to WLG than the angular hue and redness rating of the main phase. 
For in the case in hand, the latter two variables only partly reflect the colour of the 
materials, since two-thirds of the 144 SVs contain more than one phase (cf. Table 11) 
and there can be quite major colour differences between these phases (up to five units of 
Munsell value, seven of chroma and 171" of angular hue). 

2% 

I 5.3. Liiiiitatioizs on the lise of logistic iizodels based on nzeaiz angular hue and ineaiz 
redness rating, aiid analysis of the dispersion of results i 

I 
l 

The value of the correlation coefficients r associated with the logistic models based 
on variables H" and RR is 0.72. This value, significant to over 99% = 0.107 for 
574 pairs of values), is quite high compared to the values obtained for the other models. 
It nonetheless reflects a certain dispersion of results around the models, since 48% 
(1 - y 2 =  0.48) of total variations in  mean annual soil waterlogging rate are not 
explained. 

This dispersion is mainly concentrated in the upcurve of the curve, as is shown by the 
width of mo,,, (i.e., the width of the 95% confidence interval of prediction of 
WLG) in this domain (cf. Fig. 14). In this part of the curves, there is even a maximal 
zone of uncertainty for mean annual soil waterlogging rate (width of 95% confidence 
interval = 100 for mean angular hues of around 75", i.e., 10 YR to 2.5 Y, or redness 
ratings close to O), within which it is unrealistic to try to predict the mean annual soil 
waterlogging rate. 

A priori, this dispersion is not due to the models chosen to describe the relationships, 
because it is spread across both sides of the curves of these models. It may be due to 
several natural causes: (1) materials with a Munsell hue of 10 YR to 2.5 Y and a redness 
rating close to O may be only weakly sensitive to variations in mean annual soil 
waterlogging rate; (2) the colours of some soil volumes (volumes with Munsell hue 10 
YR-2.5 Y and redness rating close to O) may not be linked to present-day hydrological 
conditions (this would apply, for example, to "fossil" soil volumes formed under 
hydrological conditions that no longer exist). 

I 
I 

i 

I 
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Fig. 14. 95% confidence interval of prediction of the mean annual soil waterlogging rate (mo,95), in 
relation to mean angular hue and mean redness rating. 

Some of the dispersion may be due to imprecision or bias introduced by the methods 
used to estimate colour: 

- colour measurement on dry samples can introduce a bias because the hues of some 
samples may change during drying as iron re-oxidises; - colour assessment with Munse11 colour plates, which give only a limited number of 
reference colours, must also result in imprecision; - estimation of the relative volumes of different uncemented phases when calculating 
mean angular hue and mean redness rating can also result in imprecision. 

These methods could be improved: 

- by measuring colour on-site using a colorimeter capable of distinguishing slight 
colour differences (Trouvé, 1991), especially for Munse11 hues between 10 YR and 
2.5 Y; 
by quantifying more precisely the relative volumes of the uncemented phases (it 
remains to be seen what analysis technique will be best here). 

I .  

6. Conclusion 

The results of this survey show that the mean hue and mean redness rating of a soil 
are linked to its mean annual soil waterIogging rate (WLG) by logistic functions. 
Despite the existence of a maximal zone of uncertainty for the prediction of intermediate 
WLG, accurate predictions of low can be done from mean hues redder than 10 YR 
or redness ratings higher than 5, and accurate predictions of high WLG can be done 
from mean hues yellower than 2.5 Y or mean redness ratings lower than -5. 

- 
- 

I 
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As long as no recent change occurred in the groundwater dynamic (for example, a 
change due to drainage work), these two colour variables should be easily obtained 
potential indicators of high or low annual duration of soil waterlogging, in hillsides of 
West Africa characterised by a tropical climate, a sharply contrasted dry season, a 
bedrock of granite and gneiss, an annual rainfall between 800 and 1200 min, a savanna 
vegetation, and a soil mantle organised in toposequences on a red ferralitic weathering. 
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