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Abstract

The aim of this study was to analyse the relationships between soil colour and the
duration of soil waterlogging by phreatic or perched groundwater, in a representative
hillside of the West African granito-gneissic bedrock. This duration is a decisive
parameter for agricultural or forestry development, but it can vary widely over short
distances on hillsides, such as those of the West African granito-gneissic bedrock.

Whereas existing methods do not give ready access to this parameter, two
arguments suggest that soil colour could give relatively low cost and low time-
consuming indicators of the duration of soil waterlogging: 1) soil color depends on the
types of soil constituents present, which can depend on the duration of soil
waterlogging; ii) soil color is also easily accessible and relatively stable over time.

The selected catena was in central Togo lat 8°38'-8°39'N, long 1°00"—1°01"E, in a
biophysical environment covering some 500,000 km in West Africa. Nineteen
hydropedological stations were installed on this catena. Soil and piezometric conditions
were studied on these stations for three annual cycles (1989-1992). 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 of 7 m. At the same intervals, 8
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

Statistical relationships were established between WLG and each of these soil
colour variables. The two most significant relations were those between WLG on one
hand, and mean angular hue and mean redness rating on the other hand. These two
relationships provided the basis for logistic models predicting the mean annual rate of
soil waterlogging. The operational limits of these models were finally discussed.

Keywords: soil colour, waterlogging, toposequence, catena, granito-gneissic bedrock,
West Africa

Introduction
The duration of soil waterlogging by phreatic or perched groundwater is a decisive
parameter for agricultural or forestry development. When its spatial variability is high, it
becomes particularly useful to obtain ready access to this parameter. This case
frequently arises on the hillsides of the West African granito-gneissic bedrock, as shown
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by several water table monitorings with piezometers or tensiometers (Lelong, 1966;
Worou, 1988; Fritsch et al., 1990a; Fritsch, 1993; Blavet, 1996). However, this type of
monitoring requires a rather complex equipment and numerous measurements over
time, which excludes its employment on wide areas. In addition, methods such as
simulation of the duration of soil waterlogging from hydrological models or inferences
from remote sensing analysis remain time-consuming and imprecise, owing to i) the
requirement of numerous data and model calibration (Beven and Kirkby, 1979;
Depraetere, 1992; Langsholt, 1994; Engman and Gurney, 1991; Smith et al., 1992), ii)
the hydrological complexity of this type of hillside (Poss and Valentin, 1983;
Chevallier, 1988) and iii) the masking of soil surface by anthropized vegetation (Poss et
al., 1990; Blavet et al., 2000).

From an operational point of view, it is worth looking for simple soil indicators of
the duration of soil waterlogging on these hillsides. Ferrous iron content and oxidation-
reduction potential could be such indicators (Vizier, 1974, 1984), but they also require
numerous on site-measurements over time. On the other hand, several arguments
suggest that soil colour can be such an indicator: 1) soil colour theoretically depends on
the types of soil constituents (Schwertmann, 1993), which can depend, in turn, on the
duration of soil waterlogging; ii) soil colour is also easily accessible and relatively
stable over time, which explains that several soil classification systems use it in
diagnosing the water regime of a soil (e.g. USDA, 1975; Vizier, 1992); iii) 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; Mokma and Cremeens, 1991; Mokma and Sprecher,
1994; Thompson and Bell, 1996).

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

Material and Methods

Localisation of the study and monitoring in the field

The study was carried out on a typical hillside of a biophysical environment
covering some 500,000 km” in West Africa (Blavet ef al., 2000). This hillside is located
at 300 km north of Lomé, Togo, 1°00'-1°01' E and 8°38'-8°39'. The bedrock is a
biotite/muscovite gneiss, and the vegetation is a savannah. Mean annual rainfall is 1,158
mm (1974-1992 data). The rainy season is centred around July-August-September.
Mean temperature is 25°C (1990-1992 data), with extremes of 15°C and 35°C. The soil
catena consist of red ferrallitic soils upslope, yellow ferruginous soils at mid-slope
positions and greenish hydromorphic soils downslope. This catena is thought to be
largely the result of transformations of an ancient red kaolinitic mantle (Boulet, 1974;
Grandin, 1976; Leprun, 1979) connected with the action of water: the yellow horizons
of the ferruginous, mid-slope soils would have formed from reddish ferrallitic soils
under the effects of a temporary perched water-table (Segalen, 1969; Faure, 1975; Levé
que, 1975; Chauvel, 1977; Chauvel and Pedro, 1978; Fritsch et al., 1990b); downslope,
the permanent groundwater has led to bleached horizons and greenish gley (Fritsch,
1993, Blavet, 1996).
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Nineteen hydropedological stations were installed on this hillside, along a
toposequence of 650 m long. Each station consisted of an array of 2 to 4 piezometers,
with observation pits and boreholes. The piezometers were installed with a depth going
up to 7 meters (Blavet et al., 2000). The field study continued through three complete
annual cycles, from September 1989 to September 1992. This period was proved to be
representative of rainfall conditions at the site (Blavet, 1996). During this period,
observation pit profiles and borehole cores were analysed, and piezometric levels were
taken daily.

Relating soil colour parameters to the duration of waterlogging

Calculation of annual and mean annual soil waterlogging rate

The soil waterlogging rate at a given point in the toposequence was defined
following equation 1, for measurement periods of one or several years:

WLGxi, z =100 x ZN 1)
n.365
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), 2N =
number of days throughout the measurement period during which the water table
reached the point in question, and n = number of years for which measurements were

taken. Equation (1) gave the annual soil waterlogging rate for the three annual cycles of
the study (1989-1990, 1990-1991 and 1991-1992), and the mean annual soil

waterlogging rates (WLG) for the period 1989-1992. These rates were calculated at
vertical intervals of 10 cm, for each of the 19 hydropedological stations. These
operations were made by a computer program working on a piezometric database, as
they produced 630 measurement points and involved more than a million readings of
the water table level.

Obtaining variables derived from soil colour

The study of the profiles and core samples allowed the identification of 144
homogeneous, sub-horizontal elementary soil volumes (SVs), whose characteristics
were introduced in a soil database. These characteristics included their vertical
boundaries and the proportions and colour of each uncemented phase. These
proportions were assessed, with a field quantification scale developed by Chatelin
(1976) and Beaudou (1977). A numerical conversion of this field scale was produced by
1) optimisation, under the constraint of the boundaries of each interval, in order to
produce for each SV a sum of proportions close to 100%, and ii) weighting of the
proportions, so that the sum of the weighted proportions were exactly equal to 100%.

The colours of the phases were assessed by Munsell colour chart (Munsell, 1946
and 1976), including Hue (H munsen), Value (V) and Chroma (C). This operation was
first carried out in the field, to identify the uncemented phases. The colour of each phase
was re-assessed in the laboratory from air dried SV samples, under constant light
conditions (white-light neon tube). The Munsell hues, as re-assessed in the laboratory,
were converted into angular hues in degrees (H), according to the position of the hues in
the circle of the Munsell colour cylinder, and taking as a convention H = 360 for Hyynsen
= 10 RP. The conversion’s formula is given in equation 2, where I; is the numerical
coding of the Munsell hue segment concerned (i.e. Hyunsen = R = 11 = 0; Hmunsel =
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YR= I, =1, etc.) and I, is the number associated with that Munsell hue (i.e. 2.5 for
2.5 YR; 5 for 5 YR; etc.):

H°=36- (1] +IZ} (2)

Redness ratings (Torrent et al., 1980, 1983) were also calculated, for they are
linked to the mineralogical form of iron oxide present, especially its hematite content
(Schwertmann, 1993; Jeanroy et al., 1991), and they are potential indicators of soil
water saturation status (Thompson and Bell, 1996). Redness rating (RR) is defined
following equation 3. The conventions for the hue are H; = 0 for 10 R and H,= 10 for 10
YR. This gives a grading system where the hue circle is divided into 100 units for H; (as
against 360 units for H), with a displacement of one tenth of the circle (36 units of H or
10 units of H;) between the starting point of H (10 RP) and that of H, (10R). The
conversion between H; and H® is given by equation 4.

_(10—H)xC

v A3)

RR

_100(H°-36) _SH® | @)
360 18

H:

Finally, eight variables were obtained: i) four “main colour” variables were
obtained from the colour of the principal uncemented phase of each SV, which are the
Munsell value, chroma and angular hue of this phase (Vphase1, Cphaset and Hphase1), and its
redness rating (RRpnase1); 11) four “mean colour” variables were calculated as functions
of the colours and weighted proportions of the various uncemented phases of each SV:

Munsell value (V ), mean chroma (E ),mean angular hue (ﬁ) and mean redness rating
(ﬁ). The general formula used to calculate these four variables is given by equation 5,
where Colv represents Munsell value, Munsell chroma, angular hue or redness rating;
Colv 1 are the values of these variables for the different uncemented phases within the
same soil volume, and ai are the weighted proportions of the different uncemented
phases of this volume (Zai =100 %).

Mean Colv = Z(ai x Colvi) (5)
Relating the variables derived from soil colour to WLG.
For each hydropedological station, we determined the elementary soil volume (SV)

corresponding to the points used for calculating WLG. This established 574 pairs
associating an SV with a mean annual soil waterlogging rate for the catena. Taking the
eight colour variables for each SV, we obtained eight sets of 574 pairs of values

associating a colour variable with WLG . Furthemore, the following statistical analysis
were carried out: 1) each set was first analysed in search of a possible regression model

such that f{x) = WLG, where x is a colour variable. We analysed the significance of the
correlation coefficient of these models, and we compared how well the different models
fitted the data by a statistical examination of the differences between the correlation
coefficients (Baillargeon, 1989); ii) for the models that best fit the data, we calculated
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the 95 % confidence error margins E WLG (95[x] and the intervals of prediction [ WLG
09s5[x] of WLG, given as equation 6 (Blavet et al., 2000).

TWLG g.05[x] = min(100, Ax)*E WLG g.05[x]) — max(0,/x)-E WLG g.05[x]) (6)

Results

Waterlogging rates and soil color variables

Table 1 shows the statistical characteristics of the annual and mean annual soil
waterlogging rates obtained for the 630 points of the catena. These rates vary between 0
(no waterlogging) and 100 (permanent waterlogging) depending on the localisation on
the catena (Blavet ef al., 2000). The results obtained for any given year is close to those
obtained for any other year (cf. mean and standard deviation), which is confirmed by a

strong linear correlation between these rates, with adjustment on a slope close to 1 and r
> 0.96.

Table 1 Characteristics of annual and mean annual soil waterlogging rates.

Hydrologic variable N. of points Min. Max. Mean Std. Dev.
WLG [89-90] 26.9 36.5
WLG [90- 27.9 37.7

Pl 630 0 100
WLG [91.92] 26.7 35.0
WLG 27.7 354

Table 2 shows statistical data for the color of the 144 SVs of the catena. Few
differences appear between the mean values of the “main colour” variables (i.e the
colour variables of the principal phase) and the “mean colour” variables. However, the
main colour variables only partly reflect the colour of the materials, since 105 of the 144
SVs are mottled with two or three phases and there can be major colour differences
between these phases: up to 5 units of Munsell value, 7 units of chroma and 171° of
angular hue. This explains that the correlations between these variables are notably
different from perfect correlations, as r < 0.92.

Table 2 Colour characteristics of SVs and comparisons between “main colour” and
“mean colour” variables.

Colour variable n. of SVs min. max. mean Std.dev. CV % t r
- Cohasel 1 8 3.9 2.26 58 b a0k 071
roma C 1 8 42 1.61 38 7 ‘
| V phasel 3 8 5.7 1.33 23 23 P
Value — 1.23 ns .
vV 144 3 8 5.6 1.01 18
HO ol 36 234 69.4 24.29 35
H i 0.75 0.88%**
ue g 36 217 687  19.87 29 ns
RR e 75 20 24 5.98 248
Red Ratio phasel -1.15ns 0.91%**

RR -6.7 17 2.7 4.82 181
* = gignificant at 95 % *** = significant at 99.9 %
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Relationships between soil colour and WLG

From the analysis of data sets associating each colour variable with WLG, four
different cases emerge, as shown by Table 3 and Figure 1: 1) no correlation can be seen

between chroma variables and WLG (random patterns for the dispersion diagrams; r no
significant); ii) exponential regression models rely the Munsell value variables to

WLG, but the relatively small values of r coefficients (r around 0.3) show that a wide

variation in WLG is still not explained by these models; iii) sigmoidal logistic functions
(Jolivet, 1983) connect the angular hue and redness rating of the main uncemented

phase to the WLG variable (r around 0.55); iv) the best adjustments (r = 0.72) are

obtained with logistic functions connecting the mean angular hue (ﬁ) and the mean
redness rating (RR )to WLG.

Table 3 Relationships between soil colour and WLG.

Hydrologic Model Colour variable .
variable (y) fx) X o B
Li Ch Cphasel / / 0.008 ns
inear roma C / / 0.06 15
Exponential Val Vl:ﬂsel 0.02 1.07 0.25%**
U — WLG = fx) = ae™ alue Vv 0.07 0.87 0.35%%
WLa . Hopme 18551 001 0.57%
Loglstllgo ue He 382353 -0.16 0.72%%%
WLG = 1+ (2ePX T RRphasel 2.67 1 0.52%:%*
cdRaio T RR 2.07 1 0.72%%%

*** = gignificant at 99.9 %

Mean Redness
14 rating
Redness rating  and Mean Hue

1 and Hue
0.8 - of the main phast

nb : Textures of the histograms gather the coefficients of correlation that are statistically non different at p = 95%
Figure 1 Statistical comparison of the correlation coefficients between the colour
variables and WLG.

Figures 2 and 3 show the curves of the models that connect H° and RR to mean
WLG, and their associated 95% confidence error margins of prediction of WLG (E

WLG ¢95[x]). The sigmoidal shape of these curves shows thresholds below which the
duration of waterlogging is very weak and with the top of which this duration is
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maximum. These thresholds correspond to mean angular hues of around 75, i.e.
between 10 YR and 2.5Y, and to redness ratings close to 0. Figure 4 compare the 95%

confidence intervals of prediction of WLG (IWLG (gs) associated to H° and RR
colour variables. A shown by this figure, there is a zone of maximal uncertainty for

WLG (IWLG 95 = 100) around the identified thresholds, in the upcurve zone of the
logistic curves.

90 +
80 +
70 +
60 -
xX
050
| _
;40 R O Observed mean WLG
30 4 Model
20 +
95 % conf. error margins
10 4 of prediction of WLG
0 4 t t t {
0 50 100 150 200 250

Correspondence, between Munsell Hue and angular Hue H®: H°27 36 45 54 63 72 81 90 126 162 234, H yunsel
7.5R 10R 2.5YR 5YR 7.5YR 10YR 2.5Y 5Y 5GY 5G 5B

Figure 2 wic = f (H°) relationship and 95% confidence error margins of prediction.

100 +

O Observed mean WLG
90 +
Model
80 +
70 + 95 % conf. error margins
of prediction of WLG
60 +
X
S
50 +
3
= 40 +
30 +
20 +
10 +
0 f
-15 10 5 0 5 10 15

RR
Figure 3 WLG= f (RR) relationship and 95% confidence error margins of prediction.

100 1
90 -
80

L 70

;.g 60 T

& 50 1

=
30 -
2071

104 5

Figure 4 95% confidence intervals of prediction of WLG (I WLGo.9s) with Feand RR
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Discussion
From the weak variations of the annual waterlogging rates, one can consider that
the results obtained during this study are similar to those that would be obtained for a
longer period of readings. However, among the soil colour variables that we tested, only
some are potential indicators of the duration of waterlogging, and certain restrictions
should be stressed.

The lack of any link between chroma (Cppaser €t C) and mean annual soil
waterlogging rate could be explained by the fact that chroma is only connected with the
degree of saturation of the colours, so that soil materials of the same chroma may have
different spectral reflectances due to a wide range of mineralogical compositions and
hydrological conditions. The fairly weak link between Munsell value and mean annual
soil waterlogging rate may reflect a combination of relationships: although the results
suggest a tendency for the materials to pale as groundwater leaches out minerals, this
tendency could be partly masked by the effects of organic matter on Munsell value, as
mentioned by Schulze et al. (1993).

The logistic regression models based on angular hue and redness rating variables
are best suited to predicting mean annual soil waterlogging rate. This confirms that
there is a link between these colour variables, the mineralogical form of iron present in
the materials, and the hydration or oxidation-reduction conditions produced by
waterlogging. Moreover, the results show that it is preferable to take into account the
colors of all the phases. Waterlogging is always very rare in materials redder than 10
YR, and it is nearly permanent in materials greener than 2.5 Y. However, 48% (1-

1’=0.48) of total variations in WLG are still not explained, and there is a maximal

uncertainty in prediction of WLG for the SVs whose hue is close to 10 YR and redness
ratings is close to 0. Several causes could be involved: 1) their constituents may be only
weakly sensitive to variations in mean annual soil waterlogging rate; ii) some of them,
as “fossil volumes”, may have colour which is not be linked to present-day hydrological
conditions. Some of the dispersion of the curves may also be due to imprecision or bias
introduced by the methods used to estimate colour, such as colour measurement on dry
samples, colour assessment with Munsell colour plates, and estimation of the relative
volumes of different uncemented phases. These methods migh, be improved by
measuring colour on-site with a colorimeter (Trouvé, 1991), or by quantifying more
precisely the relative volumes of the uncemented phases.

Conclusion

The results of this survey show that the mean angular hue and mean redness rating
of a soil are significantly linked to its mean annual soil waterlogging rate, by logistic
functions. These colour variables are therefore easily-obtained potential indicators of
the annual duration of soil waterlogging. However, for a variety of reasons (stability of
certain colours, presence of fossil soil structures formed under waterlogged conditions,
method of measuring colour variables and mean annual soil waterlogging rate), the
models established have proven imprecise for Munsell hues of 10YR to 2.5Y and
redness ratings of about 0. In knowledge of these limits, it should be possible to apply
the logistic models based on these colour variables to other situations in the biophysical
environment of this study. It must be borne in mind that these models concern only
hillsides with parent material analogous to that of the hillside studied (red ferrallitic
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weathering). They assume that there is equilibrium between the soil structures and the
hydrological behaviour of the hillside. They cannot, therefore, predict a recent change in
groundwater dynamics in the hillside due, for example, to drainage work.
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